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Cluster type molecular orbital calculations have proven to be powerful tools 
for understanding the electronic structure of molecules, clusters and solids. The 
Discrete Variational X a  (DV-Xa) is one of the most versatile amongst these 
methods in interpreting spectroscopic results and for predicting properties of 
polyatomic systems of great practical importance. 

This volume includes the papers of Keynote Lectures and Invited 
Contributions presented at the First International Workshop on DV-Xa Method 
(DV-Xa '96, with Special Emphasis on Inner-Shell Physics and Chemistry). The 
Workshop was organized by the Society for Discrete Variational X a  (Japan), 
the Institute of Nuclear Research of the Hungarian Academy of Sciences 
(ATOMKI), and the Department of Theoretical Physics of the L. Kossuth 
University of Debrecen, following numerous annual meetings on this topic in 
Japan. 

DV-Xa '96 took place in the ATOMKI, Debrecen, Hungary, on 2-3 
September 1996, ensuring a quiet place, good conditions, and a stimulating 
atmosphere for the lectures and discussions. The 40 invited participants (half of 
the attendance from Japan) represented six countries, and the scientific program 
involved 10 Keynote Lectures reviewing central issues in the development and 
application of the DV-Xa method, as well as 17 Invited Contributions focusing 
on the latest results. 

During the meeting the limits and perspectives on the application of DV-Xa 
in describing the electronic structure of molecules, clusters, and solids, were dis- 
cussed in detail, in an effort to find an explanation for the continuing popularity 
of the method. The specific issues represent three large, overlapping areas. 
Amongst these the first is the analysis and evaluation of the performance of the 
DV-Xa model in describing both electronic states and materials properties, 
including studies of the attainable accuracy of the approximation, careful com- 
parisons with high resolution experiments as well as with other powerful 
theoretical methods, and overviews of new possibilities for improving the recent 
performance of the DV-Xa calculations. The second is concerned with a number 
of recent and prospective applications in the analysis of electronic structure of 
materials and for interpretation of related spectroscopic results, extended to the 
description of band structure and magnetic character of transition metals and 
their alloys and to calculations for systems with heavy elements. Revealing the 
nature of chemical bonds in compounds, interpretation of chemical effects on 
inner-shell, core-valence X-ray, Auger, energy loss, X-ray absorption and photo- 
electron spectra, as well as modeling charge transfer and core level shifts in 
alloy and metal clusters, belong to this group of topics. The third area involves 

xv 
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problems such as applicability of the method to improving properties of materi- 
als and to designing new materials of key importance. 

The systematization above is reflected in the organization of the volume, with 
the titles of the chapters more or less corresponding to the respective sessions in 
the Workshop. 

Enjoying the lively discussions during the meeting and reading the material 
of these Proceedings encourage me to conclude that DV-Xa '96 has been both 
very interesting and productive. A concise evaluation and forecast is given in the 
Closing Remarks of Prof. M. Uda at the end of the volume. 

Finally, it is an especially great pleasure for me to warmly recommend this 
book to every reader interested to know more about the electronic structure of 
clusters and solids, on the occasion of the centennial of the discovery of the 
electron. 

For supporting the Workshop and the publication of this volume, special 
thanks should be expressed to the Society of Discrete Variational Xa (Japan), 
and to the Institute of Nuclear Research of the Hungarian Academy of Sciences 
for providing the necessary facilities. The financial support of the Osaka Electro- 
Communication University, the SONY Corporation Research Center, the 
Hungarian National Committee for Technical Development, the Hungarian 
Scientific Research Foundation (OTKA), the Universitas Foundation, the 
Council of Debrecen City, and the Hotel Aranybika is also acknowledged. 

Debrecen, 17 March, 1997. 

Dr. L. KovCr 
Co-C hairman 

Organizing Committee of DV-Xa '96 
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Abstract 

During the last twenty to thirty years, both the possibilities for 
accurate electronic structure calculations, and the access to im- 
proved experimental data for comparison have changed dramati- 
cally. In general, electronic structure calculations based on density 
functional methods can be structured as i) to find an accurate po- 
tential which adequately accounts for Coulomb, exchange, correla- 
tion and relativistic effects, iz) to develop computational methods 
which are powerful enough to handle realistic potentials, and iii) 
to extend the theory to account for static and dynamic properties. 
The search to obtain an accurate treatment of exchange and cor- 
relation effects has been very difficult and continues to be one of 
the greatest challenges in density-functional theory. Development 
of accurate computational methods represents, in a similar way, 
difficult problems which have been addressed for many years in an 
effort to obtain accurate total energies or potential energy surfaces 
for studies of chemical and catalytic reactions. There is further- 
more a general interest in using these types of methods for basic 
studies as well as for prediction of properties t o  improve existing 
ma-terials and to also develop new materials. This paper gives a 
short historical overview of different developments and presents 
some examples of calculations for simple molecules, surfaces, clus- 
ters and CSO. 
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I. INTRODUCTION 

A. Rosen 

"It  is Materials that are the basis of possibilities in all fields. The devel- 
opment of advanced materials is so important that it is not much to say that 
advanced materials will be the k e y  factor in determining the world in the 2ls t  
century. " 

This quotation taken from a folder describing the research in a big Japanese 
industry is very general, but is probably valid for every high technology in- 
dustry a likely goal for their survival in the future. There are certainly many 
ways to  develop high technological systems with advanced materials, and each 
company hopes that their decision represents a better choice compared to their 
competitors. Agencies for funding of research worldwide are today pushing uni- 
versity scientists to focus their work on applications, in this way contributing 
to  the development of new materials. This would benefit national industries 
in creating new jobs and increase the general welfare of nations. 

One of the main questions is how to proceed to achieve the visions and goals 
outlined above ? Can for example electronic structure calculations be one way, 
and which method should be used to  get reliable results ? Can for example 
calculations based on Density Functional Theory, DFT, be one of the solutions 
or is this method not accurate enough ? Let us go back to a review article by 
Slater in 1972 [1], where he discusses the Statistical Exchange-Correlation in 
Self-Consistent-Field, SCF, calculations. In this article, Slater goes back to his 
derivation from 1951 [2,3] of the approximate exchange term for the Hartree- 
Fock exchange, which he found to be proportional to the one-third power of the 
local electronic density, p(r) .  The use of this approximation for the exchange 
interaction, often referred to as the Hartree Fock Slater, HFS, approximation 
formed the basis of the Xa method and opened also up the possibilities for 
extensive electronic structure calculations for atoms, molecules and solids, as 
summarized in Refs. [1,4]. The most extensive calculations for atoms at that 
time were those summarized by Herman and Skillman [5], in which one could 
find tables of eigenvalues, potentials, wavefunctions and relativistic correction 
factors for elements from hydrogen to  lawrencium with an atomic number of 
103. 

Slater summarized the power of the Xa method at the end of the article 
from 1972 by stating that: The X a  method provides a practical starting point 
for an a priori theory of such problems, as magnetism, a starting point which 
has not been practical with earlier techniques. The power of the Xa method 
was further accentuated in an article by Johnson on "Scattering-Wave The- 
ory of the Chemical Bond" in 1973 [6], where he gives an overview of the 
traditional Hartree-Fock, HF, SCF method and also semi-empirical ones. He 
points out that the new Xa technique based on Scattering Wave Theory has 
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allowed a new theoretical approach, the so-called MS-Xa method to calculate 
the electronic structure of polyatomic molecules and solids from first principles 
[7,8]. Today, very few people use the MS-Xa method for electronic structure 
calculations mainly due to the limitations in accuracy by the muffin-tin approx- 
imation. This is in contrast to the use of different forms of density functional 
methods which are more popular than ever and are used in several academic 
and commercial computer codes [9-121. It is unfortunate for the whole field 
of electronic structure calculations that the MS-Xa method was put on the 
market so extensively at that period so that the Xa method for some time had 
a bad rumour. My feeling is that this has also delayed the use of density func- 
tional based methods for calculations within physics, chemistry and materials 
science. 

It may for the reader be interesting to know why I choose the title Twenty to 
thirty years of DV-XCY calculations: A survey of accuracy and applications, for 
my introductory talk at this First International Workshop on DV-XCY Method 
with Special Emphasis on Inner Shell Physics and Chemistry. One of the 
reasons is that I started with electronic structure calculations about thirty 
years ago [13-151. At that time my work was focused on calculation of accurate 
expectation values of r-3, to be used in evaluation of nuclear moments from 
experimental hyperfine structure constants. After my doctor’s degree, Dr. 
Adachi and I worked together as postdoctors in the groups of Professor Jim 
Waber and Professor Don Ellis at Northwestern University from 1973-1974. We 
developed, in cooperation with Don Ellis and Frank Averill, the Self Consistent 
Charge, SCC, method [16], which has since that time been used extensively 
in electronic structure calculations by many groups. During that period Don 
Ellis and I also developed the theory and computer programs for relativistic 
electronic structure calculations for molecules containing heavy atoms based 
on the four-component formalism [17,18]. 

Another reason for the choice of the title is the above-mentioned introduc- 
tion of the Xa-method and the MS-Xa method by Slater and coworkers. There 
are, however, in particular two other reasons for choosing the title. The first is 
the formulation of the Density Functional Theory by Hohenberg and Kohn in 
1964 [19], which today is probably one of the most quoted papers in electronic 
structure calculations. This basic work was followed by another important 
paper in 1965 by Kohn and Sham [ZO], where they showed how one could use 
the method for practical calculations and introduced the Kohn-Sham, KS, ex- 
change potential. Exactly the same expression for the exchange potential had 
previously been derived by Gaspar [21]. This exchange potential is therefore 
often known as the Gaspar-Kohn-Sham, GKS, potential. Another very impor- 
tant reason for choice of the title is the introduction of the three dimensional 
numerical integration method by Ellis and Painter in 1968-1970 [22-241. This 
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numerical integration technique known as the Discrete Variational Method, 
DVM, forms the basic idea of many integration techniques used today in vari- 
ous programs for molecular electronic structure calculations. The choice of an 
accurate numerical integration method and a good description of the exchange 
potential defines also two of the main words in the title of this paper. The 
success of the application of the DV-Xa method in a number of calculations 
of basic and industrial related nature is also the reason for the organization of 
the DV-Xcu Physical Society in Japan [25]. 

An example of a general discussion of electronic structure calculations in 
the scientific literature almost thirty years ago can be found in an article by 
Herman, van Dyke and Ortenburger in 1969 [26]. This article introduces a 
new exchange potential known as X a p ,  with a discussion of gradient correc- 
tions based on the earlier work by Hohenberg and Kohn from 1964 [19]. The 
article contains references to a number of the works mentioned above and also 
to different kinds of exchange potentials such as the Optimized Hartree-Fock- 
Slater, OHFS, potential introduced by Lindgren [27,28] and also to relativistic 
self-consistent-field calculations known as use of the Dirac-Slater, DS, method 
[29] or the relativistic version of Optimized Hartree-Fock-Slater, ROHFS [13]. 
Today many of the problems associated with the choice of exchange-correlation 
potential, and use of gradient corrections are extensively discussed in the sci- 
entific literature [30]. The choice of a good exchange correlation potential and 
an accurate method for evaluation of the molecular charge density or molec- 
ular potential also defines the problems and challenges of electronic structure 
calculations, which can be structured into the following points. 

0 To find an accurate potential which adequately accounts for the terms 
in the molecular hamiltonian; 
i) Coulomb potential, on and o, from nuclei and electrons, respectively. 
iz) Exchange and correlation potential, vzc between the electrons. 
ziz) Inclusion of relativistic effects either by perturbation theory, us- 
ing some transformation or in a fully relativistic treatment with four- 
component wavefunctions. 

0 Development of computational methods which are powerful enough to 
handle realistic potentials. This last point can be divided into 
i) basis set dependent techniques 
ii) integration techniques 
iii) treatment of Coulomb potential 
iv) pure numerical methods such as the Finite Element Methods, FEM, 
and Finite Difference Methods, FDM. 
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This paper gives a short overview of density functional calculations mainly 
based on the DV-Xa approach organized as follows. A short overview of Den- 
sity Functional Theory, DFT, and Kohn-Sham equations is given in section I1 
followed by a summary of different ways of solution of the Kohn-Sham equa- 
tions in Sec. 111. Comparisons of results from some old and some up-to-date 
density functional electronic structure calculations made by our group to show 
applications to clusters, surfaces, adsorbates on surfaces and Cso are given in 
Sec. IV. Conclusions and outlook are summarized in Sec. V. 

11. KOHN-SHAM EQUATIONS 

The geometrical and electronic structure for molecular systems in general 
will depend on the balance between the different terms in the Hamiltonian i.e. 
electron-nucleus, electron-electron and nucleus-nucleus interaction including 
the valence as well as the core electrons of the constituent atoms. The full 
Hamiltonian for the molecular system is normally separated into a Hamiltonian 
HN for the nuclei and another one k , ~  for the electrons with fixed positions 
for the nuclei according to Born Oppenheimer approximation [31]. 

where the Coulomb potentials between the nuclei and electrons and electron- 
electron interactions are given by 

The exchange-correlation potential which includes the remaining exchange and 
correlation effects between the electrons will be discussed below. Solution of 
the Schrodinger equation is in general not simple, and a number of methods 
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have been used for a long time [4,32-341. A very common approach for eval- 
uation of the electronic structure of molecular systems has been to develop 
methods which are based on the electronic density p(r) as the key parameter. 
This approach goes back to the early treatment of a uniform and non-uniform 
electron gas, the commonly used Thomas-Fermi model, TF, and the extension 
to inlcude exchange by Dirac, TFD, [35] as well as use of Slater’s form of the 
HFS exchange potential including the Xa! method [4]. 

The principal limitation of the earlier used TF and TFD models is the 
treatment of the kinetic energy which was handled in an approximate way, 
thereby giving less accurate values for atomic and molecular systems. This 
was solved by Hohenberg and Kohn in 1964 [19] when they used a variational 
procedure in the formulation of the modern form of density functional theory, 
DFT. This theory is based on two theorems which state that the total energy 
of an electronic system is a unique functional of the electronic density and that 
the ground state density determines the ground state energy: 

(7) 

where vext(r) represents an external potential experienced by the electrons. 
F[p] is a functional defined by: 

F[p]  = min < QIT + K,lQ > . (8) 
Q-V 

9(r l ,  r2, rN) is a many-electron antisymmetric wavefunction and the minimum 
is taken over all Q that result in a density p(r). The functional F[p] includes 
both the kinetic energy and Coulomb energy of the interacting system and is, 
according to Kohn and Sham [20], given by; 

which corresponds to 

To[p(r)] defines the kinetic energy of a non-interacting electron gas which re- 
quires the density p(r). @(r) is the classical (direct) Coulomb interaction 
which is equivalent to the Hartree potential. Using the constraints that the 
total number of electrons are conserved, Kohn and Sham [20] reduced the many 
electron Schrodinger equations to a set of one-electron equations known as the 
Kohn-Sham equations 
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The total energy for the whole system using this scheme is given by: 

where 

Historically and still one of the challenging problems in the treatment of a 
uniform, non-uniform electron gas, an atomic or molecular system has been to 
find accurate expressions for the exchange and correlation energy among the 
electrons [30] ,  i.e. 

or including the gradient corrections 

Derivations of exchange and correlation energy formulas are in general based 
on the r, value, (the Wigner-Seitz radius) which is related to the electron 
density by, 

113 

r s =  (&) 
In Slater's derivation in 1951 [2] of an exchange potential, a local potential 

was constructed from the nonlocal Hartree-Fock, HF, exchange potential by 
first using the weighted average of the HF potential and then approximating 
the electron orbitals/wave functions by plane waves. He found that the ex- 
change potential could be given as a function of the electronic density p(r) 
with the following expression. 

where C is a constant which was determined to be equal to 1.0. This procedure 
does lead to a rather good and useful approximation to the HF exchange, 
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but it does not necessarily lead to the “best” local approximation since the 
variational procedure which leads to the HF equations is in Slater’s treatment 
applied before the approximation is made. One might expect to get a better 
result, if the order between these two operations is reversed. This can be 
done by constructing an energy expression instead of a potential based on the 
free-electron-gas model and by using the variational principle to determine 
the orbitals that minimize this energy. This was the procedure used by Kohn 
and Sham in 1965 [20] in the derivation of an exchange potential which was 
found to be identical to the HFS potential derived by Slater in 1951 except 
for a multiplicative factor of two thirds. Exactly the same expression for 
the exchange potential was also derived by Gaspar as discussed before. This 
exchange potential is therefore often known as the GKS potential with the 
following relation to the HFS potential; 

2 
(19) VGKS(r)  = SvHFS(r) 

It was soon realized, in the late sixties, that this kind of potential did not 
give a minimum in total energy for atomic systems. Actually an improvement 
could be obtained using a different value of the constant C compared with 
the $. Different kinds of parameter were introduced with the values deter- 
mined by either minimizing the statistical total energy or by determining a 
parameter which gave a value of the exchange energy which was equal to the 
HF exchange. This was the basic idea behind the X a  exchange potential 141, 
where the constant C in Eq.(18) was denoted by a. Many calculations gave 
values scattered around a value of 0.70 which was not so far from the value 
of $ in the GKS potential. For quite some time, values of up to  five decimals 
were extensively used and believed to be the true values for obtaining accurate 
and reliable results [36]. A somewhat different approach was used by Lindgren 
[27,28], who for atomic calculations introduced a potential with three parame- 
ters and determined the values of the parameters by minimizing the HF total 
energy. This was extended by Lindgren and the present author to relativistic 
calculations [13-151. The potentials obtained are known as Optimized Hartree 
Fock Slater, OHFS, and in the relativistic case, ROHFS. Other commonly used 
potentials are due to Hedin [37], von Barth and Hedin [38] and Gunnarsson 
and Lundqvist [39]. 

At present the most frequently used parameterization for exchange and 
correlation are those of Perdew and Zunger [40] or Vosko, Wilk and Nusair 
[41]. These two functionals which are based on the Monte Carlo simulations 
by Ceperly and Adler 1421 give rather similar results. There are deficiencies 
in the LDA schemes which are due to the wrong asymptotic behaviour of the 
exchange and correlation potential since it falls off exponentially and not as 
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l / r .  This was solved in some approximate way in the early days by the so- 
called Latter correction [43]. Today a number of schemes have been introduced 
to reduce this failure, using gradient corrections [44]. The commonly used 
schemes today for this type of gradient corrections are due to Becke [45] and 
Perdew [46]. Other schemes commonly used are LYP [48] and a combination of 
the gradient corrections of Becke and the exchange in LYP, referred to as BLYP 
[45] or B3LYP [49]. The inclusion of gradient corrections has in a number of 
calculations been shown to improve the agreement with experimental data of 
spectroscopic constants, dissociation energies and diffusion barriers [50]. 

It should be noted that the eigenvalues 6;  obtained in the solution of the 
Kohn-Sham equations are not equal to the ionization energies as known by the 
Koopmans’ theorem in Hartree Fock [51]. Slater found that ionization energies 
could be obtained by evaluation of the total energy for the neutral and ionized 
systems [4], which gives 

An approximate and rather accurate way to calculate ionization energies would 
be to use the so-called transition state method [4] and do SCF- calculations 
for each orbital when the occupancy has been reduced with half an electron. 

Solution of the Kohn-Sham equations as outlined above are done within the 
static limit, i.e. use of the Born-Oppenheimer approximation, which implies 
that the motions of the nuclei and electrons are solved separately. It should 
however in many cases be of interest to include the dynamics of, for exam- 
ple, the reaction of molecules with clusters or surfaces. A combined ab initio 
method for solving both the geometric and electronic problem simultaneously 
is the Car-Parrinello method, which is a DFT dynamics method [52]. This 
method uses a plane wave expansion for the density, and the inner ions are 
replaced by pseudo-potentials [53]. Today this method has been extensively 
used for studies of dynamic problems in solids, clusters, fullerenes etc [54-611. 
We have recently in a co-operation project with Andreoni at IBM used this 
technique for studying the existence of different isomers of transition metal 
clusters [62,63]. 

111. SOLUTION OF THE KOHN-SHAM EQUATIONS 

The main challenge, after having defined the Kohn-Sham equations, is to 
solve them in an accurate way where the main problem is to find an accurate 
description of the multi-centre Coulomb potential. The method used is, to a 
large extent, determined by the character of the atoms involved in the bonding. 
The electronic structure of alkali and noble metals is for example rather simple 
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with the appearance of an outermost valence ns electron although the exis- 
tence of the low lying (n  - 1)d levels may influence the structure. A molecule 
containing other atoms such as carbon or silicon will give a quite different 
bonding character. I will in this article focus on the jellium model commonly 
used today [64-681 in evaluations of properties for metal clusters, I11 A. The 
main approach behind the earlier commonly used Muffin-tin potential [6] is 
also outlined to show the approximations used, I11 B. Finally, a short sum- 
mary is given of the more standard method based on Molecular Orbital Linear 
Combination of Atomic Orbitals, MO-LCAO [32-341 in I11 C, the use of ex- 
ternal fields in SCF calculations in 111 D and evaluation of polarizabilities in 
I11 E. 

A. The Jellium Model 

Using the jellium model, the ionic structure of the molecule is disregarded 
by smearing out the ionic charge obtained from the nuclei and core electrons 
into an effective, homogeneous positive background. This background can in 
principle be given any shape and is in the simplest version a spherical shape 
of the following form 

p+(r)  = po O(r  - R )  (21) 

where po = 3 / 4 ~ r :  defines the positive background. Within this approximation 
the ionic potential, vion, in Eq. (4) is given; 

Using this potential the molecular many-centre problem is changed to a 
spherically symmetrical problem such as for atoms as visualized for an eight- 
atom cluster in Fig. 1. 

FIG. 1. A schematic overview of the jellium approximation for an eight atom 
cluster . 



Twenty to Thirty Years of DV-Xa Calculations 11 

Ekardt [67] and Beck [68] used this approach and solved the Kohn-Sham 
equations self-consistently for this type of spherical jellium potential for Na 
clusters of various sizes. The results of such calculations are visualized for a 
40-electron cluster of various metals or choices of r, values in Fig. 2,  [62]. Going 
down in the periodic table from sodium to potassium, the potential becomes 
shallower and the levels are more loosely bound. The valence electrons in the 
coinage metal copper has a much higher electron density which will give a 
smaller r, value and more bound states. 

?J 
-4 

-6 

-8 

3 4 5 5 10 15 20 

r (a.u.) r, (a.u.) 

FIG. 2. Jellium for a cluster of a monovalent element with forty atoms. The 
self-consistent one-particle potential is shown for the three metals, K ,  Na and Cu to 
the left. The corresponding energy eigenvalues as afunction of the r, value is shown 
to the right. 

An example of the potential and eigenvalue spectrum for a forty-atom clus- 
ter of Cu atoms is given in Fig. 3, [70]. We notice how the one-electron eigen- 
values are characterized by main and orbital quantum numbers, the same as 
for atoms although the labeling and ordering of the main quantum numbers 
are somewhat different compared with atoms. As for atoms, there will be open 
and closed electronic shells where one can expect that closed shells will have a 
higher stability compared with open shells. Actually, the appearance of closed 
shells fits very nicely with experimental mass spectrum for clusters of sodium 
detected by Knight et al. [69,66], who found that clusters with the masses 
corresponding to 8, 20, 34, 40, 50 and 92 Na atoms are rather stable. We have 
also in more recent works found that the jellium model can be used for Cu 
clusters [62,70-731. 
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FIG. 3. Self-consistent electron potential, calcuIated for a spherical cluster of Cu 
with forty atoms. The calculated single-electron energy levels are also shown. The 
one-electron energy levels are denoted by the radial quantum number and angular 
momentum. The energy levels are occupied by electrons according to the Pauli 
principle. 

-12 

B. The Muffin-tin potential 

In the earlier mentioned Multiple-Scattering Xa Method [6], the molecule 
was geometrically partitioned into three fundamental types of region, Fig. 4: 

I11 

-- 
X 

FIG. 4. A schematic overview of the muffin-tin potential in a molecule with the 
division of the space in three regions as described in the text. 

I) Atomic: The regions within non-overlapping spheres centered on the 
constituent atoms. 

11) Interatomic: The region between the “inner” atomic spheres and 
an  “outer’’ sphere surrounding the entire molecule. The potential was 
assumed to be constant in this region. 
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111) Extramolecular. The region exterior to the outer sphere. 

The Schrodinger equation is solved for each of the regions, I, 11, and I11 
separately for a local potential, and the wavefunctions are matched at the 
boundaries. This approximation was found to describe the electronic structure 
quite satisfactorily for highly symmetric systems but gave in some cases very 
bad results, for example for diatomic molecules and the water molecule [75]. 
The main reason was the use of the constant potential in region 11. Several 
attempts were made to solve this problem using overlapping spheres [76]. 

C .  LCAO method 

In calculations based on the MO-LCAO technique [32-341, the one-electron 
Kohn-Sham equations Eq. (11) are solved by expanding the molecular orbital 
wavefunctions $i(r) in a set of symmetry adapted functions Xj(r), which are 
expanded as a linear combination of atomic orbitals i.e. 

Xj(r) = c w;,v, .:I(.”) K m ( + u )  , (24) 
U , n , h  

i.e. symmetry-adapted wavefunctions, xj(r), are projected from the atomic 
orbitals unl)(im with coefficients Wik. The variational coefficients, Cij, are 
obtained from the matrix secular equation, 

( H - E S ) C = O  (25) 

where H and S are the Hamiltonian and overlap matrices, respectively. The 
matrix elements are given by 

In order to proceed we first need to know the atomic basis functions from 
which we can construct the symmetry orbitals and how to evaluate the one- 
centre and multi-centre integrals of H and s. Finally one has to find an efficient 
and accurate way to describe the molecular potential in the self-consistent-field 
calculations. 
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i )  Numerical Basis Sets 

A. Rosen 

The standard procedure in LCAO calculations has been to use Gaussian 
Type Orbitals, GTO, or Slater Type Orbitals, STO, which are normally used 
in HF based codes but also in DFT codes. With such an approach the H and 
S could be given in closed forms. This was also partly the procedure used in 
the first molecular calculations using the DVM method by Baerends, Ellis and 
Ros [77]. The DVM method [22-241 is however quite general and very suitable 
for use of numerical basis functions, as first introduced by Averill and Ellis in 
1973 [78]. They proposed that a first choice of basis functions for molecular 
calculations would be to solve the Schrodinger equation to self-consistency for 
the isolated atoms in a molecule, which will give 

cpj(r) = %&)Xm(fv) .  (29) 

where the different terms in the potential refer to the atoms. vezt represents an 
external potential which is normally chosen equal to zero. The resulting self- 
consistent, one-electron Hamiltonian will only have a finite number of bound 
states since the Latter correction [43] is not normally applied. This type of 
basis set known as single-site orbitals, SSO, will define a minimal basis set in 
LCAO calculations. However, in order to gain a more accurate representation 
of the molecular orbitals, it is necessary to extend the basis with additional 
basis functions. Averill and Ellis accomplished this by superimposing upon 
the self-consistent potential a spherical well or barrier of sufficient depth VS 
and with radius Rs defined by veZt where, 

Another way to extend the basis has been to generate basis functions for 
singly or doubly ionized atoms of the atoms in the molecule. In calculations 
for systems with carbon one obtains a basis set of (ls2s2p) functions for the 
neutral configuration with the addition of either (2s2p) functions for C2+ or 
( 2 ~ 2 ~ 3 ~ 3 ~ )  functions for C3+. The latter denoted as extended basis set. Averill 
and Ellis also introduced a simple way to avoid a direct evaluation of the kinetic 
energy by rewriting the Schrodinger equation in the following way. 
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i i) Numerical Integration Techniques 

The computation of H and S requires use of efficient accurate three dimen- 
sional integration methods, in which the integration is performed numerically 
as a summation of the function values over a certain point distribution: 

I = dr f ( r )  PZ C w(ri)f(ri). J i 

where w(ri) is a weighting function for each point at position ri and f ( r i )  the 
value of the function at that point. The basis functions of the constituent 
atoms in a molecule are strongly oscillating close to the nuclei. Consequently, 
the integration scheme should be accurate enough to include such oscillations 
which is particularly important if one should evaluate total energy properties. 
The integral will in general contain one-centre and multi-centre terms and 
the scheme should also be accurate enough to  include all these terms. Ellis 
and Painter solved this problem partly in 1968-1970 by introducing the DVM 
method [22-241. The error in the integration is proportional to N-l, where N 
is the number of integration points. 

The sampling of the points is usually taken as a sum of points centered 
around the atoms and given as the product of a certain adjustable constant 
sampling weight t, and spherical Fermi-Dirac distribution centered at each 
atomic site and given by 

A schematic overview of the radial probability function g(r) = 4nr2w,(r) 
is given in Fig. 5 .  The shortcoming with this original DVM scheme is that it 
is difficult to attain accurate treatment of the core orbitals. The original DVM 
scheme can however be improved by employing a Gauss-Legendre integration 
scheme for the core region [79] and use of the original DVM scheme in the 
remaining space. Within this scheme the integration is done over a certain 
number of angular points and with a regular radial mesh up to a certain radial 
distance, Re, chosen so that the spheres around each atomic site touch each 
other. More recently Boerrigter e t  al. [80] have improved the scheme by a 
discretization of the whole space in Voronoi cells, each containing one atom. 
A spherical integration is done as before and the remaining region inside the 
polyhedron is split into a sum of truncated pyramids where a threefold product 
formula is used. 
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0.0 2.0 4.0 6.0 8.0 r 
FIG. 5 .  Plot of the radial probability distribution function g(r) as a function of 

[78]. The location of the radius Re is r for B = 1.0 and two different values of 
indicated. 
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FIG. 6. The valence molecular eigenvalues,MSM, in the muffin-tin potential for 
FeC14 calculated using different basis sets as discussed in the text [78]. 
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Averill and Ellis compared the accuracy of this kind of numerical basis 
with what was obtained with an STO type basis, Fig. 6, to the right. They 
generated for this analysis the eigenvalue spectrum for a FeC14 molecule with 
the MS-Xa potential and obtained the eigenvalues denoted by MSM and given 
to the left in Fig. 6 .  These eigenvalues would be the exact ones within this 
approximation. They used then the DVM method and evaluated the eigenvalue 
spectrum given in the middle of Fig. 6, using the numerical orbitals with 
mimimal basis, SSO(MB), extended basis, SSO(EB). The use of a SSO(MB) 
gives a good flexibility and a rather accurate description of the occupied states 
compared with the results obtained with STO. The accuracy is also improved 
for the unoccupied states with the SSO(EB). 

iii) Evaluation of Molecular Potential. 

For the self-consistent solution of these equations, the electronic Coulomb 
potential of the charge density must be calculated by solving the Poisson equa- 
tion in three dimensions. This is a multi-centre problem which can be solved 
by a least-square-fit of the true charge density to some form of model density, 
which allows one-centre integration. We have in our work normally used the 
SCC approximation [16] with a division of the molecular charge density in 
terms of charges for the atomic basis function determined through a Mulliken 
analysis [Sl]. Using this method, the true charge density is projected on the 
radial basis functions and averaged over the different angular components used 
in the construction of the symmetry orbitals. 

The Coulomb potential is obtained as a sum of each atomic contribution, 
for which standard one-dimensional integration can be performed. It should 
be stressed that this procedure does not imply spherical symmetry of the 
molecular potential around the atoms in the molecule, as for example is the 
case in the “muffin-tin” form used in the MS-Xa method. This is the reason 
why the SCC method gives rather good description of many experimental 
quantities. The exchange potential can be evaluated directly using the true 
charge density. Partition of the charge density is however an approximation 
since the Coulomb potential is assumed to be overlapping spherically. This 
type of shape approximation can be removed by augmenting the basis set with 
a multipole expansion as done within the SCM approximation (821. 

P S C M ( ~ )  = CAl IUi l ( ru)12  + C &pi(rJJL(r i ) .  (36) 
unl ilm 
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Here the summation runs over v atoms, and the sum over i2m is over the mul- 
tipole expansion, which is distributed over symmetry unique points i ,  where 
ri is the distance for these points. These multipole contributions can be han- 
dled with analytical integrations when they are for example given as piecewise 
parabolic functions. The expansion coefficients g i r  and dl, are determined by 
a least-syuare-fit to the true electron charge density. SCF calculations with 
this approach do not imply any strong shape approximation, and reasonably 
accurate results can be obtained. Two drawbacks are however, that the fitting 
procedure may be slow and that the result is influenced by the choice of the 
fitting functions. These disadvantages are avoided by projection techniques 
introduced by Becke [83] or Delley [84]. These methods are based on integra- 
tion techniques originating from the DVM method, and the charge density is 
written as: 

where 

The model density is obtained by projecting the true density onto radial 
weighting functions w, centered at each atomic site. The projection can be 
done to arbitrary angular momentum 1. This approach seems to be more ac- 
curate compared with the SCM method and is also faster. 

D. Use of external fields in SCF calculations 

It is also possible to include in addition to the ionic part an additional 
external potential veXt in the Hamiltonian in Eq. (11) in the self-consistent 
procedure. This could be the long-range static potential from a surrounding 
crystalline environment, as used in the embedded cluster method, Fig. 7. 
Clusters are here used to model a small section of an infinite solid or surface. 

This technique has been applied in the analysis of the electronic structure of 
stoichiometric and non-stoichiometric (111) surfaces of BaF2 and CaF2 crystals 
[85-881 or in the case of A1203 crystals by Guo, Ellis and Lam [89-911. v,,t 
could also represent an applied static electric field as used for evaluation of 
static polarizabilities as discussed below. In the latter case, we could evaluate 
the multipolar moments separately, thus obtaining the static polarizability, 
induced by a field of the form [92] 

v,,t = E,r f f i (cose)  (38) 
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where E = 1 for dipole and 1 = 2 for quadrupole fields of strength E I  etc., and 
Pl is the Legendre polynomial of order 1. In this study we have evaluated the 
induced dipole moment and dipole polarizability as a function of the electric 
field strength E as discussed below for C60. 

SURFACE CLUSTERS (13 atoms) 

I Surface plane / 

Point ions I Crystal cross section 

FIG. 7. Geometry of planar clusters used to represent the (111) surface of BaFz 
and CaFz as described in the text. Our model of the crystal environment is schemat- 
ically shown for two types of cluster, M =Ca or Ba and X=F, [87]. 

E. Evaluation of polarizabilities 

Using standard perturbation analysis [93,94] we evaluate the unscreened 
linear isotropic polarization from 

where 

In the case of C6*, we have 7:) = 7;;: = 7:;). The ground state dipole matrix 
elements rEm and transition frequencies R,, are given by 

The phenomenological linewidth terms rnm are introduced to  ensure conver- 
gence of the response function and to describe damping processes which are 
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not explicitly considered here. For visualization of evaluated spectra, a con- 
stant as well as energy dependent broadening parameter r,, is normally used. 
The electronic occupation of the system is taken into account by 

where the factor 2 arises owing to the spin degeneracy, and g denotes the 
ground state of 0. 

In practice, self-consistent calculations have been performed for different 
external dipole fields, veZt= - E Z ,  and the evaluated induced moment has been 
fitted to the expression 

P = (YE t ye3, (44) 

where cy and y are the linear and nonlinear static polarizabilities. 
Having obtained the zero frequency limit of the dynamic polarizability i.e., 

(Y = lim+,o y(')(-w; w ) ,  we use a simplified approach to evaluate the screened 
dynamic response. This is necessary, since the expression given above, Eq. 
(40), for the polarizability neglects the induced collective effects essentially 
due to direct and exchange terms of the Coulomb interaction. To treat this 
screening approximately, we have used the simplified approach of Bertsch et 
al. [96] to include the induced electron interaction in the c60 molecule, by a 
simple RPA type correction [92,95] 

where v = R-3 is an effective screening parameter of the applied external field. 
u corresponds in a quantum mechanical description to the induced contribution 
from the Coulomb and exchange interaction terms. Classically v corresponds 
to the centre of mass for the induced electronic charge distribution. An esti- 
mate of the magnitude can be obtained by taking the first term in a spherical 
expansion of the Coulomb potential and approximating the charge distribution 
of the c60 [96]. By use of the static polarizability calculated from first princi- 
ple as described above and evaluated in a recent work [97], we can determine 
values of the effective screening u,  which will depend on the extension of the 
orbitals involved in the excitations. It seems that, in a first approximation, 
a constant value of u can be used for all excitation energies in the evalua- 
tion of the dynamic response, oscillator strengths, dielectric constants etc. A 
more detailed analysis requires, however, different values for R and electrons. 
This estimate of the screening can be considered a first step towards a fully 
time-dependent LDA (TDLDA) calculation [92,98,99]. 
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For comparison with experimental data [loo-1021, it is common to evaluate 
the oscillator strengths, photo absorption cross section and EELS (Electron 
Energy Loss Spectrum) defined here in terms of the imaginary part of the 
polarizability y(') 

df w a ( w )  = - = -Im p(-w; w )  
d W T  

To describe local field effects associated with a crystalline environment, e.g. 
Cso arranged in a lattice of cubic symmetry, we use the Clausius-Mossotti 
relation [93] in the form 

+)( -w; w )  

1 + CNy(l)( -w; w )  
x(1)( -w; w )  = N (47) 

where C = -$ or C = 2 depending on whether the external perturbation is 
of a transverse or longitudinal nature, with respect to the wave vector [103]. 
When evaluating the dielectric constant 6 = 1 + x(l) for (360, we use 14.2 A 
for the lattice constant [104]. The corresponding screened oscillator strengths, 
susceptibilities, etc. are obtained by using yi:! instead of y(') in Eqs. (46) and 
(47). 

IV. RESULTS AND DISCUSSION 

One general problem in molecular calculations has been to determine the 
optimum geometry for a molecular system for comparison with experimental 
bond distances and bonding energies. This will require evaluation of total 
energy properties which for a long time has been a difficult problem. A number 
of studies have however shown that useful information of bonding in a molecule 
can be obtained from analysis of one-electron properties which goes back to the 
approach used by Pauling [lo51 and Mulliken [81]. This has for example been 
the approach used by Pershina et  al. [lo61 in prediction of chemical properties 
of super heavy elements. 

Another standing topic during the last two decades has been to evaluate 
the electronic structure of solids, surfaces and adsorbates on surfaces. This can 
be done using standard band structure methods [lo71 or in more recent years 
slab codes for studies of surfaces. An alternative and very popular approach 
has been to model the infinite solid or surface with a finite cluster, where the 
choice of the form and size of the cluster has been determined by the local 
geometry. These clusters have in more advanced calculations been embedded 
in some type of external potential as discussed above. It should be noted that 
these types of cluster have in general quite different geometries compared with 
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the whole new groups of free metal clusters and ultrafine particles available 
today [108-1141. The development of methods for production of small free 
metal clusters with the laser vaporization technique [110,115,116] and studies 
of their properties such as; abundance, static dipole polarizabilities, photoion- 
ization and ionization potentials, photoelectron and electron affinities, opti- 
cal properties, stability and fragmentation, magnetic moments, reactivity etc. 
have during the last decade opened up a totally new field of research. 

FIG. 8. A schematic overview of how clusters are related to many areas of modern 
materials science, micro electronics, mesoscopic physics when the sizes of the clusters 
increase. 

One of the main goals in cluster science is to find out how many atoms are 
needed in a cluster to make its properties similar to what is known for solid 
materials. One could perhaps assume that the values of different properties 
would change smoothly when the number of atoms increases in a cluster from 
a few up to very large clusters comprising a large number of atoms. A more 
detailed analysis of these fluctuations shows, however, that there often exist 
some periodicities in this behaviour which in some cases can be understood 
as shell closing, geometric [117] or electronic [69], with the appearance of so- 
called “magic numbers” as was discussed in connection with the jellium model. 
Bigger clusters are related to powder [112,113] and to nanotechnology [118]. 
In addition to these clusters, also very unique species of carbon have been 
discovered such as the fullerenes [119], nanotubes [120], carbon onions [121], 
and metcars [122]. Actually clusters have many connections to materials sci- 
ence, nanotechnology and mesoscopic physics as schematically shown in Fig. 
8. I will only in this short review give some examples mainly chosen from the 
work carried out by our group to show how the DV-Xcu method can be used 
[72,97,88,123-1311. 



Twenty to Thirty Years of DV-Xa Calculations 

1 8 .  

23 

a=2/3; X F d  

A. Results for Clz 

As an example of application of the Xa method, I have chosen an early 
study of the effects of the exchange parameters on the binding energy curve 
of Clz performed by Schwarz and Weinberger in 1974 (1321. The results from 
their analysis and use of the muffin-tin method in the evaluation of the bind- 
ing energy curve are depicted to the left in Fig. 9. Obtaining bonding and 
reasonable agreement with the experimental bond length required the use of 
an a equal to 1.5 which was far from the value obtained from theory. The ear- 
lier mentioned cy values with five decimals as calculated by Schwarz [36] failed 
totally. This was also the case for the Xap potential by Herman e t  al. [26]. 
The main reason was not the choice of the strength of the exchange potential 
but the use of the muffin-tin approximation in the evaluation of the molecular 
potential. 
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FIG. 9. a) The binding energy of C l Z  as a function of the internuclear separation R 
The solid lines denote the (Y results using different parameters as shown in the figure. 
The experimental values [133] are given for comparison. b) Examples of calculation 
of binding energy curves for Clz using different exchange correlation potentials as 
discussed in the text. 
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This is illustrated by Xa calculations using a reasonable approximation 
of the Coulomb potential as done in the ADF program [9]. Calculations have 
been done using the original Xa exchange potential with a = 0.70 and modern 
forms of exchange correlation potentials by Vosko et al. [41], WVN, Becke and 
Perdew [45,46], BP and Perdew [47], PW, Fig. 9. We notice how the results 
as depicted to the right in Fig. 9, give with a = 0.70 a comparatively good 
agreement with the experimental binding energy of 2.48 eV and bond length of 
1.99w [133] and with the results using other exchange correlation potentials. 
The failure of the MS method in calculations of total energies, eigenvalue 
spectrum and ionization energies opened up a market in the early 70s for 
improved methods to evaluate accurate molecular potentials. This coincided 
with Ellis and coworkers publishing the first results of the DV Xa method [77]. 

B. Electronic structure of clusters and surfaces 

Access to clusters of principally all elements in the periodic table has opened 
new possibilities for test of calculations and comparison with available experi- 
mental data and what is known from surface science. The geometry of the free 
clusters will, as discussed above, be determined by the electronic properties of 
the constituent atoms. This means that clusters of alkali and coinage metals 
will in a first approximation be determined by the free electrons while clusters 
of transition elements will be determined by the balance between the nd and 
(n + 1)s valence electrons. Noble gas atoms will behave as hard spheres, which 
under certain thermodynamic conditions can form larger clusters of icosahe- 
dral symmetry [134,135]. The geometry of these free clusters are quite different 
what one obtains if the cluster is constructed as a piece of the lattice known 
for the corresponding solid. 

FIG. 10. Examples of geometries of four copper clusters C U ~ ,  Cug, Cug, Culo 
[136] and a cluster Cu13 modeling the Cu(100) surface [72,74]. 
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FIG. 11. Energy level diagram for the cluster modelling the Cu(100) surface, the 
bare clusters Cu,, Cus and Cug evaluated with the standard MO-LCAO method to 
the left and the calculations for jeKum to the right were done using the spherical 
jellium model [72,74]. The MO-LCAO results include contribution from the 3d levels 
while the jellium model only include the free 4s electrons. The one-electron orbitals 
are characterized by the symmetry notation corresponding to Czv symmetry. Since 
the calculation for jellium were performed within the LSD scheme the one electron 
levels are split. 

Particularly exciting in cluster science has been how the simple jellium 
model has been able to in first order explain many quantities for clusters of 
alkali and noble metals as the appearance of magic numbers. Examples were 
given in Fig. 3. We have in connection with our studies of the reactivity of 
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free metal clusters [70,71] made a number of calculations [62,72-741 to investi- 
gate such problems. Example of the geometries for some small clusters of Cu 
determined by Nygren et  al. [136] with a comparison with the geometry of a 
Cu(100) surface is shown in Fig. 10, [72,74]. We notice how the geometries 
for the Cu clusters are quite different compared with what one would obtain 
by choosing the geometry as a part of the fcc solid. Recently Massobrio et al. 
[137,138] have determined the ground state structure of small Cu clusters us- 
ing a plane wave expansion and pseudo-potentials and got somewhat different 
results compared with Nygren et al. [136]. 

A comparison of how the energy levels change for a cluster model of Cu( 100) 
surface, and the Cu7 to Cug clusters is illustrated in Fig. 11 [72,74]. We notice 
the quite diffferent electronic structure of the free clusters compared with the 
Cu13 cluster modelling the surface and the large separation in energy for the 
HOMO and LUMO levels for cus  compared with the other clusters. The 
copper clusters are free electron like and we have therefore investigated how 
the energy level diagram would change if the bare clusters were treated within 
the jellium model as illustrated for the CUT, cus  and Cug clusters to the right 
in Fig, 11. It seems that the jellium model can give a reasonable description 
of the electronic properties of these clusters . 

Some characteristics of the electronic structure and bonding of transition 
metal clusters as illustrated for Nb4 is shown in Fig. 12. These structures have 
been calculated by Anderson e t  al. [139] using the Dmol code [lo]. For the bare 
tetramer three different isomers were investigated with different symmetries: 
a tetrahedron (C,,), a square ( D 4 h )  and a rhombus ( D z h ) .  The C3v isomer is 
a pyramid with equal bond lengths in the base triangle, but somewhat longer 
bonds to the top atom. The nearest-neighbour distance for the rhombus and 
the square are smaller than for the Csv isomer. These distances should be 
compared with the nearest-neighbour distance in the niobium bcc bulk crystal 
5.6 a.u. 

4.35 eV 4.18 eV 3.55 eV 

FIG. 12. Three possible Nb4 with calculated equilibrium bond lengths in a.u. and 
binding energies in eV [139]. 
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Calculations with the ADF program [9] give the same ordering of the iso- 
mers but with a reduction of the bond length to 4.65 a.u. due to inclusion of 
scalar-relativistic effects in the pseudo potential. These results are in agree- 
ment with calculations using the Car-Parrinello method [63]. The results for 
these tetramers should be compared with calculations for clusters of alkali and 
noble metals for which the rhombus gives the lowest energy [34]. The appear- 
ance of the three dimensional structure is the result of the balance between 
the 4d and 5s electrons. 

C. Reactivity of molecules on clusters 

Studies of the reactivity in terms of chemisorption of molecules on surfaces 
and clusters have been an important subject in surface and cluster science since 
the 60s. Knowledge of the reactivity of clusters is also an important property 
in the objective to use clusters as building blocks in new materials and as 
catalysts. We have in our group in recent years [70,71] studied the reactivity 
towards various diatomic molecules and compared those results with molecular 
calculations. 

o % m 3 E 3 e e z - % 7 d  

Number 01 Co Atoms in the Cluster 

0% i o  is i o  is i o  I 

Number of Cu Atoms in the Cluster 

0 4 -  ;o ;5 x, i s  ;o i5 4 
Number 01 Nb Atoms m the Clusler 

o L - ,  ' ' - -1 
10 15 20 25 30 35 40 
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FIG. 13. Measured reaction probability with CO for clusters of (a) Co, (b) Nb, 
(c) Cu and (d) W, [139-1411. 

Data shown in Fig. 13 exemplify the reaction probability, S, of CO on 
small clusters of Co, Nb, Cu and W [139-1411. The reaction probability is 
generally high for clusters of all four metals except for Cu with n> 20. For 
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Co, the reaction probability seems almost independent of cluster size while it 
seems to be an increase for Cu, with a maximum at the size of 16 followed by 
a minimum at 20 with some small variations. For Nb, there seems to be an 
increase in S with size for n< 15 followed with distinct variations in S around 
n= 10. 

TABLE I. Comparison of chemisorption energies for small clusters of Cu in eV, 
calculated with the jellium model [141] and an ab initio method [136]. 

jellium -1.16 -0.43 -0.22 -0.75 

ab initio -1.06 -0.59 -0.44 -0.72 

We have analyzed the chemisorption of CO on clusters of Cu and Nb using 
the MO-LCAO method described above. A cluster of Cu was described as 
a jellium sphere and the chemisorbed system was modelled with a tri-atomic 
molecule, Cu,CO [72,140]. Calculated chemisorption energies shown in Fig. 
14 reproduce the main trend of the experimental reaction probability. We 
have also tested the accuracy of the jellium model by doing calculations for 
some smaller clusters of Cu and compared the results with ab initio calcula- 
tions by Nygren and Siegbahn [136], Table I. Evaluted chemisorption energies 
calculated within the simple jellium model as given in Table I are in com- 
paratively good agreement with the ab initio results. The jellium model [72] 
was also found to give a comparatively good description of measured reaction 
probabilities 11401 for clusters characterized as closed or close to closed shells. 

2 1 0 -  - - * 

x CU" I co 
W 
5 06- 

a 0 4 -  
P 
E 02- 

1'5 1'6 ;7 ;8 1'9 20 21 
Number 01 Cu Atoms in the Cluster 

FIG. 14. Chemisorption energy of CO on jellium Cu Clusters n =15-21, [141] 
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The Dmol program [lo] has also been used to optimize the geometries for 
clusters of Nb, with n = 2-10 [125] (Fig. 15), as well as to determine the bond 
dissociation energies. A rather good agreement is obtained with experimental 
values determined from collision induced dissociation energies by Hales et  al. 
[142] as shown in Fig. 16. 

FIG. 15. Optimized cluster geometries for clusters of Nb n =3-10, [125]. 

TABLE 11. Data for CO chemisorbed at various sites on the Nb4 cluster [63] .  The 
free CO molecule is also included for comparison. 

Adsorption site Eb 1.v) d( GO) (a.u.) w (cm-l) 
TOP 1.17 2.19 1917 

Hollow 2.43 2.26 1761 

Bridge 2.87 2.38 1584 

co 2.14 2117 

CO( Exp.[133]) 2.13 2170 
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The chemisorption geometries for the CO molecule in hollow and top po- 
sition on the Nb, clusters were also determined as given to the right in Fig. 
16. For all clusters, the hollow site is predicted as the preferred chemisorption 
site. In order to  investigate the accuracy of these results calculations were 
also done using the ab initio molecular dynamics Car-Parrinello method for 
some of the Nb, clusters [63]. In this study extensive search were done for 
ground geometries using molecular dynamics. For Nbs two close lying iosmers 
were found which differ in energy by 0.12 eV. Calculations were also done to  
investigate the chemisorption energy of CO on Nbl with a comparison with 
results determined in MO-LCAO calculations as discussed above. The results 
summarized in Table I1 show that adsorption in bridge position gives the most 
preferred position. 
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FIG. 16. a) Comparison of evaluated fragmentation energies with experimental 
values determinend by Hales et al. [142]. b) Adsorption energies for different clusters 
and adsorption sites in hollow and top position. 

D. Electronic Structure of CSO 

The access to the laser vaporization technique [115,116] made i t  possible to 
produce clusters of carbon of various sizes as first done by Rohlfing e t  al. [143]. 
Clusters of carbon became particularly exciting after further experiments with 
the laser vaporization technique and the discovery of CSO in 1985 by Kroto, 
Curl, Heath, O'Brien and Smalley [119]. The new carbon molecule CSO was 
proposed to have a closed cage structure like a soccerball or truncated icosa- 
hedron with 60 vertices, where the carbon atoms were located, 12 pentagonal 
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faces, 20 hexagonal faces and 90 bonds [119]. The structure can be obtained 
by cutting each corner on the regular icosahedron. Such a spherical structure 
which was estimated to have a diameter of 7A was expected to  have many 
unique properties. Fig. 17 gives a schematic overview of c 6 0 ,  obtained from a 
stick model and from electronic structure calculations. 

FIG. 17. A schematic overview of c 6 0  represented by a stick model, 3D and 2D 
contour plots of the electron density. In the 3D plot in the middle the single contour 
has been chosen to show how the electrons are distributed in the bonds. The 2D 
contour plot shows the electron density in a plane that includes the center of the 
molecule. We clearly see that there is a void, which means that c 6 0  constitutes a 
spherical shell. 

The quantities produced with the laser vaporization method were however 
not even sufficient for doing experiments to verify the proposed structure. This 
was solved by Kratschmer, Huffman and their students who had as early as in 
1982, [144-1461 i.e. three years before the discovery of c 6 0  in 1985, produced 
c 6 0  without knowing it. They used an electric arc in a helium atmosphere 
of 150 torr and produced a special kind of soot with a unique type of optical 
absorption known as “the camel hump smoke” in the UV region. Their recorded 
spectrum fitted however very nicely to  some predictions of the present author 
[147]. After a number of trials, they found in 1990 [148] that ”the special 
carbon soot” could be dissolved in benzene, which provided the possibility to  
separate c 6 0  from the carbon particles [149], record a UV visible spectrum 
and even fabricate crystals of c 6 0  and C ~ O  and determine the crystal structure. 
Suddenly a new kind of carbon material had been found in addition to  the 
commonly known diamond and graphite. 

The unique structure of C60 and access to  an effective method for the pro- 
duction of macroscopic quantities opened up a new era of carbon research com- 
pared with what was known up to that date [150,151]. The field of fullerenes 
is a truly interdisciplinary area which has been covered in a number of pro- 
ceedings, review articles and books [152-1641. As examples of some recent 
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discoveries can be mentioned how Martin e t  al. [165] have been able to pro- 
duce clusters of c60 using a gas evaporation source. By coevaporating c60 
with different metals as Li, Ca, Sr and Ba, Martin and coworkers [166,167] 
were also able to produce species covered with metal as Lil2C60, Cag2C60, Fig. 
18. I will in this article only be able to present a few examples on fullerenes 
to give some idea of this highly interdisciplinary field. 

FIG. 18. Clusters of c60 [114,165] and two  specific models of metal covered c60 
with 12 and 32 metal atoms outside the pentagons and hexagons. 

i) Ground state  propert ies  

Our first calculations for c60 and its doped species [128-1311 were per- 
formed using the DVM method and a minimal basis set composed of the Is, 
2s and 2p orbitals of the neutral carbon atom and the 2s, 2p orbitals of the 
C2+ ion. The Is orbital was kept frozen in all calculations. We have in more 
recent work [97] used an extended basis set by including either 3s, 3p, 3d or 
3s, 3p and 3p, 3d functions generated for the N7+ ion in the basis set used 
previously. This basis set is similar to the one used by Freeman e t  al. [168]. 
The more recent calculations were performed using the three-dimensional inte- 
gration method of Boerrigter e t  al. [SO] with 600 points for each carbon atom. 
This should be compared with our earlier calculations using about 250 points 
per carbon atom and the original DVM scheme. The increased accuracy made 
it possible, not only to  obtain more accurate molecular eigenvalues, but also 
to evaluate the induced electric dipole moment as a function of an external 
electric field and in this way evaluate the static polarizability from first prin- 
ciples as described below. The calculations were performed in D2h symmetry 
using the SCC (161 as well as the SCM [82] method for the treatment of the 
molecular charge density. 

Fig. 19 gives an overview of the eigenvalues determined with the SCC ap- 
proximation using the minimal basis set and the addition of some of the basis 
functions determined for the N7+ ion. Results from the earlier calculations 
[130] are given in column 1. All these calculations were performed using the 
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Hedin- Lundqvist, HL, exchange-correlation potential [37], which is equiva- 
lent to our earlier use [130] of the von Barth-Hedin potential, vBH, [38] with 
parameter values as used by Hedin and Lundqvist. Calculations were also per- 
formed using the X a  form, with a = 0.7 [4] and the Vosko-Wilk-Nusair form 
of w,, [41]. A somewhat lower total energy was obtained by inclusion of the 
3d, and in particular the 3p and 3d, basis functions, compared with the results 
obtained using the minimal basis set. 

Min 3s  3P 3d 3 SP 3Pd 

I 

FIG. 19. Ground state properties of (260 evaluated with the SCC method using 
the minimal basis set and with the addition of 3s, 3p, 3d, (3s,3p) or (3p,3d) basis 
functions generated for the hydrogenic N7+ ion [97]. 

Fig. 20 illustrates the change in position of the molecular eigenvalues ob- 
tained when using the minimal and largest extended basis set, 3p 3d, as well 
as when using the SCC and SCM method for the description of the molecular 
charge density. Extension of the basis set and the use of different models for 
the treatment of the molecular charge density give a uniform shift compared 
with our earlier calculations, as depicted in column 1. The molecular charge 
density has been fitted with spherical harmonics of 1 = 1 and 1 = 2. Inclusion 
of s functions in the fit failed due to close linear dependency on the occupation 



FIG. 20. Ground state properties of c60 evaluated with the sCC and SCM method 
using the minimal basis set and with the addition of 3p 3d basis functions generated 
for the hydrogenic N7+ ion, [97]. 

All these calculations were performed for the experimental bond distances 
of 1.458(6) 8, and 1.401(10) A as determined by electron diffraction [169]. 
The use of slightly different bond distances as in our earlier calculations [130] 
gave only minor changes in the eigenvalues. The best agreement with the 
experimentally determined first ionization potential (7.54 & 0.04 eV) [170] 
and electron affinity (2.70 eV) [171] is obtained with the Hedin-Lundqvist 
exchange-correlation potential and the minimal basis set as defined above. 

ii) Stat ic  polarizabilities 

When discussing the electronic spectra and optical properties of c60, it is 
important to include the effect of screening of the external field. Using the 
ground state single-particle wavefunctions and energy levels, the dipole tran- 
sition matrix elements and transition frequencies have been evaluated in order 
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to obtain the free dynamic polarizability or oscillator strength distribution as 
a function of the excitation energy Eqs. (46) and (47). The static polariz- 
ability a,  can then be evaluated from the dynamical polarizability in the limit 
a = l iG-0 $')(-q w ) ,  according to  Eq. (39). Static polarizabilities eval- 
uated using this sum-over-states technique for different exchange-correlation 
potentials are given in Table 111. 

The dynamic polarizability or theoretical optical spectrum calculated with 
this sum-over-states technique for c60, [88,127] is however, not in particularly 
good agreement with the available experimental spectra obtained from in 
solution [loo] or as thin films [loll  owing to the omission of screening effects. 
The experimental spectrum [loo] is characterized by a strong peak at about 6 
eV, which is totally missing in the the theoretical spectrum. The reason for 
this significant discrepancy may be that screening due to  the Coulomb and 
exchange interaction has been neglected. 

An alternative way of calculating the static polarizability is to evaluate the 
induced electric dipole moment by applying an external electric field in the 
SCF calculations, as described in section 111. Variation of the induced dipole 
moment as a function of the applied electric field in the SCF calculations 
for c60 is shown in Fig. 21 for the Hedin-Lundquvist exchange-correlation 
potential and an extended basis set. The calculations were performed using 
an electric field of strength up to 0.032 a.u. corresponding to 0.16.1011 Vm-l. 

TABLE 111. Calculated free and screened static polarizabilities for c60 in atomic 
units, using different exchange-correlation potentials [97]. 

exc-corr pot SCC min SCM min SCM ext 

HL screened 555.5 671.1 677 

free 1900 1857 1873 

xa screened 567.3 685.4 649.8 

BH screened 526.5 636.3 631.7 

VWN screened 555.2 
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FIG. 21. Plot of the induced dipole moment for c60 evaluated from the 
self-consistent calculations using different external electric fields as discussed in the 
text. A plot of the third-order nonlinear contribution is given as an inset, [97]. 

A least-squares fit to Eq. (44) gives a value of 677 a.u. (100 A3) for the 
linear static polarizability and 15.6 x lo3 a.u. (8.1 x 10-36esu) for the first 
nonlinear static hyperpolarizability. The calculated values are also somewhat 
sensitive to the form of the exchange correlation potential. Our values of the 
polarizability which include screening, are in rather good agreement with the 
value, 558 a.u. obtained by Pederson et  al. [172] from extensive LDA total 
energy calculations, using a somewhat different computational method and 
exchange-correlation potential. Calculations [97] using the ADF program [9] 
gave a value of 552 a.u. for the linear static polarizability and 11.3 x lo3 a.u. 
for the first nonlinear static hyperpolarizability using the Vosko-Wilk-Nusair 
form of exchange correlation potential [41]. A comparison of the polarizabilities 
evaluated with the sum-over-states technique, Table 111, with those evaluated 
using an external electric field shows a dramatic effect on the polarizability 
with a change of the free polarizability from 1900 to 555.5. 

Using the experimentally determined dielectric constant for films of c60 and 
the Lorentz local field factor f~ = 1/(1 + NaeZp/3), the experimental values 
of the polarizability were found to be 79.3 8,” (535 a.u.) or 85.2 A3 (575 a.u.) 
from UV absorption [ lol l  and from EELS spectra 11041, respectively. These 
values are not too far from our theoretical values determined with the SCC 
method, Table 111. It seems, however, that use of an extended basis and more 
accurate description of the molecular charge density, as obtained within the 
SCM method, gives somewhat large values. 

Classically, the static polarizability of a spherical charge distribution is 
proportional to  the outer radius. Thus, taking 3.6 8, as the radius of the shell 
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and 1.4 8, as the shell thickness of Ceo the static polarizability of Ceo is given as 
79.3 A3 [173]. These theoretical values should be compared with a value of 65 
A3 calculated by Fowler e t  al. [174] using ab ini t io  methods. Bertsch et aE. [96] 
found a too small value of 378, for the static polarizability in the evaluation 
of the dynamical polarizability using the tight-binding method within an RPA 
approach. 

3 

iii) Optical spectra and dielectric constants 

As discussed above, straightforward use of the sum-over-states approach 
for the calculation of optical absorption, oscillator strength or dispersion of 
the dielectric constants does not give a particularly good agreement with ex- 
perimental data due to  the neglect of screening. Inclusion of screening via the 
parameter v = R-3 in Eq. (45) and the use of r= 6.8 a.u. i.e. the radius of 
the shell, gives a too large screening effect as obtained by Bertsch et al. [96]. 
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FIG. 22. a) Calculated free (thick curve) and screened R= 9.3 a.u. thin curve) 
response oscillator strength distributions with a linewidth parameters r = 0.06 s2. 
b) Experimental oscillator strength distribution as measured by Burose e t  al. [175]. 

However, we can treat Y = R-3 in Eq. (45) as an adjustable parameter 
and make a least-squares- fit of the dynamic polarizabilites in the limit w = 0 
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to the static polarizabilities evaluated by inclusion of an external electric field 
in the SCF calculations. Such a procedure [97] gives values of R = 9.3 - 9.5 
and 9.8 - 10 using the polarizabilites evaluated with the minimal basis set 
and the SCC and SCM methods, respectively. A value of R = 9.3 a.u. also 
gives an overall good description of the dispersion of the absorption spectra 
and dielectric constants. 

A comparison of theoretical spectra evaluated using the free response and 
a screening of R = 9.3 a.u. with linewidth parameter I? = 0.06 R is depicted in 
Fig. 22 with a comparison of the experimental oscillator strength distribution 
as measured by Burose et al. 11751. The theoretical result is in rather good 
agreement with the experimental data when screening has been included. 

Having established the molecular linear response with the RPA type of 
screening, as discussed above, we can evaluate a dielectric function, E ( W )  of 
crystalline Cso from the polarizability by using the Lorentz local field factor 
defined in the previous section, Eq.(47). The real and imaginary parts of the 
calculated dielectric function are denoted by €1 and €2, respectively and shown 
in Fig. 23. 

, # I 1  - 
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w 
FIG. 23. A comparison between the experimentally determined dielectric function 

of Ren et al. (solid line) and the calculated function ( R  = 9.3 a.u. dotted line) using 
rnm = 0.3eV and with all transitions shifted t0.4 eV, see text. a) Real part, E ~ ( w ) .  

b) Imaginary part, c ~ ( w ) .  
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In these plots a linewidth of I' =0.14eV is used to  resolve details of the 
calculation. The effective screening corresponds to  R = 9.3 a.u. which means 
that ~ ( 0 )  = 3.8. The imaginary part of E shows pronounced peaks at 3.3, 
4.2, 5.1 and 5.9 eV . The first weak transition at 2.85 eV corresponds to  the 
strongly screened transition at  2.80 eV. Fig, 23 shows a comparison of our 
calculated spectrum with the Lorentz oscillator fit used by Ren et al. [ lol l  
used to  present their ellipsometric data. Except for a shift of about 0.4 eV 
there is a good agreement between the experimental data and our calculated 
spectrum. In order to  visualize this agreement, we have introduced an energy 
shift of 0.4 eV as shown in the figure. Excitation energy spectra have also been 
determined by Sohmen et  al. [lo41 in the energy range 0 - 40eV, using EELS 
spectroscopy on films of CG0. An overall agreement with the EELS experiments 
of Sohmen et al. has been found. 

V. CONCLUSIONS 

Twenty to thirty years ago comparatively few people worked with electronic 
structure calculations based on the DV-Xa method. Most of the calculations 
for molecules were based on HF and CI methods or the M S - X a  method, which 
for a certain period was a very promising approach to  evaluate the electronic 
structure for big molecular systems and molecules modeling a solid or a surface. 
The situation is however quite different today mainly due to  the development 
of accurate methods to treat molecular potentials of arbitrary shape and the 
access to accurate exchange and correlation potentials. Today people who in 
earlier time have been totally devoted to HF, MCHF, and CI methods have 
in recent years started to use density functional methods. Another important 
fact has been the power of simple models as the jellium model, which has 
been very successful in the analysis of properties of alkali and coinage metal 
clusters. We have recently in our group [176] used the jellium model and 
adopted a numerically stable technique, introduced by Salomonson and Oster 
[177] in atomic calculations, to evaluate the complete spectrum of occupied 
and unoccupied eigenstates of systems with cylindrical symmetry as nanotubes 
and nanowires. The calculations give a similar type of quantization which is 
known for mesoscopic systems as quantum dots. Another important reason 
for the possibilites of electronic structure calculations for different molecules 
and materials has been the development of powerful computers. One of my 
graduate students, Henrik Gronbeck summarized that in the conclusion of 
his thesis [62]  by the following sentences, From the computational point of 
view, the last decade has involved tremendous achievements. Some of them are 
thanks to the rapid development of computers. The workstation I am working 
at has been replaced three times during m y  five years as a graduate student, 
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becoming increasingly faster. Parallel computer facilities is another example of 
the possibility to perform very extensive computations. This is quite different 
compared with the situation twenty to thirty years ago when one had to work 
with cards and rewrite the program in overlay structure for big calculations. 
Another also important factor is the possibilites for quick representations of 
the results in plots and three dimensional pictures which can be in colour and 
rotated to arbitrarily angles. However, the calculations done with the DV- Xa 
method today would not have been possible without the pioneering work on 
numerical integration methods done by Ellis in 1968. This is unfortunately 
forgotten in developments of new methods. 
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Electronic State Calculation of Transition Metal 
Cluster 

Hirohiko Adachi 

Department of Materials Science and Engineering, 
Kyoto University, Kyoto 606-01, Japan 

abstract 

The electronic states of transition metal elements have been 
studied by the use of discrete variational (DV) Xct cluster model 
calculation. It is found that the valence band of the element is 
constructed by superimposing a narrow d band with high density on 
rather broadly spread s andp bands. The covalent interaction between 
the d orbitals of the neighbouring atoms is very important in their 
valence electronic state. Thus the valence band structure strongly 
depends upon the short-range covalent bonding between the near 
neighobours. The effect of the size of the cluster model on the valence 
electronic s ta te  is investigated for some elements. It is confirmed 
that the band structure of the cluster approaches that of the bulk 
crystal when the cluster size increases. The dependence of the 
electronic s ta te  on the geometrical structure of the cluster is also 
examined and it is found that the change in the band structure with the 
different structure is caused by the Werence of the nature of the 
covalent bonding between the neighbouring atoms. In order to study 
the fundamental properties of magnetism of the transition element, the 
spin-polarized calculation for simple clusters has been carried out. The 
mechanisms of the spin polarization and the magnetic interaction 
between the atomic spins in the cluster are explained by a spin-polarized 
molecular orbital description. The relativistic Dirac-Slater calculation 
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has been made within DV-Xa framework to examine the importance of 
the relativistic effects andit is indicated that the relativistic effects are 
very important in determining the valence electronic state for heavy 
elements like 5d transition elements. 

1. Introduction 

Recent development of the computational technique for electronic 
state of materials enables us to calculate the accurate valence 
electronic structure of fairly large and complicated systems from the 
first principles. However, it is still very important t o  investigate the 
electronic s ta te  and chemical bonding of a simple and small cluster 
model of metal element, because the basic understanding of the 
essential properties of the metal elements is not sufficient. It is also 
very useful t o  investigate a small cluster model in understanding various 
kinds of properties and phenomena of more complicated metallic 
materials like alloys and intermetallic compounds, because the 
fundamental electronic state is reflected in their properties. 

In the present work, we study the electronic state and chemical 
bonding of transition elements by the aid of the simple and small cluster 
model using discrete variational (DV) Xa method"'. First we describe 
the computational method and the cluster model very shortly. Second 
the valence level structure of the small cluster model of Ni, and its 
chemical bonding are investigated showing the wave function of 
molecular orbital (MO) in somewhat details. Next we research the 
change of d band structure when the atomic number increases in the 3d 
transition series. We also investigate the change of the d band 
structure when the atomic number increases within the same group in 
the periodic table. In these argument, it can be suggested that the 
chemical bonding is very important t o  determine the d band structure of 
the transition metal elements. Further we study the effects of the 
cluster size and geometrical structure on the valence level structure. 
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The transition metal atom has a possibility t o  possess a magnetic 
moment in metallic material, then an investigation of the spin 
polarization of the cluster from a microscopic point of view is very 
important in understanding the magnetism of the metallic materials. 
We try t o  explain the spiri polarization and the magnetic interactions of 
the cluster in terms of the molecular orbital. For the heavy element in 
the periodic table whose atomic number is beyond 50, it is mentioned 
that the relativistic effects become very important even in the valence 
electronic state. We perform the relativistic DV-Dirac-Slater 
calculation"' in addition to the nonrelativistic DV-Xa calculation for the 
small clusters of the 3d, 4d and 5d transition elements to clarify the 
importance of the relativistic effects on the valence state especially for 
the 5d elements. 

2. Computational method 

We use the simple Xa p ~ t e n t i a l ~ ~ '  written by 

, 
with the scaling parameter a of 0.7. The MO wave function is 

expressed by an  LCAO as 

i 

The numerical atomic orbital generated by solving the Schrodinger 
equation for "atom in molecule" is employed as a basis function x i  of 
LCAO, which is renewed for each SCF iteration taking a modification 
of charge density into account"'. The atomic orbitals up to nd, (rz+l)s 

and(n+l)p are utilized for nd transition elements, where n is 3,4 and 5. 
The MO energy and the wave function are obtained by solving the 
secular equation, 
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H C = & S C  , 
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where the matrix elements of H and S are evaluated by the DV 
numerical integration'"'' a s  

sij = N r k ) X i ( r k )  Xj('k) 
k 

The simplified and convenient s elf-c onsis tent-charge (S C C)"." 

scheme is used t o  obtained an  approximate SCF potential. By the use 
of Mulliken population analy~is"~, we estimate the effective charge on 
each atom in the cluster from the orbital population and also estimate 
the strength of the covalent bonding between atoms from the overlap 
population. 

3. Cluster Model 

Figure 1 shows the small cluster models employed in the present 
work. These are the typical cluster models of metal taken from the 
crystal fcc and bcc lattices. The clusters (a)-(f) are taken from fcc 
lattice and those of (g)-(k) from bcc lattice. The cluster (0 and (k) are 
sometimes used for models of metal (001) surfaces of fcc and bcc 
crystals, respectively. For some purpose, we need lager cluster or that 
with a different structure to be used. 

4. Electronic state and chemical bonding of octahedral M, 
clusters of transition elements 

First we investigate the valence level structure andchemical bonding 
of transition metal M, clusters with 0, symmetry shown in Fig.l(a). 
The valence levels and their atomic orbital components of Ni, cluster, as 
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ci) 

Rg.1 Model clusters of fcc and bcc metals 
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a n  example, are indicated in Fig.2. The valence band is constructed by 
overlapping of a narrow 3d band with hgh density and rather widely 
spread4s and 4p bands. It is convenient for visualization to represent 
the level structure as a density-of-states (DOS) diagram by substituting 
the discrete MO level by a distribution function like Gaussian given by 

exp( -(&-€$202}/27m 

where E! is the eigenvalue of the t th MO. The density of states of N$ 
cluster is illustrated in Fig.3, where 0.5 eV is used for the width 
parameter CF of each Gaussian. Next, we look into the details of the 
valence state examining the MO wave functions. Figure 4 shows the 
valence levels again, but with contour maps of the MO wave functions 
for the some typical levels. The low lying 7a,, is of strongly z-type 
bonding between d orbitals of the nearest neghbours and also o-type 

R 
0 -  

-10  J 

density of states 

r 

Fig.2 Valence levels and atomic 
components of Ni, cluster 

Fig.3 Density of states of Ni, cluster 
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bonding of the second nearest neighbours. The level 9tl, which is 
situated at a n  intermediate energy is a mixture of bonding and 
antibonding nature, namely the interaction between the nearest 
neighbours is of bonding, while that between the second neighbours of 
rather strong antibonding. The upper lying 3t1, is of typical antibonding 
both between the nearest and second nearest neighbours. This means 
that the valence level structure strongly depends upon the covalent 

2 0  

1 0  

0 

- 1 0  

3t," 

Fig.4 Valence levels and MO wave functions of Ni, cluster 
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interactions of d orbitals between the neighbouring atoms. 
In the 3d transition metal series, the electronic state gradually 

changes with the atomic number, though these elements possess similar 
properties. Because the valence electronic state of these elements 
essentially depends upon the nature of the 3d atomic orbital, we depict 
the radial wave functions, namely the spatial distribution of the 3d 

atomic orbitals of the elements from Sc to Zn in Fig.5. From the figure, 

N m 
Er; 
X 
L, 

1 . 0  2 . 0  3 . 0  4 . 0  

r (a.u.) 

Fig.5 Radial wave functions for 3d transition elements 

the spatial extent and its change of the 3d orbital are clearly seen. For 
the hghtest element, Sc, the 3d orbital extends its tail t o  considerably 
long distance. The stretch of the d orbital is reduced when the atomic 
number increases, and for Zn, the heaviest element in this series, the d 
orbital is relatively contracted as shown in this figure. The covalent 
interaction depends upon the orbital overlap between the neighbouring 
atoms, then the extension of the 3d orbital is very important in 
determining the valence electronic structure of these elements. Then 
we investigate the change of DOS of M, clusters in the 3d transition 
series and exhibit it in Fig.6. The energy scale is shifted s o  that  the 
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zn6 

Fig.6 Density of states for M, clusters of 3d transition metal elements 

Fermi levels (E,) are aligned We note two points. One is that the 
relative position of the d band gradually lowers downward in energy. 
When coming t o  Cu, the d band almost sinks under E,. This is due to 
n the increment of the occupation number of the d orbital with atomic 
number. The second is the change of width and shape of the 3d band. 
In the early part of this series, namely from Sc to Cr or Mn, the d band 
is broadened and its structure becomes complicated when the atomic 
number increases, while in the later part the width of the d band is 
decreased and the shape gradually becomes simpler with atomic number. 
This is essentially caused by the change of covalent bonding between 
atoms in the cluster. 

In the augment of Ni, cluster, we mentioned that the bondmg 
interaction between atoms is very important to  determine the valence 
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electronic structure. Then we look into the details of the covalent 
bonding of the clusters of the 3d elements. Figure 7 shows the contour 
maps of the electronic charge density of Ti, cluster on a plane which 
contains four Ti atoms, and the difference density between the densities 

Fig.7 Contour maps of charge density p and difference density A p  
for Ti, cluster 

ofTi, cluster and the summation for sixTi atoms. Thus the difference 
density represents the charge reconstruction when the cluster is formed. 
We can see the increments of the charge density in the areas between 
atoms. This is attributed to  the covalent interactions between Ti 
atoms. For more quantitative discussion on this problem, we evaluate 
the overlap populations between atoms for each valence level, by the aid 
of Mulliken population analysis. The value of the bond overlap 
population for the level can be plotted a t  the corresponding level energy. 
A positive value of the bond overlap population indicates bonding 
interaction, while a negative value antibonding. The plot of the bond 
overlap population can be represented by a broadening with a Gaussian 
like DOS curve. Figure 8 exhibits an energy distribution of the bond 
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antibonding f- j bonding 

1 1 

bond overlap population density of states 

(4 (b) 

Fig.8 Energy distribution of bond overlap population (a) 
and DOS (b) of Cr, cluster 

overlap population thus obtained for Cr, cluster as well as DOS. From 
this, it is found that the d band consists of bonding states at lower part 
of the band and of antibonding states at upper part. Thus the E, of 
early elements like S c  and Ti is situated at lower parts of the band, 
namely the bonding states, while that of later elements a t  upper part, 
then the antibonding state. The strength of the covalent bonding of the 
cluster is estimated by the summation of the overlap populations up to 
E,. Figure 9 plots the bond overlap population thus calculated. The 
value of the bond overlap population increases with atomic number until 
Cr, and then decreases. The bond overlap population is determined by 
two factors, one of which is orbital overlap between neighbouring atoms 
and the other is occupation number of the d electrons, and the value is 
something of multiplication of the two factors. In Fig.9, we plot the 
melting points‘” of these elements experimentally determined. A good 
correlation can be seen between the bond overlap population and the 
melting point of the elements. I t  is difficult t o  clarify this with a definite 
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Fig.9 Plots of bond overlap populations of M, clusters 
and melting points of transition elements 

interpretation, but it can be said that the covalent bonding is a very 
important factor in determining the melting points of these elements. 
For 4d elements, we can find similar change and correlation as shown in 
the figure. 

Usually the electronic properties of the elements in the same group 
in the periodic table are considered t o  be similar since they take a n  
isoelectronic configuration. Then it is interesting to compare DOS of 
the 3d, 4d and 5d elements in the same group. Figure 10 compares 
DOS of Ti, Zr  and Hf clusters. The valence bands of these elements are 
similar t o  each other and the Fermi levels lie at similar positions of the 
bands. However, the d band is broadened and fine structures become 
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‘‘6 

20 , 
‘6 T is 

L 

- 1 0  J 

Fig.10 Comparison of density of states among Ti,, Zr, and Hf, clusters 

remarkable when the atomic number increases. Figure 11 displays 
the comparison among Cr, Mo and W. In  this group the bandwidth is 
large and the fine structures are clearly found even in Cr, but the d 
bands are split into three bands for Mo and W. 

20  

‘6 

- I 0  I 

I- 

Fig.11 Comparison of density of states among Cr6, Mo, and W, clusters 
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5. Effects of cluster size and geometrical structure on valence 
electronic state 

Next we study the effects of the cluster size on DOS. When the 
cluster size is increased, the interactions between neighboring atoms 
with long distances are taken into account, then the electronic state 
approaches that of bulk. Figure 12 compares DOS of the clusters Ni,, 
Ni,,, Ni,, and Ni,,, as well as bulk c ry~ ta l '~ '  by a band structure 
calculation. Usually the band structure of the bulk crystal can be 
rather well reproduced if we take several ten atoms in the model cluster 
for transition elements, though the small cluster model provides 
somewhat narrower d band. In the case of the element with a d band 
which is almost completely occupied, for example the case of silver, the 
size effect is not very large, but a small cluster already well represents 
the band structure of bulk as shown in Fig.13. 

Further investigation has been made for dependence of the valence 
electronic structure upon the geometrical structure. As an example, 
we take two model clusters, one of which is for fcc lattice and the other 
bcc. These clusters are shown in Fig.14; (a) is fcc cluster model M,, 
and (b) bcc cluster Ml6.  In order to compare the electronic states and 
to  cia* the difference between fcc and bcc lattices, we take Fe metal 
as a n  example, and DOS curves are displayed in Fig.15. In this figure, 
(a) is the case of crystal and (b) of cluster. The solid line denotes DOS 
for fcc crystal and dotted line for bcc. These results for the crystals 
havebeen obtained by band structure calc~dations"~~"~ by other authors. 
In the case of bcc, roughly speaking the d band is split into three bands, 
and the difference between two structures are clearly seen. If we use 
the cluster model to investigate the difference of the d bandbetween the 
two lattice structures, we obtain the DOS for fcc and bcc clusters as 
shown in Fig.l5(b). As is mentioned above, the width of the d band of 
these small clusters are somewhat narrower compared with that of bulk, 
but the essential characteristics of the bandstructure of the fcc and bcc 
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are satisfactorily reproduced by these small cluster models. We can 
compare the DOS of solid line for bulk fcc of figure (a) with the solid line 
of (b) and also dotted line of bcc of (a) with that of (b). 

b lulk crystal 

I I I I 1 

-8 -6 -4 -2 0 2 

ENERGY(eV) 

Fig.12 Density of states for various sizes of clusters and bulk crystal 
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Fig.13 Density of states of silver clusters 

Q 

0 0 

Fig.14 Cluster models for fcc (a) and bcc (b) structures 



Electronic State Calculation of Transition Metal Cluster 65 

I (a) crystal 

-10 -5 0 5 
ENERGY (eV) 

r I (b) cluster 

-10 -5 0 
ENERGY(eV) 

5 

Fig.15 Comparison of density of states for fcc and bcc structures 
between crystal and cluster 

Since the valence electronic state of a Merent  lattice structure 
can be represented by a rather small cluster, we are able t o  study the 
origin of the band structure difference by the use of small cluster model. 
Figure 16 demonstrates the overlap integrals between Fe 3d atomic 
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Fig.16 Overlap integrals between Fe 3d orbitals versus Fe-Fe distance 

orbitals of neighbouring atoms as a function of Fe-Fe distance. In the 
case of d orbital interactions, there are three types of interactions, 
namely (3, n and 8. The distances to  the nearest and second nearest 
neghbors are pointed by arrows for bcc and fcc. In  the bcc lattice, the 
second neighbor is rather closer than the fcc case, then the overlap 
integrals are still large so  that the interactions are relatively strong, 
while the second neighbor in fcc lattice is far resulting in large reduction 
of the interactions. This is strongly reflected on the difference of the d 
band structures, which in turn is substantially determined by the 
difference of quite local structure. In order t o  look into the details, we 
again show the valence electronic structures of the fcc and bcc clusters 
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as the form of MO levels in Fig.17. For the bcc cluster, the valence 
bandis split into three bands. In this case, the electronic states of the 
cluster can be distinguished by the character of the covalent interaction 
between atoms. This can be confmed from the wave functions shown 
in Fig.18. The bonding states like 8e, and lot,, are of bonding both with 
the nearest and second nearest neighbours and are situated at the 
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c 

> - 4  
W -..- 
> 
c3 

W 
z 

a 

w - 6  

-8 

-10  
Fe15 Fe 19 

Fig.17 Valence level structures of bcc Fe,, 
and fcc Fe 19 clusters 
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12eg 

Fig.18 Contour maps of MO wave functions for Fe,, cluster 

lowest energies. The states lltzg and 12t,, located at intermediate 
energies are mixtures of bonding and antibonding, and those a t  b h e r  
energies, l l eg ,  12e, and 16tzg are of strong antibonding nature. On the 
other hand, the bonding nature of the MO states for fcc cluster changes 
rather gradually. This difference is ascribed to that of the bonding 
interaction caused by the local structure difference between fcc and bcc. 
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6. Spin polarization and magnetic interaction 

The magnetism of matter is one of the most basic but very 
important property in materials science. Transition elements have the 
d orbital which is partially occupied, then it is possible to  possess 
magnetic moments. Thus the spin polarization in the valence 
electronic s ta te  takes place for the transition metal atom. The spin 
polarization brings about a modification of the electronic structure, 
because a level splitting of up and down spins occurs.  The energy 
separation of this spin splitting is approximately proportional to the 
magnitude of spin polarization, namely the magnetic moment as shown 
in Fig.19. We make spin polarized DV-Xa calculations"21 for diatomic 
clusters of transition metals and obtain their level structures as shown 
in Fig.20. The cluster Sc, which is made of atoms A and B shows the 

Fig.19 Level splitting AE by spin density p 
of 3d orbital for Fez+ ion 
( AE=E?-EJ, ~=n,d~-n,d~ 1 
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just mentioned can be explained by an analysis of the constitution of 
spin-polarized MO states. Figure 22 schematically illustrates the 
mechanism of spin-spin coupling between two atoms. First we consider 

finnation of 
molecular orbitals 

t tl 

-4- 4 
B 

A~~ AB 
A 

AB 

atomic levels molecular levels 

Fig.22 MO explanation for mechanism of spin-spin coupling 
between two atoms 

spin-polarized atomic levels assuming the atom A is spin-polarized while 
8 is free, namely not polarized (see figure(a)), then examine the spin 
state after the formation of molecular orbitals. The atomic orbital 
interacts with that of the same spin to form the MO, then the bonding 
and antibonding MO levels of up-spin are formed and similarly the MO 
levels of down-spin as well (see figure (b)). In the result, we obtain the 
MO level diagram of up and down spins as shown on the right (figure(c)). 
Next we consider what happens when the electrons are f3hg these MO 
states. For Sc, two d electrons from two atoms occupy only up-spin d 
levels, thus the cluster is polarized with up spin. For Ti, two more 
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Fig.20 Valence level structures and spin polarization of Sc, 
and Ti, clusters 

level structure where the spin-up and -down levels are split in energy and 
only some of the up-spin d levels are occupied, then the spin polarization 
takes place as shown in Fig.20(a). By Mulliken population analysis, it 
is found that the spin polarization for both of atoms A and B are the 
same, namely both are polarized with up spin. In this case, two Sc 
atoms are ferromagnetically coupled On the other hand, the cluster 
Ti, shows a different feature as indicated in Fig.aO(b). The up- and 
down-spin levels of each MO state have the same energy, thus it looks 
as if any spin polarization did not occur when we only look at the MO 
levels shown in the left column of Fig.BO(b). However, it is found not to 
be the true if we examine the components of atoms A and B. The 
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atoms A and B are polarized in opposite spin direction, in other words, 
atom A has up-spin density and B down-spin. I t  can be said that A and 
B are antifemomagnetically coupled in this case. We make similar 
calculations for other elements in the 3d transition series, and plot the 
magnitudes of the spin density of atoms A and B in Fig.21. I t  is found 

61  LJ I 
0 0  

e4 
4 I 0 atom A 

atom 0 

atomic number 

Fig.21 Spin density of atoms in M clusters of 3d elements 

that A and B are coupled ferromagnetically for Sc, as mentioned above, 
while those are antiferromagnetically coupled for the elements from Ti t o  
Mn. However the spins are arranged again in the same direction for 
later elements from Fe, though the magnetic moment is reduced with 
atomic number and vanishes beyond Cu. 

It is very interesting and important to understand the origin of 
these magnetic interactions between atomic spins. The phenomena 
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electrons fill the down-spin levels as well as the up-spin levels already 
occupied. In this case, the wave function for up-spin leans and has 
higher amplitude on atom A. On the contrary, the down-spin wave 
function is partial towards atom B. By this reason, the atom A has up- 

spin and B down-spin resulting in a n  antiferromagnetic coupling. 
However for later elements with more than half-filled band, electrons 
occupy again up-spin levels of antibonding, where the orbital 
components of atom B is larger than that of A, contrary to  the up-spin 
bonding levels, thus a ferromagnetic coupling is achieved. Further 
filling by electrons leads to reduction of spin density because the down- 
spin levels are also occupied so  that the up-spin density cancels out. 
Next we try t o  calculate the spin polarization of M, clusters of the 3d 

metals. Figure 23 shows the results of the calculations. From the 
result, it is found that the interactions between atomic spins are very 

Fig.23 Spin polarization of each atom in M clusters of 3d elements 
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complicated. Both of ferromagnetic and antiferromagnetic interactions 
are mixed in very complicated manner. Figure 24 summarizes the 
magnitudes of the spin polarization of each atom in the M, clusters. 

Further we examine how the spin polarization changes when the 
structure of cluster is different. We take up the small cluster Fe,, but 
both for fcc and bcc. For fcc lattice, the Fe, cluster is the same as that 
used so  far. Thus it has 0, symmetry, while the bcc cluster D,, 
symmetry from a viewpoint of geometrical arrangement. There are 
two kinds of near neighbours with different distances in the bcc cluster. 
The distance from an  atom on the horizontal Fe, plane to the top or 

bottom atom is somewhat shorter than that to the atom within the 
plane. The structural difference of two clusters is not very large. 
However we obtain considerably different result calculated for spin 
polarization. Figure 25 depicts the direction and magnitude of the spins 
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Fig24 Change of spin density for M clusters of 3d elements 
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Fig.25 Spin polarization and density for fcc and bcc Fe clusters 

of each atom in the clusters. For the fcc cluster, both of ferromagnetic 
and antiferromagnetic couplings are found as above mentioned. In 
contrast with this, only ferromagnetic coupling exists in the bcc cluster. 
Thisresult is consistent with the fact that bcc Fe metal shows 
ferromagnetism while fcc Fe metal does not, though the magnetic 
moments of these small clusters are usually larger'13' than that in bulk. 
The DOS of the bcc cluster with ferromagnetism is shown in Fig.26. 

The spin-up and -down bands are split, and show some resemblance t o  
the bulk band s t r~cture"~ ' .  
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UP DOWN 

Fig.26 Density of states of spin-polarized Fe cluster for bcc lattice 

7. Relativistic effects on valence electronic state 

For a heavy element whose atomic number is beyond 50, the 
relativistic effects (error caused by the nonrelativistic approximation) on 
the valence s ta te  can not be ignored In such a case, it is necessary to 
solve Dirac equation instead of nonrelativistic Schrijdinger equation 
usually usedfor the electronic state calculation. The relativistic effects 
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can be considered t o  consists of level shifts by so-called mass-velocity 
and Darwin terms, and level splitting by spin-orbit coupling from a n  
analysis taking nonrelativistic limit of Dirac equation. By these effects, 
the valence s level shifts downwards, and p and d levels are split, and 
these also bring about indirect effects of electronic charge reconstruction 
as a consequence. 

Figure 27 demonstrates the comparison of valence level structures 
of Ti,, Zr, and Hf, clusters obtained by nonrelativistic and relativistic 
calculations[”. From the figure, it can be seen that the relativistic 
effects are not appreciable almost at all for the 3d metal. For 4d 
element, the effects are stillvery small, while they become considerably 
large and the band structure is largely reconstructed for 5d element. 

Ti6 2 6  Hf6 
nonrel re1 nonrel re1 nonrel re1 

Fig.27 Comparison of relativistic and nonrelativistic level structures 
for Ti,, Zr, and Hf, clusters 
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Table 1 shows the relativistic effects in the orbital populations of M, 
clusters. As mentioned above, the charge reconstruction due to  the 
relativistic effects can be seen. When we compare them in the same 
group, it is found that the decrease of the d orbital population and the 
increases of the s and p orbital populations become remarkable for the 
elements with large atomic number. Then the relativistic effects bring 
about very large changes in the orbital populations for the 5d elements. 
For the elements where the d band is almost filled, namely Cu, Ag and 
Au, the relativistic effects appear in a little different manner. For Au, 

the d band is rather clearly split into two bands by the spin-orbit 

Table 1 Relativistic effects in orbital populations for M, clusters 

3d 

4s 

4P 

4 d  

5 s  

5P 

5 d  

6s  

6P 

Ti6 

nonrel re1 
2.544 2.522 

0.864 0.882 

0.588 0.595 

Zr6 
nonrel  re1 

2.706 2.624 

0.838 0.896 

0.455 0.483 

H f6 

nonrel re1 

2.768 2.374 

0.838 1.069 

0.457 0.560 

F e6 

nonrel  r e \  

6.828 6.792 

0.683 0.706 

0.486 0.501 

Ru6 
nonrel re1 

7.183 7.101 

0.5.1 1 0.577 

0.303 0.325 

0 s6 

nonrel re1 

7.174 6.669 

0.520 0.866 

0.309 0.467 

c U 6  

nonrel r e l  
9.761 9 . 7 3 1  

0 . 8 3 1  0.802 

0.436 0 . 4 3 8  

A R6---..- 
nonrel r e 1  

9.893 9 . 8 6 5  

0.750 0 . 8 0 0  

0.357 0 . 3 3 5  

A U 6  

nonrel r e 1  

9.974 9 . 8 4 1  

0.859 1 . 0 5 5  

0.1 67 0 .1  0 4  
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coupling as shown in Fig.28. Usually the Fermi level rises with a n  
increase of the atomic number, but it lowers when going from Ag to Au 
because of the relativistic effects. Thus the position of the Fermi level 
of Au becomes closer to tha t  of Cu, rather than to  that  of Ag. I t  may 
correspond with the similarities of various physical and chemical 
properties between Cu and Au. 
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Fig.28 Comparison of relativistic and nonrelativistic densities of s ta tes  

for Cu, , Ag, and Au, clusters 



80 

8. Conclusion 

H. Adachi 

The electronic state calculations of transition metal clusters have 
been carried out to study the basic electronic properties of these 
elements by the use of DV-Xa molecular orbital method. I t  is found 
that the covalent bonding between neighboring atoms, namely the short 
range chemical interaction is very important to determine the valence 
band structure of transition element. The spin polarization in the 
transition metal cluster has been investigated and the mechanism of the 
magnetic interaction between the atomic spins has been interpreted by 
means of the spin polarized molecular orbital description. For heavy 
elements like 5 d  transition metals, the relativistic effects are found to be 
very important even in the valence electronic state. 
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The Nature of the Chemical Bond in Hydrogen Storage Compounds 
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Abstract 
The electronic structures of LaNi, and Mg,Ni both containing a 

variety of alloying elements, M, are investigated by the DV-Xa cluster 
method in order to understand alloying effects on the hydrogen 
absorption and desorption characteristics of them. It is found that 
hydrogen atoms make a strong chemical bond with Ni atoms rather 
than La or Mg atoms in pure LaNi, or in pure Mg,Ni, despite the 
larger affinity of La or Mg atoms for hydrogen than Ni atoms in the 
binary metal-hydrogen system. It is also shown that the nature of the 
chemical bond between the constituent atoms determines the stability 
of LaNi, and Mg,Ni hydrides. For example, for the LaNi, system, 
the ratio of the La(M)-Ni bond order to the Ni(M)-Ni bond order 
correlates well with the experimental data of the equilibrium plateau 
pressure of hydrogen. Similar results are also obtained for other 
systems, CaNi,, TiFe and ZrMn,. On the other hand, for the Mg,Ni 
system, both the Ni(M)-Mg bond strength and the Ni(M)-H bond 
strength correlate well with the measured enthalpy of formation for 
the hydride. In addition, an empirical rule between the unit cell 
volume and the stability of the hydrides is explained consistently on 
the basis of the present calculation. The present electronic approach 
is useful even in the systems where an empirical rule is violated 
(e.g., CaNi, and Mg,Ni). 
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1. Introduction 
Hydrogen storage compound is an important material for the development of 

clean energy systems. This is because, the hydrogen fuel is one of the most clean 
energy resources obtained easily by the electrolysis of water. Among a variety of 
compounds, LaNi, is one of the most important hydrogen storage compounds [1,2]. 
Recently, clean secondary batteries with a high capacity have been developed using 
this compound [3]. Also, Mg,Ni is a promising compound due to the light weight 
and the higher capacity of hydrogen [4]. In fact, it can absorb hydrogen by 3.6% in 
the weight percent [5]. However, the desorption pressure of this hydride is 
inconveniently low at room temperature. Therefore, in order to make use of this 
compound for practical applications, it is firstly necessary to improve its dehydriding 
behavior. 

Recently, a variety of ternary compounds have been investigated experimentally 
[ 1,6- 131. For example, extensive studies have been carried out in the LaNi, system 
by substituting ternary alloying elements for either the Ni atoms or the La atoms in 
it [6,7]. This is because the hydrogen absorption and desorption characteristics are 
very sensitive to the ternary elements added into the mother compounds. Therefore, 
it is very important to understand the alloying effect on the hydriding or dehydriding 
behavior in order to design and develop new hydrogen storage compounds. However, 
despite great effort, as yet the alloying effect has not been elucidated on the hydriding 
properties of ternary compounds. 

On the other hand, theoretical calculations on the electronic structures of LaNi, 
have been preformed by several investigators [ 14- 161. However, there are very few 
reports concerning the hydrides of LaNi, [14,15] and Mg,Ni [17]. This is mainly 
due to the complexity of its crystal structure and also due to the poor understanding 
on the positions of hydrogen atoms in them. 

Recently, the positions of hydrogen atoms in LaNi, with a lower hydrogen 
content, a-LaNi,H,,,, have been investigated using an inelastic neutron scattering 
technique [lS]. There seems preferential occupancy on the 3f sites in the P6/mmm 
space group. Similar results are also reported for LaNi,Ho,, [ 19,201. Also, the crystal 
structure of hydrogen-rich compound, P-LaNi,Dx(x>5), has been studied by a couple 
of groups [21,22] using a neutron scattering technique, and shown that it has the 
hexagonal structure of the P6,mc space group. Employing these crystallographic 
data, Gupta [ 141 has calculated the electronic structure of LaNi,H, and shown the 
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importance of the Ni-H interaction more than the La-H interaction. Also, Suenobu 
et a! [15] have calculated the electronic structure of hydrogenated YNi, and LaNi,, 
and shown that the Ni-Ni chemical bond is stabilized by a small amount of lattice 
expansion to be introduced during the hydrogenation, but such stabilization never 
occurs in the YNi, system. 

On the other hand, for Mg,Ni system, crystal structures of Mg,NiD, have been 
studied using a neutron scattering technique, and determined for the low-temperature 
phase and the high-temperature phase as well [23-251. The hydride formed above 
about 520K is a cubic high-temperature (HT) phase (the Fm3m space group) with 
the lattice constant, a=0.6507nm, and it transforms at the temperature between 5 18 
and 483K into the monoclinic low-temperature (LT) phase ( the C2/c space group) 
[26,27]. Employing the crystallographic data of the high temperature phase of the 
Mg,Ni hydride, Gupta [17] has calculated the electronic structure, and shown that 
there is a strong Ni-H interaction primarily originated from the bonding between 
Ni-d(eJ and H-s electrons [17]. 

However, to the best of our knowledge, any clear correlation has not been 
obtained between the electronic structures and the hydriding properties of pure and 
alloyed compounds. In this study, the electronic structures of hydrogenated LaNi, 
and of Mg,Ni hydrides, both containing various alloying elements, are first calculated 
in order to understand the alloying effect on the hydrogen absorption and desorption 
behavior in a fundamental manner. The DV-Xa cluster method [28,29] is employed 
in this calculation. 

2. DV-Xa cluster method and cluster models 
The DV-Xa cluster method is a molecular orbital calculating method, assuming 

a Hartree-Fock-Slater (HFS) approximation. In this calculation, the exchange- 
correlation between electrons, V,, , is given by the following Slater’s Xa potential, 

where p(r)  is the density of electrons at position r ,  the parameter a is fixed at 0.7 
and the self-consistent charge approximation is used in this calculation. The matrix 
elements of Hamiltonian and the overlap integrals are calculated by a random 
sampling method. The molecular orbitals are constructed by a linear combination of 
numerically generated atomic orbitals (LCAO). The atomic orbitals used in this 
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Fig. I Cluster models used i n  the calculation; (a) (HM,Ni,,,La,) and (HMNi,,La) 
cluster For LaNi, and (b) (MNi,2Mg,H,,) cluster-for Mg,Ni. 

calculation are 1s-4p for 3d transition metals, Is-5p for 4d transition metals, 1s-6p 
for lanthanide elements, Is-3d for Mg and Is for hydrogen. 

The cluster models used are shown in Fig.l(a) for LaNi, and (b) for Mg,Ni. 
Both of them are hydrogenated clusters constructed on the basis of the crystal structure 
of a-LaNi,Hx (x<0.4) and Mg,NiH, hydride [ 18,24,30-321. For LaNi, system, a 
hydrogen atom occupies the 3f site in the crystal with the P6lmmm space group, 
which corresponds to the central site of the octahedron with the frame of four Ni 
atoms and two La atoms. Therefore, as shown in Fig. l(a), a hydrogen atom is located 
at the center of the octahedron. As shown in Fig. l(a), Ni( l), Ni(2) and Ni(3) are the 
first, second and third neighbour Ni atoms from the central H atom in the cluster, 
respectively. The interatomic distances in the cluster are, dH-,,(,)=O. 1448nm, 
dH-N,(2)=0. 1994nm, d, ,a=0.2509nm, dN,,,,,,,,,=0.2464nm, dLa-,,(,)=0.2897nm and 
d, ,I,2,=0.3204nm. It is noticed here that the Ni( 1)-Ni(2) distance is slightly shorter 
in this compound than in pure f.c.c. Ni (dN,-,,=0.2498nm). 

In order to examine alloying effects on the electronic structures, a variety of 
alloying elements are substituted for either the Ni atoms or the La atoms in the 
cluster. It is known that the Ni substitutional alloying elements occupy both the 2c 
and the 3g sites in the crystal lattice. For example, it is reported that the occupancy 
percentages of Co in LaNi,Co are 23% at the 2c site and 77% at the 3g site [33]. The 
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2c and 3g sites correspond to the Ni( 1) and the Ni(2) atom sites shown in Fig. l(a), 
respectively. Therefore, in case of the Ni substitution, either the two Ni( 1) atoms or 
the two Ni(2) atoms are substituted for various alloying elements, M, (M=Cr, Fe, 
Co, Cu, Pd and Ag). On the other hand, in case of the La substitution, one of the two 
La atoms are substituted for various alloying elements, M, (M=Y, Zr, Nd, Gd and 
Er). Therefore, the cluster models for the Ni substitution and the La substitution are 
expressed as, HM,Ni,,La, and HMNi,,La, respectively. 

On the other hand, for Mg,Ni system, the hydrogen atoms occupy randomly 
two thirds of their equivalent positions in the crystal lattice. But because of the 
difficulty in the calculation involving random arrangements, hydrogen atoms are 
assumed here to occupy every equivalent position in it, so that each Ni atom is 
surrounded completely by six hydrogen atoms in this model. Therefore, this is the 
Mg,NiH,-type model instead of the Mg,NiH,-type model. The full occupancy of 
hydrogen atoms may not alter essential features of the electronic structures, as 
explained later [17,34]. As shown in Fig. l(b), Ni and Mg atoms occupy the cation 
and the anion sites in the CaF,-type structure respectively, in which six hydrogen 
atoms form a small octahedron around each Ni atom as shown in the figure. The 
respective interatomic distances are, dH-,,=O. 149nm, dH-Mg=0.23 lnm, dMg-,,=0.282nm 
and dH-,=0.21 lnm. It is noticed here that the Mg-Mg distance of 0.325nm is slightly 
longer in this compound than in pure h.c.p. Mg (dMg-Mg=0.321nm), and the Ni-Ni 
distance of 0.460nm is much longer in this compound than in pure f.c.c. Ni 
(dN,.,,=0.2498nm). In order to examine alloying effects on the electronic structures, 
a central Ni atom in the cluster is substituted for various alloying elements, M, (M=V, 
Cr, Fe, Co, Ni, Cu, Zn). Therefore, the cluster model for the Ni substitution, i.e., 
Mg2Ni,-xMx, is expressed as MNi, 2Mg8H7E. Needless to say, the cluster model without 
any alloying elements is expressed as NiNi,,Mg,H,,. 

For a characterization of the electronic structure, the spatial electron density 
distributions, the bond order between atoms and ionicities of each atom in the cluster 
are estimated according to the Mulliken population analysis [35]. The overlap 
population, Qvv4, of electrons between two atoms v and V' is defined as, 

Q,,. = cc C,yC; 5 Y,"'€'y*dV (2) 
l e  

where '€',Iy and YJv' are the wavefunctions of the i and j orbitals of v and v' atoms, 
respectively. C,: and CJy are coefficients which show the magnitude of the linear 
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Fig.2 Contour maps of the electron density distributions in pure LaNi, system, (a) c n  the 
(0001) atomic plane containing both the La and the Ni(1) atoms and (b) on the (1210) 
atomic plane containing both the Ni( I )  and the Ni(2) atoms. The denoted numbers, I ,  2, 
3,4,5 and 6 correspond to the electron density values, 0.005,0.01,0.02,0.04,0.08 and 
0.1 6 in electrons per cube of the atomic unit, respectively. 

combination of atomic orbitals in the Ith molecular orbital. The sum over I runs only 
over the occupied orbitals. Here, this Qvv, is called the bond order and used as a 
measure of the strength of the covalent bond between v and v' atoms. Further detailed 
explanation of the calculation method is given elsewhere [36-411. 

3. Results 
3.1 LaNi, system 

3.1.1 Spatial electron density distributions in pure LaNi, system 
The contour maps of the electron densities on the two atomic planes are shown 

in Fig.2; one is the (0001) atomic plane containing both the Ni(1) and the La atoms 
as shown in (a), and the other is the (7210) atomic plane containing both the Ni( 1) 

and the Ni(2) atoms as shown in (b). In each figure, the hydrogen atom is located at 
the center of the map. As is evident from these figures, the relatively high electron- 
density region extends from the H atom site towards the Ni( 1) atom site, but does 
not towards the La atom site. Also, the electron density distributions around the La 
atom site seem to extend towards the Ni( 1) atom site but not towards the H atom 
site, although the La-H distance is shorter than the La-Ni( 1) distance. These results 
clearly indicate that the hydrogen atom exhibits a larger affinity with Ni atoms rather 
than La atoms in pure LaNi, system. 
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3.1.2 Bond order between atoms in alloyed LaNi, system 
The bond order is the overlap population of the electrons between atoms. As 

explained earlier, this is a measure of the strength of the covalent bond between 
atoms. The respective bond orders between atoms around the hydrogen atom change 
with alloying elements as shown in Fig.3 for the Ni(2c) substitution, in Fig.4 for the 
Ni(3g) substitution and in Fig.5 for the La substitution. Every bond order shown in 
these figures is the value per atomic bond in the cluster. 

In Fig.3(a) and Fig.4(a), the bond order between the hydrogen atom and the La 
atom is always negative for every alloying element, irrespective of the Ni(2c) or the 
Ni(3g) substitution, indicating that there is a repulsive interaction operating between 
these atoms. On the other hand, the bond order between the hydrogen atom and the 
Ni( 1) atoms ( or the alloying element, M, on the Ni( 1) site) is large and positive. The 
magnitude of this bond order shows a little change with alloying elements except for 
Pd as shown in Fig.3(a). In case of Pd, the bond order decreases largely, indicating 
that the strength of the chemical bond is relatively weak between the hydrogen and 
the Pd atoms in the Pd-containing compound. However, in case of the Ni(3g) 
substitution, the Ni( 1)-H bond order shows the less change with M, as might be 
expected from the M atom site, which is the second-nearest-neighbour site from the 
central H atom in the cluster. On the other hand, in case of the La substitution as 
shown in Fig.S(a), all the bond orders between the hydrogen and surrounding metal 
atoms scarcely change with alloying. This result indicates that any La substitutional 
elements scarcely modify the nature of the chemical bond with the hydrogen atom. 

From these results, it is clear that the hydrogen atom makes a stronger bond 
with the Ni( 1) atoms (or M atoms on the Ni( 1) sites) rather than the La atoms (or M 
atom on the La site) regardless of the Ni or the La substitutional elements. This is 
consistent with the results of the electron density distributions shown in Fig.2. 

Fig.3(b), FigA(b) and Fig.S(b) show the changes in the bond orders between 
the metal-metal pairs for the three cases. In Fig.3(b), there are large changes in the 
M-Ni(2) and the La-M bond orders. For example, the M-Ni(2) bond order changes 
from about 0.23 for Cr to about 0.14 for Ag. Similar results are also obtained for the 
case of the Ni(3g) substitution as shown in FigA(b). On the other hand, for the La 
substitutional elements shown in Fig.S(b), the M-Ni( 1) bond order changes 
remarkably with M. It is large for Y, Zr and Er, but small for La, Nd and Gd. 
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3.1.3 Ionicities of atoms in alloyed LaNi, system 
The ionicity of each atom in the cluster near the hydrogen atom is estimated 

according to the Mulliken population analysis [35]. The results are shown in Fig.6 
(a) for the Ni(2c) substitution, (b) for the Ni(3g) substitution and (c) for the La 
substitution. As shown in these figures, the ionicities of the La-site atoms (La or M 
atom on the La site) are always positive. On the other hand, all the ionicities of the 
hydrogen atom, the Ni atom and the alloying element on the Ni-site are always 
negative or nearly nil. These results indicate that charge transfer takes place from 
the La atom (or M atom on the La site) towards the hydrogen atom and other metal 
atoms in the cluster. The ionicity of the hydrogen atom is about -0.1 and its change 
with the alloying elements is small except for Pd and Ag in Fig.6(a). For Pd and Ag, 
it is almost nil, and also in response to this change in the hydrogen ionicity, the 
ionicities of La and M (Pd or Ag) atoms shift towards the less ionized side. This 
means that ionic interactions between the hydrogen and these elements are probably 
weak. 
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Fig.7 Contour  m a p  of the electron densi ty  
distributions on the ( I  10) atomic plane i n  
pure Mg,Ni hydride. The denoted numbers, 
I ,  2,3 ,4 ,5  and 6 correspond to the electron 
density values, 0.005,0.01,0.02,0.04,0.08 
and 0.16 in electrons per cube of the atomic 
unit, respectively. 

3.2 Mg,Ni system 
3.2.1 Spatial electron density distributions in pure Mg,Ni hydride 

The contour map of the electron densities on the (1 10) atomic plane is shown 
in Fig.7 for pure Mg,Ni hydride. As shown in this figure, it is evident that relatively 
high electron-density regions extend from the H atom site towards the Ni atom site, 
but do not towards the Mg atom site. Also, the electron density distributions around 
the Mg atom site seem to show an extension towards the Ni atom site but does not 
towards the H atom site, although the Mg-H distance is shorter than the Mg-Ni 
distance. These results clearly indicate that hydrogen atoms exhibit a larger affinity 
with Ni atoms rather than Mg atoms in this system. 

Further, from the present calculation using a Mg,NiH,-type cluster model, it is 
found that there is a strong bonding-type interaction operating between the Ni-d(eg) 
and the H-s electrons, whereas non-bonding interaction exists between the Ni-d(t,J 
and the H-s electrons. These results are is in good agreement with the previous 
results of Mg,NiH, [17]. 

3.2.2 Bond order between atoms in alloyed Mg,Ni hydride 
The changes in the bond order with alloying elements are shown in Fig.8. 

Referred to ‘H’ in this figure are the hydrogen atoms sitting on the six corner sites of 
the octahedron around an alloying element, M (see Fig. I(b)). 

As shown in this figure, both the Ni(2)-H and the M-Ni(2) bond orders are 
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very small because of the long interatomic distances between them. Also, it is noticed 
that the Mg-Mg bond order is positive, but very small despite the fact that the Mg-Mg 
distance in the hydride is very similar to the one in pure h.c.p. Mg. The Mg-Ni(2) 
and the Mg-H bond orders are positive and larger than the above three bond orders. 
However, all these bond orders are nearly constant without showing any large 
dependence on the alloying elements. 

On the other hand, the M-H bond order is significantly large, indicating that 
there is an attractive and strong interaction operating between the alloying element 
and the hydrogen atom. The magnitude of this bond order changes with M. In response 
to this change, the M-Mg bond order varies in a reverse way. Namely, the alloying 
elements which have a strong affinity with the hydrogen atom, tend to interact weakly 
with the surrounding Mg atoms. 

From these results, it is evident that the hydrogen atom makes a stronger bond 
with M atoms on the Ni site rather than Mg atoms, regardless of alloying elements. 
This is consistent with the results of the electron density distributions shown in 
Fig.7. In addition, although the Ni-Ni bond order is not shown in the figure, it is very 
small and negative (--0.001) due to the much larger distance between them 
(-0.460nm), as compared to the distance in pure f.c.c. Ni (-0.2498nm). Also, as 
mentioned above, the Mg-Mg interaction is very weak. Therefore, the structural 
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stability of this Mg,Ni hydride will be attributable mainly to the existence of strong 
Ni-Mg interactions in it. 

3.2.3 Ionicities of atoms in alloyed MgzNi hydride 
The changes in the ionicities with alloying elements are shown in Fig.9. As 

shown in this figure, the ionicities of the Mg and the Ni(2) atoms are always positive, 
and they scarcely vary with alloying elements, M. On the other hand, the ionicities 
of the alloying elements change considerably. For example, V, Cr, Fe and Co, all of 
which are the left-side elements from Ni in the periodic table take the positive value 
and gradually decrease with increasing the atomic number of M. For the right-side 
elements, such as Ni, Cu and Zn, all the ionicities take negative values, while having 
a minimum at the Cu substitution, in agreement with the order of the electronegativity 
of the elements. These results indicate that for the left-side elements charge transfer 
takes place from every metal atom towards the hydrogen atom, but for the right-side 
elements it does from the Mg and the Ni atoms towards the alloying element and the 
hydrogen atom. As a result, the effective charge on the H atom site varies in the 
range of -0.14 to -0.02, depending on the alloying elements. It is noted here that the 
ionicity of the hydrogen atom varies with M in an approximately opposite way as 
that of the alloying elements. 
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4. Discussion 
4.1 Hydrogen-metal interaction 

Most hydrogen storage compounds such as LaNi,, Mg,Ni, CaNi, and TiFe 
consist of both endothermic and exothermic elements in view of the heat of formation 
of their hydrides. For example, an exothermic element, La, has a strong attractive 
interaction with hydrogen and hence forms easily the hydride, LaH,. The endothermic 
elements (e.g., Ni) may work to reduce such an attractive interaction, so that the 
hydrogen desorption process could be activated by the presence of them. 

However, this naive understanding is not true. This is, because an antibonding 
interaction is operating between the hydrogen and the La atoms in the LaNi, system 
as shown in Figs.3(a), 4(a) and 5(a). On the other hand, a strong bonding interaction 
is dominant between the hydrogen and the Ni( 1) atoms. Similar results are also 
obtained in the Mg,Ni system. For example, a strong bonding interaction is operating 
between the hydrogen and the Ni atoms, whereas the interaction between the Mg 
and the hydrogen atoms is relatively weak as shown in Fig.8 (M=Ni). These results 
clearly indicate that the hydrogen atom makes a strong chemical bond with the Ni 
atom rather than the La or Mg atoms in pure LaNi, and Mg2Ni systems, despite the 
larger affinity of La or Mg atoms for hydrogen than Ni atoms in the binary metal- 
hydrogen system. These results are in good agreement with the previous calculations 
[14,17] in which the H-s bonding state appears in the low energy region, and 
participates in the formation of the strong bond with Ni atoms but the weak bond 
with La or Mg atoms. This trend has also been observed in the other hydrogen storage 
compounds, for example, TiFe where Fe atoms interact more strongly with hydrogen 
atoms than Ti atoms [42,43]. 

However, it is still true that the mixing of endo- and exo-thermic elements 
forms appropriate hydrogen storage compounds. In the present discussion, important 
is probably the location of hydrogen in the hydride. For example, in case of LaNi,H,, 
the hydrogen is closer to the Ni atoms rather than the La atoms. This inevitably 
makes the Ni-H interaction larger than the La-H interaction. However, this Ni-H 
interaction in LaNi,H, is still weaker, compared to the La-H interaction in LaH,, 
judging from the enthalpy of formation of each hydride; AH=-30 kJ/mol H, for 
LaNi,H, and -209 kJ/mol H, for LaH,. But this weak Ni-H interaction is very favorable 
for activating the hydrogen desorption process readily in LaNi,H,. Thus the existence 
of such a weak interaction with hydrogen is supposed to be characteristic of hydrogen 
storage compounds. 
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4.2 Alloying effect on the hydrogen absorption and desorption characteristics 
4.2.1 LaNi, system 

The alloying effect on the hydriding properties has been studied extensively 
[ 1,6-131, because of the fundamental interest as well as the practical interest for the 
hydrogen storage application. The changes in the equilibrium plateau pressure at 
313K with alloying elements (M), obtained by Van Ma1 ef ul [6] are shown in 
Fig.10 (a) for LaNi,M, and (b) for La,,Mo2Ni,. These experimental results are 
interpreted by using the bond orders shown in Figs.3,4 and 5. Namely, it is found 
that the measured hydrogen pressures change following the variation of the bond 
orders between metal atoms sitting on the small octahedron around the hydrogen 
atom. For example, when compared Pd with Ni in Fig. lO(a), the hydrogen pressure 
is higher for Pd than for Ni. In this case, as shown in Fig.3(b), the La-Pd bond order 
is comparable to the La-Ni bond order, but the Pd-Ni(2) bond order is smaller than 
the Ni-Ni(2) bond order. Similarly, when compared Cu with Pd, the hydrogen pressure 
is lower for Cu than for Pd. In this case, the Cu-Ni(2) bond order is comparable to 
the Pd-Ni(2) bond order, but instead the La-Cu bond order is much smaller than the 
La-Pd bond order. In case of the La substitution, as shown in Fig.S(b) and Fig. 10(b), 



Chemical Bond in Hydrogen Storage Compounds 

0.6 
h 

!2 

s .  
3 0.4 

a 

0.2 

97 

- 

- 

. 

1 P ~ ~ ( c n l . ) =  1 6 . 5 ~  Bo(ratio)-2. Ix Bo( M-Hk0.4 

0 '  " " " ' 
Cr Fe Co Ni Cu Pd Ag 

M 

Fig. 12 Comparison between calculation and experimental data of the 
equibrium plateau prcssurcs at 3 13K for LaNi,M alloys. 

those elements which have a stronger M-Ni( 1)  bond order show the higher hydrogen 
pressure with an exception of Zr. Therefore, it seems that the alloying element which 
increases the Ni-Ni interaction but decreases the La-Ni interaction in the octahedron 
tends to have the lower equilibrium pressure of hydrogen. Then, the ratios of these 
bond orders are calculated, and the results are shown in Fig.1 l(a) for the Ni(2c) and 
the Ni(3g) substitution and (b) for the La substitution. In the figures, the ratio of the 
bond orders (Bo) is defined as Bo(La-Ni)/Bo(M-Ni) for the Ni substitution and 
Bo(M-Ni)/Bo(Ni-Ni) for the La substitution, respectively. Therefore, as this ratio 
increases, the hydrogen pressure is supposed to increase. In accordance with this 
expectation, the results shown in Fig. 1 1 are approximately similar to the experimental 
results of the equilibrium plateau pressure of hydrogen shown in Fig. 10(a) and (b) 
with an exception of Zr. The reason for the discrepancy in Zr is unknown, but it may 
be true that Zr atoms goes preferentially into the grainboundary instead of substituting 
for La atoms, resulting in the less modification of the hydrogen pressure by the Zr 
addition [44]. 

Also, in case of the Pd substitution for Ni atoms, the weak Pd-H interaction 
shown in Fig.3(a) will give an additional effect on the increasing hydrogen pressure, 
as explained earlier. In fact, the agreement is further improved by taking into account 
the M-H interaction. Here, the equilibrium plateau pressure of hydrogen is assumed 
to be expressed as, 

(3) P,,(Cal.) = A x Bo(ratio) + B x Bo(M-H) + C 
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where the Bo(ratio) and the Bo(M-H) are the bond order ratio and the M-H bond 
order, respectively. The coefficients are determined to be A=l.65, B=-2.12 and 
C=-0.42 by the least squares method and the results are shown in Fig.12. The 
agreement is fairly good between the calculation and the experiment. 

In addition to the covalency mentioned above, the charge transfer will contribute 
to the chemical bond between atoms [45,46]. However, as shown in Fig.6, the 
ionicities of the hydrogen atom and other atoms in the cluster are less dependent on 
M except for Cr, Pd and Ag, indicating that there may be a small modification by 
alloying in the chemical bond strength originating from the charge transfer between 
the hydrogen and the surrounding metals. 

4.2.2 Mg,Ni system 
Fig. 13 shows the changes in the enthalpy of formation for the hydrides, AH, 

with alloying elements (M) in MgzNio,,5Mo,25, reported by Darnaudery et a1 [ 121. The 
values of AH change significantly with the alloying elements substituted for Ni atoms. 
There may be a certain correlation between the values of AH and the M-Mg or M-H 
bond orders which change largely with M as shown in Fig.8. For example, the value 
of AH for Mg,Ni,,,,Cu,,,, shows the largest value among the alloyed compounds, 
which means that the Cu substitution makes the hydride most unstable among them. 
This may be attributable to the small Cu-Mg and the large Cu-H interactions. In fact, 
there is a general trend that the smaller M-Mg interaction and the larger M-H 
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Fig. 14 Correlation between the unit cell volume and the hydriding properties for 
(a) Mg,Ni,,,M,,,, (M : the alloying element), and (b) AB, compounds. 

interaction make the hydride more unstable. It is interesting that the change in the 
AH with M shown in Fig.13 quite resembles the change in the M-H bond order 
shown in Fig.8. 

The charge transfer between atoms may act to moderate this bond order change 
with M, but such a moderation effect may not be large in this system 1341. 

4.3 Comparison in the hydride stability between the LaNi, and the Mg,Ni system 
There are some empirical rules to account for the stability of hydrides formed 

in the hydrogen storage compounds. One of the rules is concerned with a correlation 
between the unit cell volume (or the interstitial hole size) and the hydriding properties 
of CaCu,-type compounds [47,48]. That is to say, the larger the unit cell volume is, 
the more stable the hydride is. In order to test this correlation in the present system, 
the unit cell volumes of alloyed Mg2Ni (i.e., Mg,Nio,,Mo,2, [12]) are plotted against 
the enthalpy of formation, AH, for their hydrides as shown in Fig.14 (a). For 
comparison, a similar figure is also given in Fig. 14(b) for typical hydrogen storage 
AI3, compounds with the CaCu,-type crystal structure [47,48], where the equilibrium 
plateau pressure of hydrogen are used instead of the AH. The large AH corresponds 
to the high hydrogen pressure. Therefore, in both figures the vertical axis is an index 
to show the stability of the hydrides, and the compounds locating in the lower part of 
these figures tend to make more stable hydrides by the hydrogenation. 

When compared Fig. 14 (a) with (b), there is a clear difference between them. 
The rule mentioned above is generally satisfied for the AB, compounds except for 
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Fig. I5 Schematic illustration of showing the magnitude of the bond strangths between 
atoms in the metal framcwork of(a) LaNi, hydride and (b) Mg,Ni hydride. 

CaNi,. However, for Mg7Nio,,sMo,2s, data is scattered, but still there is a tendency 
that the compounds become unstable with increasing unit cell volume. Thus, the 
empirical rule is no longer valid in Mg2Nio.7,Mo,2s. 

This difference lying between AB, and Mg,Nio,,sMo,2s may arise from the 
difference in the crystal structural evolution as the hydrogenation proceeds. 

4.3.1 LaNi, system 
For the AB, system, the crystal structure of the hydride, AB,H,, does not change 

essentially up to x=4, since the hydrogen atoms occupy interstitial sites in the CaCu,- 
type crystal lattice, while accompanying a small lattice expansion and lattice distortion 
as well. The lattice keeps expanding while the hydrogenation proceeds. As mentioned 
before, the ratio of the La-Ni bond order to the Ni-Ni bond order correlates well with 
the stabilities of LaNi, hydride. All these metal atoms are the constituent atoms in 
the framework of an octahedron around the hydrogen atom. Therefore, the most 
important crystal unit  to determine the phase stability of this hydride is a small 
octahedron as shown in Fig. 15(a). In the figure, the bond strengths between atoms 
are shown by using the thickness of lines. The thicker line means the stronger bond, 
whereas the thinner line means the weaker bond, and the dotted line means the further 
weak bond existing between them. 

As shown in Fig.lS(a), both the La-Ni and Ni-Ni interactions are strong enough 
to hold the framework of this octahedron. When hydrogen is absorbed into the 
compound, the crystal lattice may expand so as to optimize the Ni-Ni interaction. In 
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Table I Lattice parameters, unit cell volume for CaNi,, YNi, and LaNi,. 

Unit cell c~~~~~~~ Lattice parameter 
(mi , 1 a(nm) c(nm) vo~ume(nm’) 

YNi .5 0.4883 0.3967 0.08 19 
CaNi 5 0.4930 0.3925 0.0826 
LaNi 0.5017 0.3987 0.0869 

fact, according to the previous calculation [ 151, the Ni-Ni interaction is reduced by 
the hydrogenation, but it is recovered to some extent by introducing a small expansion 
to the Ni atomic plane where the hydrogen atom is located. However, the situation is 
different if the La-Ni interaction is significantly large. As is evident from the atomic 
arrangement in the octahedron shown in Fig. 15(a), this La-Ni interaction acts to 
suppress such a lattice expansion on the Ni atomic plane, so that the Ni(M)-Ni bond 
order is never recovered, resulting in the remarkable reduction in the total chemical 
bond strengths in the octahedral framework by the hydrogenation. As a result, the 
stability of the hydrides decreases with increasing La(M)-Ni bond order and with 
decreasing Ni(M)-Ni bond order. Thus, the ratio of the La(M)-Ni bond order to the 
Ni(M)-Ni bond order is indeed a good indication to show the hydride stability, as 
shown in Fig. 10 and Fig. 1 1. 

As shown in Fig.l4(b), there is a large deviation in CaNi, from other 
compounds. This is also understood consistently following the present inference. 
The electronic structures of CaNi,, YNi, and LaNi, are calculated using a small 
octahedral cluster, R,Ni,(R=Ca, Y and La) which is the same as the one shown in 
Fig. 15(a). The lattice parameters used in the calculations for each compound are 
shown in Table 1 together with the unit cell volume. The results of the bond order 
ratio for each compound are shown in Fig. 16. The calculated bond order ratio changes 
similarly as the observed hydrogen pressure does. The lower hydrogen pressure of 
CaNi, compared to the other compounds is simply due to the weaker Ca-Ni 
interaction. On the contrary, the higher hydrogen pressure of YNi, is attributable to 
the stronger Y-Ni interaction. Thus, as far as the present approach is employed, 
there is no difficulty in understanding experimental results of AB, compounds as 
shown even in CaNi,. 
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Fig. I6 Correrat ion between (a) observed 
hydrogen pressures at room temperature 
and (b )  bond order ratios for CaNi,, 
YNi, and LaNi,. 

4.3.2 Mg,Ni system 
In case of the Mg,Ni system the situation is completely different from the 

LaNi, system. This is because, a low-temperature phase of the hydride is hexagonal 
and its metals framework somewhat resembles the Mg,Ni crystal framework. But, it 
is no longer stable above about 500K, and instead the high-temperature phase of 
MgzNiH, appears when the hydrogenation proceeds at the temperature around 573K. 
This crystal structure is very different from that of Mg,Ni. In particular, the atomic 
volume per metal atom is about 2.3x10-’nm3, which is much larger than that of 
Mg,Ni (1.7x10-’nm3) or LaNi, (1 .4~ lO-~nm~)  or LaNi,H, (1.8~lO-~nm’). As a result, 
the hydrogen atoms easily occupy a portion of the corner sites in the small octahedron 
existing around a Ni atom, as shown in Fig. I(b). This occupancy of hydrogen atoms 
may not accompany any significant lattice expansion because of the large atomic 
volume, and the occupied portions of the octahedral sites will simply increase as the 
hydrogenation proceeds. 

As explained before, the metal framework of pure Mg,Ni hydride is held mainly 
by the Ni-Mg interactions. Therefore, as shown in Fig.lS(b), a small cube containing 
Ni and Mg atoms is the important crystal unit to determine the phase stability of this 
hydride. The atomic interactions in the cube are modified considerably by alloying 
mainly due to the change in the M-H and M-Mg interactions as shown in  Fig.8. If 
the M-H interaction becomes stronger, the M-Mg interaction becomes weaker, 
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resulting in the instability of the framework of the cube. As a result, the stability of 
the hydrides decreases with decreasing M-Mg bond order, even though the M-H 
interaction may act to increase the stability of the hydride to some extent. 

Thus, the hydrogen absorption and desorption characteristics are very different 
between LaNi, and Mg,Ni, but both of them are well understood in terms of the 
nature of the chemical bond between atoms in the small polyhedron in which the 
absorbed hydrogen atom is located. 

4.4 Other hydrogen storage compounds 
The present approach is applicable to other hydrogen storage compounds. Here, 

two examples will be shown briefly. 

4.4. I TiFe system 
A cluster model used for the calculation of TiFe system is shown in Fig.17. 

For simplicity, this is constructed on the basis of the CsC1-type crystal structure of 
TiFe [49], although the hydrogenation induces a small distortion in the crystal 
structure. In this model a hydrogen atom is located on the central site of the 
octahedron consisting of two Fe( 1 )  atoms and four Ti atoms. In order to examine 
alloying effects on the hydriding properties, one of the two Fe( 1) atoms is substituted 
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for various alloying elements, M. Therefore, the cluster model is expressed as 
HMFe, ITi,2. 

In this system, the most important crystal unit  is the octahedron where a 
hydrogen atom is located. Therefore, the ratios of the M-Ti bond order to the Ti-Ti 
bond order are calculated. Using this bond order ratio and also the M-H bond order, 
the equilibrium hydrogen pressures are examined for TiFe,,,,M,, alloys [49]. As 

shown in Fig. 18, the calculated pressures of hydrogen are approximately similar to 
the experimental ones. A discrepancy observed at Cr may be attributable to the 
difficulties in the activation process of this compound [50,5 13. 

4.4.2 ZrMn, system 
A similar analysis is also performed for ZrMn, Laves phase. A cluster model 

used is shown in Fig.19, which is constructed on the basis of the (214-type crystal 
structure of ZrMn,Hy hydride [52,53]. The positions of the hydrogen atoms have 
been studied using a neutron scattering technique [53], and there is a preferential 
occupancy of hydrogen atoms on the 12k site in the P6,/mmc space group. This site 
corresponds to the center of the tetrahedron consisting of two Zr atoms and two Mn 
atoms as shown in Fig.19. It is seen from this cluster model that two tetrahedra exist 
closely and form the Mn atomic plane as is indicated by the shadow in the figure. In 
order to examine the alloying effect on the hydriding properties, two Mn atoms are 
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substituted for various alloying elements, M. Therefore, the cluster model used is 
expressed as H,M,Mn,Zr,. 

For ZrMn,, the most important crystal unit is a tetrahedron where a hydrogen 
atom is located at the center. As shown in Fig. 19, the hydrogen atoms are on the Mn 
atomic plane and the lattice expansion on the Mn atomic plane may take place so as 
to optimize the Mn-Mn interaction. The Zr-Mn interaction acts to suppress such a 
lattice expansion on the Mn atomic plane. Then, the ratio of the Zr-Mn bond order to 
the Mn-Mn bond order is calculated in this tetrahedron. Using this bond order ratio 
and also the M-H bond order as well, the equilibrium hydrogen pressures are examined 
for ZrMn,,,M,, alloys [54] and the results are shown in Fig.20. As shown in this 
figure, the calculated pressures of hydrogen are in agreement with the experimental 
data except for Ni. 

A two-step plateau is observed experimentally in such a Ni-containing ZrMn, 
[54]. This implies that one hydride, which is supposed to be the hydride commonly 
observed in the other alloyed compounds, is very unstable and no Ionger formed, 
but instead another hydride appears as the hydrogenation proceeds. In addition, an 
empirical rule between the unit cell volume and the hydrogen pressure is valid for 
the other alloyed compounds, but invalid only for the Ni-containing compound. 
These experimental results appear to support the present calculation. 

In addition to these system, the present approach is found to be valid in the 
CaNi, system. 

5. Conclusion 
The alloying effects on the electronic structures of LaNi, and Mg,Ni 

intermetallic hydrides are investigated by the DV-Xacluster method in order to 
understand the hydrogen absorption and desorption characteristics of these 
compounds. 

The hydrogen atom is found to make a strong chemical bond with the Ni atoms 
rather than the La or the Mg atoms in pure LaNi, and in pure Mg,Ni hydride. For 
LaNi, system, the La(M)-Ni and Ni(M)-Ni bond strengths in the small octahedron 
containing a hydrogen atom play the most dominant role to determine the hydride 
stability, where M is the alloying element substituted for the Ni or the La atoms in 
the compound. In fact, the ratio of the La(M)-Ni bond order to the Ni(M)-Ni bond 
order correlates well with the experimental data of the equilibrium plateau pressures 
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of hydrogen. Similar correlations are also obtained for other systems, TiFe, ZrMn, 
and CaNi,. 

On the other hand, for Mg,Ni system, the Ni-Mg bond strength is most dominant 
since both the Ni-Ni and the Mg-Mg bond strengths are rather weak. It is shown that 
the hydride become unstable for those alloying elements, M, which are substituted 
for the Ni atoms and reduce the M-Mg bond strength. In fact, the change of the 
M-Mg bond strength with M correlates well with the measured change in the enthalpy 
of formation for the hydride. 

In addition, a correlation between the unit cell volume and the hydriding 
properties for LaNi, and Mg,Ni is discussed from a view of the nature of the chemical 
bond between atoms in small polyhedra and also of the possible lattice expansion 
induced by the hydrogenation. 
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Abstract: 

We are discussing our manner to calculate the total energy for small molecules 
within the DV-Xa approximation by using only the monopol part of the potential 
in the solution of the Poisson equation. A discussion of the relativistic effects, 
including our results for heavy diatomic molecules, is followed by remarks on the 
choice of the exchange-correlation potential together with our results of calcula- 
tions on molecules for the element 106 and their chemical interpretation. We con- 
clude with results on very heavy correlation diagrams for collision systems with 
a united Z above 110. 

1. Introduction 

The DV Xa-method has been first proposed and formulated more than 25 years 
ago by Ellis and Painter' at Northwestern University. This method allows to 
calculate relatively large systems with medium accuracy. However the knowledge 
of energy eigenvalues, electron distributions, effective charges or overlap popula- 
tions etc. are a valid tool for physical and chemical interpretations. 
1971 was the first time one of us (B.F.) learned about this method at North- 
western University as a Post-Doc where he had strong connections to Don Ellis. 
However, as at that time only atoms were of any interest that method was not put 
to use. About one year later, Adachi and Rosen joined Don Ellis and the three 
worked together and developed the relativistic DV Xa-code', still in use today 
and absolutely necessary to handle molecules composed of atoms with relatively 
large nuclear charges. 
When our present group became interested in quasi-molecules, which are genera- 
ted in atomic collision systems, we started to use the relativistic DV Xa-method. 
With the help of Arne Rosen we were the first to calculate correlation diagrams 
of relatively heavy systems3. 
ADVANCES IN QUANTUM CHEMISTRY, VOLUME 29 
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But already at that point we realized that the accuracy of this method was not 
very good. Many physical and chemical quantities, like binding energy or chemi- 
cal bond distances, could not be calculated directly with this method. When we 
finally also started calculations of real molecules at chemical distances this 
deficiency became even more obvious and we began to improve the method itself 
in order to calculate the total energy of a system within the Xu-approximation. 

2. The Dirac-Fock-Slater (DFS) Method 

The energy functional of any many-electron system in the one-particle approxi- 
mation with the single-particle wavefunction 0, can be written as 

with the kinetic energy t = a p + p , 
the electron density p(r) = Z n, I'Di(r)12 , 
the direct Coulomb potential Vc(r) = Jp(r) / )r - r' ld3r 
and the local exchange potential Vex@) = - 3 X, (35c ~ ( r ) / 4 ) " ~  . 
If this functional is varied with respect to the single particle functions ai one 
obtains the Dirac-Fock-Slater equations 

(t + VN + Vc + V) lai) = ei loi) i = 1, M (2) 

where M is the number of electrons. 
The loi) are expanded in numerical atomic relativistic wave-functions 14,) as a 
basis I@,) = C cij Isj) . 
The total energy E can then be re-written as 

E = C ni E, - Ih Jp Vc d3r - % Jp  v'" d3r + C (ZnZ,)/ IR, - R,,l . (3) 

During the iterations in the SCF process one has to calculate the Coulomb poten- 
tial Vc from the electron density p(r) of the last iteration, i.e. the Poisson equa- 
tion must be solved 

A Vc = - 45c p(r) . 

So far so good, but in any real 3-dimensional calculation we are then faced with 
the problem of the Poisson equation having only an approximate solution either in 
terms of a Mullikan charge analysis or a least square fit with a multipole expan- 
sion. An exact solution would take too much time. 
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As a consequence we are unable to calculate the quantity E and Vc but approxi- 
mated quantities E resp. 0'. So in reality we calculate the quantity 

What is the error? 
If we write Vc = 0' + VCresl and p = po + p,,,, the total energy is 
E = I? + '1'2 f p  VCCest d3r which implies an error of first order. On the other hand 
one can re-write the exact total energy in the following form 

The last part in this formula is the energy E,,, being the difference between 
calculated and exact value. This introduces an error in the total energy of second 
order only, because both terms in the integral are small quantities. In order to 
reduce this error even more this term can be minimized as well. This leads to an 
additional variational equation to be solved. Details of this complicated but very 
effective procedure can be found in Ref. 4. 
The second important improvement we introduced to our calculations is the 3- 
dimensional integration scheme of Baerends et which allows the calculation 
of highly accurate matrix elements. 
The third change in the program was the implementation of a frozen core ap- 
proximation. Unfortunately, this procedure does not save much computing time 
and space because during the first iteration - defining the frozen core part - all 
electrons must be taken into account to achieve orthogonalization of the valence 
orbitals to the core orbitals. 
The main improvement to the calculation of the total energy is already achieved 
by using formula (5 )  instead of (4). The first improvement in combination with 
the second now allows to calculate potential energy curves of small molecules and 
systems. 

3. Relativistic effects 

If one or more atoms with large nuclear charges are part of a molecule, relativi- 
stic effects become very important. Just to remind ourselves, we would like to list 
here those relativistic effects which are known since about 30 years but which 
have to be kept in mind in this discussion in order to understand the effects which 
occur in relativistic molecular calculations. 
The main effect is the so-called 'direct relativistic effect', a strong decrease of the 
radial distribution of the atomic wavefunctions with an angular momentum 1/2, 
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i.e. all slIz and P , , ~  electrons contract towards the nucleus. And for an element 
Hg, for instance, this would be a 15 % decrease. The p3/, electrons are less affec- 
ted and all other outer electrons with higher angular momenta show very little 
decrease in their charge radii compared to a non-relativistic calculation with the 
same potential. 
The second but often dominant effect is the so-called 'indirect relativistic effect'. 
This occurs as a change in the radial distribution of the wavefunctions because in 
a many-electron atom the inner electrons contract and thus shield the outer ones 
more effectively. As a result, this effect often compensates the direct relativistic 
effect for the d-wavefunctions; for the 5f-wavefunctions, however, this leads to 
an increased radius and the 4f-wavefunctions are hardly affected at all. As a 
consequence, the 5f-wavefunctions are chemically much more active in the 
Actinides than the 4f-wavefunctions in the Lanthanides. 
The third effect is the relativistic spin-orbit (L-S) splitting of the shells with 
angular momenta 1 = 1 and higher. In the case of the 2p elements the 2p shell is 
first filled with 3 electrons possessing parallel spin and then with the remaining 
3 electrons with anti-parallel spin. This still holds true for the 3p and 4d series as 
well. In the case of the 5p elements the relativistic effect of the spin-orbit splitting 
is already so large that first 2 electrons fill the complete 5p,,, shell then followed 
by the four 5p3,, electrons. The subshells of these heavy elements have very little 
similarity with the non-relativistic wavefunctions and thus behave very differently 
in every self-consistent relativistic calculation. This is indicative of every non- 
relativistic calculation yielding quite unrealistic results. 

A u  A u 2  A u  

nonrelativistic relativistic 

Fig.1 Energy eigen- 
values of the outermost 
levels of Au and Au, 
from non-relativistic 
and relativistic DV-Xa 
calculations. 

An example can be seen in Fig. 1: it shows the results for the diatomic system 
Au,, both with a non-relativistic and a relativistic calculation for the atoms as well 
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3.07 169.0 4.23 2.91 261 I 
(4.20) (1.97) (164.5) 

(4.67) (1.66) (192.1) 

as for the molecule4. As expected, the relativistic atomic calculation shows a 
strong increase in binding of the 6s electrons in the atom as well as a moderate 
indirect relativistic effect which decreases the binding of both 5d subshells. In 
addition, the 5d,,, and 5d,,, subshells show a strong spin-orbit splitting. In case of 
the molecular calculations the various linear combinations of these basis functions 
lead to quite a different pattern of the molecular levels in both cases. 

1 

: b) ' a) 

R l a u  R @u ) 

Molecule AR,[a.u.] AD,[&] A w , [ ~ m - ~ ]  
Cuz 0.07 0.16 8 
Agz 0.12 0.39 16 
A u ~  0.39 0.98 42 

Fig. 2 Potential energy curve of the Fig. 3 Potential energy curve of the 
Au, molecule a) non relativistic 
b) relativistic. b) non-relativistic. 

Biz molecule a) relativistic 

Fig. 2 presents the potential energy curves of the Au, system from our molecular 
calculations, both non-relativistic and relativistic. The relativistic curve shows a 
strong decrease in bond length and an increase in binding, both of which can be 
attributed mainly to the direct relativistic effects of the outer 6s electrons.Tab. 1 
compares the results of the non-relativistic and relativistic calculations for the 
three homologue molecules Cu,, Ag, and Au, as well as the total relativistic effect 
in bond length AK, bond energy ADe and vibrational frequency Awe. Fig. 3 shows 
the analogue potential energy curves' for the 5p-element diatomic molecule Biz. 

Tab. 1 a) Spectroscopic parameters Re (bond length), D, (bond depth) and we 
(vibrational frequency) for Cu,, Ag, and Au, from relativistic and non-relativistic 
calulations compared to experimental values. b) Relativistic effects for the spec- 
troscopic parameters for the same diatomic molecules. 
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Molecule ARe[a.u.] ADe[evl Awe[m-lI 
TI2 0.11 0.78 9.9 
Pbz 0.05 2.02 9.1 
Biz 0.07 2.35 13.7 

In this case the upper curve is the relativistic one because in the molecular 
calculation the dominant binding is via the p,,* basis functions which are so- 
mewhat less strongly bound compared to the non-relativistic p-electrons. Tab. 2 
shows the differences between the relativistic and non-relativistic results for the 
first three Sp-electron diatomic molecules Tl,, Pb, and Bi,. 

Tab. 2 Relativistic effects for 
the spectroscopic parameters for 
the diatomic molecules TI,, Pb, 
and Bi,. 

We should mention here that even for the diatomic molecule Hg,, which is domi- 
nantely bound via van der Waals binding, our calculation' in terms of the Xa-ap- 
proximation is valid to some extent. At least it results in a binding of the two 
atoms, which is non-trivial. The largest system so far is Hg,, which we calculated 
in terms of a total energy calculation7. The two dimensional potential energy 
surface with its relatively flat minimum is presented in Fig. 4. 

Fig. 4 Potential energy surface 
of the Hg, molecule from relati- 
vistic calculations. R is the 
length of one of the sides of the 
isosceles triangle and h is its 
height . 
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4. Comments on the exchange-correlation potential and the geometry optimization 

All these examples so far show a consistent overbinding - the question is why ? 
We believe that the reason for this behaviour is caused by the special assumption 
of the Xa -approximation which we use and which originally was introduced by 
Slater in his local exchange approximation - (~(r))”’. Even with the parameter a ,  
which we always choose to be 0.7, this is only a rough approximation of the 
correct exchange and correlation potential. In principle, according to the Hohen- 
berg-Kohn theorem, such an expression should exist. Up to now, however, only 
proposals for the exchange and correlation potential have been published and tried 
in actual calculations. The results improve staedily but are still far from satisfac- 
tory. Examples are the exchange correlation potentials of Barth-Hedin or Becke 
etc. The calculation of the more sophisticated ones is quite complicated because 
the gradient terms of first and sometimes second order are needed’. 
Automatic geometry optimization is one additional feature any molecular program 
used to calculate total energies should have nowadays. At the moment we are in 
the process of developing this feature for our molecular code but it proves to be 
a difficult task, because this procedure might conflict with the numerical accuracy 
achievable today. 

5.  Application to complicated many-electron molecules 

The photoionisation spectrum of the OsO, molecule’o is one example were we 
definitely see the relativistic influence. Fig. 5 compares the experimental results 
with our DVM-DFS method and extensive HF-CI calculations. The splitting of 
the 3t, levels (originating from the spin-orbit splitting of the 5d-wavefunctions of 
0 s )  are quite well-reproduced. 

Fig. 5 Photo-ionization ener- 
gies of the OsO, molecule 
from experiment, from V-Xa 
calculations and Hartree Fock- 
Configuration Interaction (HF- 
CI) calculations. 
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The relativistic effects become much stronger for even heavier elements. A real 
chemical experiment with the highest charge number ever undertaken is an experi- 
ment” with element 106, nowadays called Seaborgium (Sg). Element 104 is 
Rutherfordium (Rf) and element 105 Hahnium (Ha). Owing to the short half lives 
of their nuclei (minutes or less), the chemical procedure must be very fast. In 
addition one has to keep in mind that there is only one atom in the apparatus at 
any time. The chemical questions concerning chromatography experiments are the 
stability of Sg-halides and -0xyhalides in the gas-phase and those for extraction 
chromatography experiments are the stability of Sg complexes and their extraction 
behaviour in aqueous acid solutions. 

6 

Fig. 6 Energy eigenvalues of the outer- Fig. 7 Potential energy curve for 
most levels of the group 4 to 6 highest RfCI, calculated with the DV-Xa 
chlorides from DV-Xa calculations. total energy code. D is the binding. 

To tackle these questions we have started on DV-Xa calculations”. The energy 
eigenvalues of the outer molecular orbitals for the group 4 to 6 highest chlorides 
are given in Fig. 6, where trends in the group can be seen already. Results of the 
Mullikan analysis and calculated effective charges QM and overlap populations for 
the molecules M-Cl, are presented in Tab. 3 for the group 4 to 6 and the homolo- 
gues within the same groups. These are results” which allow to estimate thermo- 
chemical M-CI bond energies and thus predict trends. One of the conclusions is 

F OP(M-CL) 
Rf 1.07 1 Ha0.81 I Sg 0.59 
Zr 0.48 I Nb 0.41 I Mo 0.36 

Tab. 3 Effective charges (QM) 
and overlapp populations (OP) 
for MCI,. 
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that there should be a decrease in the metal-halogen bonding within the 6d row: 
RfCl, > HaCI, > SgCl,. Thus it is predicted that SgCl, will decompose into the 
compound SgCI, plus '/2 C1,. The same procedure is used to predict the behaviour 
of Oxy-Halides like SgOCI,, where we expect also a decomposition into SgOCl, 
plus '/2 CI,. In addition we calculated all compounds with 2 Oxygen atoms. Those 
results led us to conclude that SgO,CI, will be relatively stable and thus can be 
used to extract element 106 in the gas-phase chromatography experiments. First 
results for the molecule RfC1, have been achieved with our total energy program. 
Fig. 7 presents a one-dimensional potential energy curve where the same distance 
to all four CI atoms. 
This is just a glimpse at the large number of calculations with the DV-Xa code 
for this type of complex molecules in the region of superheavy atoms. Details can 
be found in the references 12 - 15. 

6. Results for Superheavy correlation diagrams and MO X-rays 

A very different application of DV-Xa calculations are correlation diagrams for 
very heavy ion-atom collision systems. These correlation diagrams present the 
molecular energy eigenvalues as function of internuclear distance and thus give a 
basis for the description of the behaviour of electrons or holes during the colli- 
sion. If one of the collision partners is highly ionized, holes can be brought into 
the collision system and transferred at small internuclear distances to levels of the 
partner causing a transfer to occur. Of course, such a correlation diagram is only 
a static description; in reality this is a dynamic system following the solution of 
the time-dependent Dirac-equation which allows a direct exchange of electrons 
between all molecular levels of the correlation diagram in the collision. One 
example we would like to discuss. 
The latest results we can present are calculations16 for the system Ni-Pb measured 
by Schuch et and Pb-Ni by Mokler et a1.I'. For the corresponding correlation 
diagram see Fig. 8. In the experiments the Ni K X-rays and the Pb L X-rays are 
observed. The interesting fact is that here the hole transfer occurs (in the one- 
particle picture) from the Pb M-shell via the 3d,-coupling to the Ni K-shell and 
via the radial coupling at the internuclear distance R=O. 14 a.u. to the Pb L-sub- 
shells. M. Zoran et al.I9 have been especially interested in this system and 
measured a number of cross sections. We performed coupled channel calculations 
taking into account as many as 90 molecular levels in the coupled channel calcu- 
lations. The problem is that the incoming ion brings only empty 0-levels into the 
collision system. Various calculations at large internuclear distances gives us an 
idea of the hole distribution of the ion during its passage inside the solid. The 
vacancy production probability Ni, and Pb, from the system Pb4'+ on Ni is 
presented in Fig. 9. There is no perfect agreement but a reasonably good one 
considering the complexity of the problem. 
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Fig. 8 Correlation diagram for the 
systein Ni on Pb taking into account 
80 electrons. 

Fig. 9 Vacancy production probability 
for Pb42+ on Ni solid targets. The tri- 
angles are the experimental values 
from Ref. 17. 

Another possibility to obtain direct information from such a collision system is the 
observation of Molecular orbital (MO) X-rays resulting from electronic de-excita- 
tions between the molecular levels during the collision under emission of non- 
characteristic photons. The result of our many-particle calculation" is given in 
Fig. 10 where the spectrum of the collision system 20 MeV C116+ on Ar is 
compared with the experiment". In this calculation the radiation field was coupled 
to the system by first order perturbation theory but the wavefunctions were taken 
from the solution ot the time-dependent relativistic DV-Xa calculations20. 

20 >lev CI'+ --AT 
~~- 

i d *  . t .per mcn . t r y r r ,  I 
- - 
* "  
? .^ 9 .  , 
8 '  

Fig. 10 MO X-ray spectrum 
for the system 20 MeV C116+ on 
Ar for four different impact pa- 
rameters. The full curve is our 
calculationZo scaled by a factor 
of 0.5. The experiment is from 
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Keeping this in mind we propose now to initiate experiments for very heavy ion- 
atom collisions in order to learn about the behaviour of the innermost levels of 
systems with a united Z in the superheavy region. The quality of the theoretical 
description within our DV-Xa method is now so good that 
- accurate correlations diagrams can be calculated, 
- full coupling treatment including all rotational and radial couplings of the 

inner shells can be performed and 
- a many-particle interpretation is possible which allows to take into account the 

electron excitation and transfer in a collision of a naked projectile in a solid 
state target. 

- In addition MO X-ray calculations and experiments are under way which also 
should provide information about the inner level structure. 

Hopefully, this experiment then will allow to determine the level behaviour of the 
innermost levels of united systems like the one in Fig. 11 (U on Pb). First theore- 
tical attempts in this direction have been made already many years ago by Kirsch 
et al.", in comparing Pb-Pb collision systems (which first were calculated as a 
many-electron system in Ref. 23) with only small initial ionizationsz4. 

SCATTERING SYSTEM : U - Pb 
10 

2 
Y 

\ 
t 
c3 

1- l l s , p /  , 3 

Fig. 11 Correlation diagram 
of the system U on Pb which 
takes into account 96 elec- 
trons. The point of interest is 
the behaviour of the inner- 
most levels at small internu- 
clear distances which is very 
different to correlation dia- 
grams for small Z. 

10- 10-1 lo-' lo-' 1 

R a.u. 
In time improved measurements and analysis are expected to yield also informa- 
tion on QED corrections, level structure or any of the other missing influences 
like the transient magnetic field. 

7. Conclusions 

The DV-Xa method is very useful to obtain results 
- on systems where one would like to have a first approximation and where 

- on systems where Quantum Chemical calculations are not yet possible, i.e. 
Quantum chemical calculations are too time consuming 
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- very large systems and 
- relativistic systems, where up to now only pseudo-potential calculations 

- The DV-Xa method needs further strong improvements in the development 
are possible. 

of the method in order to 
- improve the quality of the integration 
- calculate total energies 
- improve the eschange-correlation approximation 

- the Xa approximation used so far has the disadvantage that the 

- the angular binding is not described very accurately 
binding always comes out to be too strong 

- and one needs an automatic geometry optimization. 
This summary of applications from chemical calculations to heavy-ion collision 
physics shows that DV-Xa calculations are an important tool in all of these fields 
and thus shows the usefulness of this method. 
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Abstract 

To elucidate the nature of chemical bonding in metal carbides with the NaCl 
structure, the valence electronic states for Tic  and UC have been calculated using 
the discrete-variational (DV) Xu method. Since relativistic effects on chemical 
bonding of compounds containing uranium atom become significant, the relativistic 
Hamiltonian, i.e., the DV-Dirac-Slater method, was used for UC. The results 
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obtained using a neutral cluster model of C-M6-C12-C6 with Oh symmetry are 
compared with each other. The present calculations for the UC and T ic  reproduce 
fairly well the peak position of the experimental valence X-ray photoemission 
spectrum, indicating that the cluster model is appropriate to treat with the bulk 
properties of the metal carbides. The Mulliken population analysis demonstrated 
that the ionicity of UC is greater than that of Tic, while the covalency of UC is 
weaker than that of Tic. This discrepancy between the bond nature of the two 
compounds is discussed in connection with the similarity and dissimilarity of their 
physical properties. 

1. Introduction 

Metal carbides with the NaCl structure have been paid much attention to its 
remarkable physical properties, such as extreme hardness, very high melting 
points, and metallic-like electric conductivity [ 1,2]. Being significantly less 
reactive than most metals, the compounds have been used as cold cathode emitters. 
It is essential to understand the bond nature of these compounds for practical use of 
their physical properties. However, few attempts to study the chemical bonding of 
these compounds have been made until now. The aim of the present work is to 
examine T ic  and UC as typical examples of transition and heavy metal carbides 
and to compare their bond natures in connection with their physical properties. 

Table 1 summarizes physical properties of T i c  and UC. The M-C bond length 
of UC is 2.481 8, while that of T ic  is 2.164 A. The difference of 0.317 8, 
between their bond lengths is comparable to that of 0.222 8 between the atomic 
radii of the corresponding metal elements. Both compounds have high melting 
points, but there is a quite difference in micro-hardness and resistivity between T i c  
and UC. Since the valence electrons of Ti atom are attributed to the 3d-electrons 
and those of U atom to the 5f- and 6d-electrons, it is valuable to consider how 
these valence electrons contribute to the physical properties of their compounds. 
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Table 1. Physical properties of T ic  and UC 

Tic uc 
M-C bond length [A] 2.164 a) 2.48 1 C) 
Atomic radius (metal) [A] 1.32 b) 1.542 d) 
Melting point ["C] 3067 a) 2250-2590 e) 
Micro-hardness [kg/mm2] 2900 a) 750-800 e) 
Resistivity [p SZ cm] 50-250 b) 5-99 e) 

a) ref. [l], b, ref. [2], C) ref. [3], dl ref. [4], ref. [51 

In the present study, we used a neutral C-M6-C12-C6 cluster model 
(abbreviated as MODEL I) for T ic  and UC compounds in order to compare their 
electronic structures and bond natures. However, this model does not represent 
the bulk state of T ic  and UC strictly, because outermost atoms of the cluster are 
not located in their bulk potential. In order to calculate solid-state electronic 
structures more accurately than MODEL I, we developed a chemically complete 
cluster model (abbreviated as MODEL 11) by introducing periodic potentials to 
MODEL I and examined this modified model for Tic. We compared the valence 
electronic structure of T ic  between the two cluster models and demonstrate the 
advantages of MODEL II in this work. 

2. Computational Method 

We used the DV Hartree-Fock-Slater method for Tic, while for UC we used 
the DV Dirac-Slater @V-DS) method taking fully relativistic effects into account. 
The basis functions used were 1s-2p for C atom, 1s-4p for Ti atom, and 1s-7p for 
U atom. The bond nature of T i c  and UC compounds were studied by Mulliken 
population analysis [6,7]. The details of the nonrelativistic and relativistic DV-Xcc. 
molecular orbital methods have been described elsewhere [7,8,9]. 

In the present calculation, we employed a neutral C-M6-C12-C6 cluster model 
(MODEL I) as shown in Fig. 1. The bond lengths between M and C were taken 
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from the values of the bulk crystals (Ti-C: 2.164 %, and U-C: 2.481 A). The 
cluster has Oh symmetry. 

In order to consider the periodic crystal potential in cluster calculations, 
we developed the "chemically complete cluster model" (MODEL II) [lo], which is 
similar to that proposed by Goodman et al. [ l  13. In our cluster model, atoms in the 
cluster are classified into three types. Type I atoms are "seed atoms" of which 
basis functions are obtained by the self-consistent procedure. The seed atoms are 
chemically complete. Namely, they are put in a potential environment similar to 
that in the bulk. Type I1 atoms are "passive atoms" of which basis functions are 
solved in the same potential field as for the type I atoms of the same species. Type 
III atoms have atomic potentials which are the same as in the type I atoms, but their 
wavefunctions are not included in molecular orbital calculations. The validity of 
MODEL I1 is tested for Tic  in comparison with the results obtained using MODEL 
I. 

Q 

Figure 1. C-Mg-C12-C6 cluster (M = Ti, u).  
A part of type 111 atoms is shown. 
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Figure 1 shows C-Mg-C12-C6 cluster model used in the present calculation 
The central C and six Ti atoms are categorized into type I atoms and chemically 
complete. Both C and Ti are surrounded by six Ti atoms and the same number of 
C atoms, respectively. The outermost eighteen C atoms are classified as type I1 
atoms. Though these atoms are the edge or the corner ones in the cluster model, 
their potentials are duplicates of that of the central C. Surrounding the type I1 of C 
atoms, type III of fifty-six Ti atoms with the potential of "the seed" Ti atoms are 
situated, though the only a few examples of type 111 atoms are displayed in Fig. 1. 
No further external potential was used for C-M(j-C12-C6 cluster, since polarization 
between Ti and C was expected to be very small (and really was small) and the 
long range Coulomb potential was thought to be negligible for the present system. 
The self-consistent calculation was performed for the C-M6-C12-C6 cluster until the 
neutral condition is achieved between the central C and the surrounding Ti. 

3. Results and Discussion 

3. 1. Electronic structure of TIC 

In order to interpret the bond nature of Tic,  we examined the contribution of 
each atomic orbital to the total density of states (DOS) in the valence region. 
Figure 2 shows total and partial DOS of TIC which are composed of the central C 
and the adjacent Ti atoms for MODEL II, where the components of Ti are 
multiplied by 1/6 for normalization. Figure 2 (a)-(d) show the total DOS, partial 
DOS of the Ti4s-C2s, Ti4p-C2p, Ti3d components, respectively, in units of 
[electrons per (unit cell)*eV]. The solid and broken lines represent the Ti and C 
components. It is found that the peak I of the total DOS consists of only the C2s 
component, the peak I1 contains the Ti3d and C2p components. The peak I11 
constitutes mainly from the Ti3d and Ti4p components. The present results agree 
with those reported by Neckel et al. [12]. It is remarkable that the states just 
below Fermi level in Fig. 2(a), which are marked with *, include mainly the Ti3d 
component. Didziulis et al. [13] have obtained valence photoemission spectra of 
T i c  with different incident photon energies and concluded that the peak marked 
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with * consists of only the Ti3d component. This is consistent with our results. 
The calculated DOS obtained in the present work well reproduced experimental 
spectra [ 101. 

80 8 
c .- 
c ’ 60 % v 

20 

0 
-10 -5 0 5 

Energy / eV (E,=O) 

Figure 2. DOS of T ic  for MODEL II. Where, (a), (b), (c), and (d) represent the 
total DOS, the partial DOS of Ti4s & C ~ S ,  Ti4p & C2p, and TDd, respectively. 
The solid lines exhibit the Ti atom component, while the broken lines exhibit 
the central C atom component. 

Table 2 shows the effective charge and orbital populations for each atom of T ic  
for MODEL I and 11. The MODEL I and 11 have two types of C atoms: the central 
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C atom (type I) and the comer and edge C atoms (type II). The latter ones are not 
chemically complete, and we will consider the results obtained for the former C 
atom in the following discussion. It is found that the charge neutrality of the 
stoichiometric pairs Ti-C is almost satisfied using MODEL 11. The effective 
charges on the Ti and C atoms are obtained to be +0.42 and -0.42, respectively. 
These values are comparable to the reported values of +0.5 and -0.5 by Neckel 
[ 141. The advantage of MODEL II is seen in comparison with the values obtained 
using MODEL I (the third column) for Tic. The difference between the absolute 
values of effective charges on C (-0.50) and Ti (+0.59) is large for MODEL I. 
This fact indicates that MODEL 11 is indispensable for the charge neutrality. 

Table 2. Orbital populations and effective charges for Tic  and UC compounds. 
~ ~~~~ ~~ 

MODELKI MODEL1 MODEL I 
c2s  1.60 1.52 1.51 
c2p 2.82 2.99 3.13 

-0.50 -0.64 Effective -o.42 
charge 

U5f 2.33 
Ti3d 2.45 2.41 U6d 2.43 
Ti4s 0.44 0.39 u7s 0.35 
Ti4p 0.7 1 0.62 u7p 0.34 

+0.59 +0.65 Effective +o.42 
charge 

Table 3 shows the bond overlap populations for the Ti-C and Ti-Ti bonding. 
Bond overlap population is a good indicator for strength of covalent bonds [6,15]. 
The positive and negative values of the bond overlap population represent 
"bonding" and "antibonding" characters, respectively. The bond overlap 
population between Ti and C is +0.36, while that between Ti and Ti is +0.07. 
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Considered that the conductive electrons screen the ionic interaction between Ti and 
C, it is concluded that the Ti-C covalent bonding mainly contributes to the cohesive 
energy of T i c  [lo]. In addition, we compared the results of MODEL I and 11. It 
is found that the M-C bond overlap populations agree well with each other, while 
the M-M bond overlap populations are a little bit different. 

From the results of Tables 2 and 3, we demonstrated that MODEL I1 is more 
suitable to reproduce the electronic structure of bulk compounds than MODEL I. 
The details of MODEL II applied to Tic  have been discussed elsewhere [lo]. 

Table 3. Bond overlap populations of T ic  and UC [per bond]. 

M-C M-M 
Tic MODEL 11 +0.36 +0.07 
Tic MODEL I +0.36 +0.05 

UC MODEL I +0.29 -0.01 

3.2. Electronic structure of UC 

Figure 3 shows the density of states obtained for UC using MODEL I. The 
partial DOS of each atomic orbital component is also plotted. The DOS indicates 
the metallic character and the U5f component are located around the Fermi level 
(EF). The U5f5/2 and U5f7/2 components are largely separated by spin-orbital 
interaction. The EF lies in the u5f5/2 atomic orbital, while most of the u5f7/2 
states constitute unoccupied molecular orbitals. The U6d atomic orbital also 
mainly contribute to unoccupied states, but a part of the U6d component is located 
in the occupied states in the range of 0 - -4 eV. The C2p component contributes to 
the peak at -4 eV. The C2s component has a main peak at -10 eV and a small peak 
located in the range of -7 - -8 eV. The latter peak arises from the surface atoms of 
the cluster, that is, MODEL 11 (Fig. 1) has two types of carbons; the central C atom 
and the surrounding C atoms in different circumstances. As a result, the 



Electronic Structures of TIC and UC 131 

component of the central carbon, which is shown in Fig. 3, is hybridized with 
components of the surface carbons. This hybridization gives rise to small broad 
peaks at -7 - -8 eV. The present calculations of DOS and atomic orbital 
components are in qualitatively agreement with those reported by Weinberger [ 161 
and Hasegawa et al. [17]. 

The top panel in Fig. 3 shows experimental spectra obtained by X-ray 
photoelectron spectroscopy (occupied states) and bremsstrahlung isochromat 
spectroscopy (unoccupied states) [ 181. We can compare the present DOS (Fig. 3) 
with the experimental spectra. The peak A of the experimental spectra is assigned 
to the U5fy2 component, the shoulder B to the U6d5/2 and U6d3/2 components, 
and the broad hump C to the C2s1/2 component. The C2p1/2 and C2p3/2 
components are not observed in the XPS, because its photoelecuic cross section 
[ 191 is very small for excitation by X-ray photon energy (A1 Ka,  1486.5 eV) used 
in their experiment. 

We next examine the nature of chemical bonding in UC. The effective charges 
on the atoms and the orbital population of each atomic orbital are shown in the fifth 
column in Table 2. Although we did not apply MODEL II to this compound, the 
absolute values of the C (-0.64) and U (+0.65) effective charges were almost equal 
to each other. This allow us to compare the effective charges of UC for MODEL I 
with those of T i c  for MODEL TI. Compared the effective charges between T i c  
and UC compounds, it is found that the charge transfer from the metal atoms to the 
carbon atoms for UC is larger than that for Tic. In other words, the ionicity of 
UC is greater than that of Tic. The bond overlap populations for UC (MODEL I) 
is shown in Table 3. The bond overlap population between U and C is +0.29, 
while that between U and U is almost zero. In case of UC, the M-C interaction 
mainly contributes to the chemical bonding and the M-M interaction is negligibly 
small. 
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Figure 3. Valence DOS of UC for MODEL I. 
The top panel shows XPS and BIS for UC, taken from ref.[18] 
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3.3. Comparison of the bond nature between Tic and UC 

We showed the bond overlap populations for T ic  and UC compounds in Table 
3. To characterize the bonding nature of each compound, we examine the overlap 
populations between the atomic orbitals and the energy for these atomic orbitals. 
Tables 4 and 5 show the overlap populations between the atomic orbitals for T i c  
and UC, respectively. 

For Tic, the orbital overlap population (+O. 16) between Ti3d and C2p is the 
largest. The corresponding combination for UC is the U6d-C2p (+0.10). 
However, the U5f-C2p overlap population is small to be +0.05. The differences 
in bonding between these compounds is further analyzed in terms of energies for 
atomic orbitals. Atomic orbital energies in clusters without covalent interaction are 
taken from the diagonal elements of the Fock matrix. The energies of the C2p and 
Ti3d atomic orbitals for T ic  were -1.8 eV and 9.1 eV, respectively. On the other 
hand, the energies of the C2p (the average of C2p312 and C2p1/2), U6d (the 
average of 6d3/2 and 6d5/2), U5f5/2, and U5fj-12 for UC were -6.0 eV, 0.2 eV, 0.4 
eV, and 1.3 eV, respectively. The energy difference (10.9 eV) between the Ti3d 
and C2p is larger than those (6.2 eV - 7.3 eV) between C2p and U6d, 5f, while the 
overlap population of the Ti3d-C2p pair is the largest as indicated in Tables 4 and 
5. The off-diagonal elements in the Fock matrix produce the strong Ti3d-C2p 
interaction. Large overlaps among the Ti3d and C2p atomic orbitals cause the 
widely dispersed Ti3d band and the significant mixing of Ti3d and C2p bands as 
shown in Fig. 2. In contrast, the separation of the U and C bands for UC are 
large, as shown in Fig. 3. The mixing between the Ti3d and C2p atomic orbitals 
in the lower energy region of the Ti3d band results in a bonding interaction. The 
strong Ti3d-C2p covalent interaction is attributed to the hardness of this 
compound. This is consistent with the fact that the micro-hardness of T i c  is 
stronger than that of UC, as shown in Table 1. 

Here, we go back to the other physical properties indicated in Table 1. Both 
the TiC and the UC compounds have high melting points. The melting point 
relates to the Coulomb and the covalent interactions. The Coulomb interaction is 
larger for UC than Tic: the effective charge for the former is k0.65, while that for 
the latter is f0.42. On the other hand, as discussed in the previous paragraph, the 



134 R. Sekine eta/. 

covalent interaction is larger for Tic. As a result, the melting points are 
comparable with each other. As to the resistivity, the value is a little larger for Tic. 
The conductivity, which is the inverse of the resistivity, relates on the density of 
states (DOS) at the Fermi level (EF). We can simply compare the height of DOS at 
the EF, since the FWHM used for the lorentzian curve is the same for T ic  (Fig. 2) 
and UC (Fig. 3). As shown in Fig. 2, the height is 4 for Tic, while the value is 12 
for UC (Fig. 3). Since the DOS at EF is larger for UC than Tic, the resistivity is 
smaller for the former than the latter. 

Table 4. Orbital overlap populations for MODEL I1 [per bond]. 

c2s  c2p Ti4s Ti4p t13d 
Ti4s 0.02 0.05 0.00 
Ti4p 0.02 0.08 0.0 1 0.0 1 
Ti3d 0.04 0.16 0.01 0.02 0.03 

Table 5. Orbital overlap populations for MODEL I [per bond]. 

c2s c2p U6s U6p u7s u7p U6d U5f 
U ~ S  -0.01 -0.02 0.00 
U6p -0.02 -0.02 0.00 0.00 
U7s 0.03 0.01 0.00 0.00 0.00 
U7p 0.02 0.06 0.00 0.00 -0.01 0.02 
U6d 0.03 0.10 0.00 0.00 0.00 0.00 0.01 
U5f 0.01 0 .05 0.00 0.00 0.00 0.00 0.01 0.00 
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4. Summary 

The similarity and dissimilaiity in physical properties between T i c  and UC 
metal carbides have been studied using the nonrelativistic and relativistic discrete- 
variational (DV) Xa methods. To elucidate the nature of chemical bonding in the 
metal carbides, the valence electronic states for T i c  and UC have been calculated 
using two cluster models. The following conclusions were obtained in the present 
study. 
1) The present calculations for the UC and T i c  reproduce fairly well the peak 
position of the experimental valence X-ray photoemission spectrum, indicating that 
the cluster models used are appropriate to treat with the bulk properties of the metal 
carbides. 
2) The Mulliken population analysis demonstrated that the ionicity of UC is greater 
than that of TIC, while the covalency of UC is weaker than that of Tic. This 
discrepancy between the bond nature of the two compounds is connected with their 
physical properties. 
3) It is demonstrated that the chemically complete cluster model (MODEL 11) 
reproduces the electronic structure of bulk T i c  more accurately than the 
conventional cluster model (MODEL I). This MODEL I1 is useful to study the 
electronic Structure and chemical bonding of solid-state materials. 
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Gainesville, FL 32611, USA 

ABSTRACT 

Construction of numerical pseudopotentials from HF or HFS so- 
lutions to  the atomic Hamiltonians and their incorporation into 
the program suites based on direct numerical integration schemes 
are presented. Several test calculations have shown the pseudopo- 
tential approach to be reliable in reproduction of the all-electron 
eigenvalues of free molecules. The most promising application of 
numerical pseudopotentials and pseudoorbitals appears to be the 
simulation of bulk and surfaces. A solid is simulated by a clus- 
ter embedded in a surrounding lattice, whose nodes are supplied 
with pseudopotentials which do not allow the cluster wavefunction 
to  decay exponentially. Some (MgO)n clusters were considered as 
the test examples. The results of calculations demonstrate good 
performance of the approach in simulating the bulk and surface of 
the MgO crystal. 

1. Introduction 

The pseudopotential concept was advanced a long ago [l] and is based 
on the natural energetic and spatial separation of core and valence electrons. 
The concept allows a significant reduction in computational efforts without 
missing the essential physics of phenomena provided the interaction of core 
and valence electrons is well described by some effective (model) Hamiltonian. 
Traditionally, pseudopotentials are widely used in the band structure calcu- 
lations [2], because they allow convenient expansions of the wavefunctions in 
terms of plane waves suited to  describing periodical systems. For molecular 
and/or nonperiodical systems, the main advantage of pseudopotentials is a 
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serious reduction in the size of basis sets, which is especially important when 
studying compounds with a large number of core electrons such as transition 
metals 131. 

A great number of different schemes, generally based on the use of the 
classic Phillips-Kleinman operator [4] for the core-valence separation, was sug- 
gested for constructing “ub init i~’~ atomic pseudopotentials [5] - [27]. Such a 
huge variety of pseudopotentials and pseudofunctions is related to the absence 
of some strict formal criteria to be satisfied, so the construction of effective 
Hamiltonians can be accomplished in numerous ways. However, all reasonably 
generated pseudopotentials lead to close computational results as was shown 
by Klobukowski [28]. In order to be used in standard programs of quantum 
chemical calculations, the atomic pseudoorbitals and pseudopotentials are usu- 
ally fitted by Gaussian type functions. 

Within the density functional theory (DFT) , several schemes for generation 
of pseudopotentials were developed. Some of them construct pseudopotentials 
for pseudoorbitals derived from atomic calculations [29] - [31], while the others 
make use 1321 - [36] of parameterized analytical pseudopotentials. In a specific 
implementation of the numerical integration for solving the DFT one-electron 
equations, named Discrete-Variational Method (DVM) [37]- [41], one does 
not need to fit pseudoorbitals or pseudopotentials by any analytical functions, 
because the matrix elements of an effective Hamiltonian can be computed 
directly with either analytical or numerical basis set (or a mixed one). 

Two pseudopotential schemes were developed in the framework of the DV- 
X, method. One of them [42], [43] is based on the explicit inclusion of core 
atomic orbitals in the valence pseudoorbitals (the Phillips-Kleinman ansatz) 

$,PS(r) = $y’(r) + C uij~PjeOTe (1) 
j 

These pseudopotentials are inconvenient because the resulting pseudoorbitals 
are eigenfunctions to different Hamiltonians. We developed a more suitable 
scheme [44], [45] based on the Christiansen-Lee-Pitzer approach [9]. Let us 
consider first the construction of pseudopotentials, then their use for molecular 
systems, and, finally, for simulating surfaces and bulk of solids. 

2. Generation of atomic pseudopotentials 

Within the pseudopotential approach, one replaces N all-electron equations 

(2) 
1 

( - z ” 2  + V[p(r)l + Vezt)$i(r) = %$i(.) 

by a system of equations of a lower dimensionality M ,  where typically M = 
N(al1) - ”(core) 
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(3) 
1 (-5”’ + v[n(r )]  + VLz, + VpS)+,Ps(r) = w,b,Ps(r) 

Here, all equations for core states are explicitly removed. Vps is a projection 
operator and the pseudodensity reads 

M 

i 

The external potential corresponds to the effective nuclei charges 

Usually, one assumes that a multicenter molecular pseudopotential can be 
represented by a superposition of one-center atomic pseudopotentials placed 
at  corresponding atomic sites: 

In order to construct atomic pseudopotentials, one needs to formulate some 
requirements on a pseudoorbital which is to be an eigenfunction to the atomic 
pseudopotential equation with the same eigenvalue as in the all-electron case. 
We assume that outermost part of a pseudoorbital coincides with the numerical 
Hartree-Fock-Slater (HFS) function as close to the nucleus as possible. The 
pseudoorbital should be nodeless and normalized. 

According to these requirements, the pseudoorbital of each outer atomic 
shell is constructed from the corresponding numerical HFS radial function 
h l ( r )  by substituting its portion for r < r,, where r, is some core radius to  
be determined, by the five-term polynomial. The polynomial coefficients are 
chosen so as to match the amplitude and the first three derivatives of the inner 
portion and the remaining part of R,,l(r). The matching point r, is chosen to 
be the innermost point at which the matching results in a nodeless function 
with no more than two inflections in the entire region. This can be attained 
when the ”smoothness” index 

SMI = n1 * lo4 + n2 * lo3 + 713 * 10’ + n4 * lo1 + n5 * 10’ (7) 
where nj is the number of nodes in the inner region of the j t h  derivative, is 
minimal, i. e., the radial part of a pseudoorbital is 

=g=5 a.rx+i-l 
Rf: = { &zr)’ 7- 5 rc 

r > rc 
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X 2 1 + 1, where 1 is the angular momentum of the atomic shell considered and 

Typical pseudoorbitals constructed from the HFS 3s and 3p orbitals of the 
chlorine atom are presented in Fig. 1 and 2 ,  respectively. Since a pseudoorbital 
constructed in such a way has no nodes, Eq. 3 can be inverted to represent 
explicitly the corresponding pseudopotential 

The total atomic pseudopotential reads 

where 4 is an angular projector 

1 

A =  C IIm><Iml (11) 
m=-I 

and ]Im > denotes the spherical harmonic xm(0,4) .  Note that the pseu- 
dopotentials constructed from the HF or HFS equations are similar because 
the corresponding all-electron valence orbitals are nearly identical. However, 
there is a small difference, namely, all the yps for I >_ L,  where L is the max- 
imal angular momentum of the valence shells, although are nearly the same 
[46] but somewhat different in the HF case, whereas they are exactly equal in 
the HFS case [47]. 

Having in mind that vps = VLs for 1 2 L,  where L = l,,,, and the 
identity 

0 0 1  

1 k 0  m=-l 

one can rewrite the total atomic pseudopotential in a convenient way 
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3. Pseudopotential matrix elements 

The molecular pseudopotential equation (Eq. 3)  may be rewritten as 

where V,, is the exchange-correlation potential. which reads in the X ,  approx- 
imation as -:a(3~/7r)’/~ = -CP’/~. The evaluation of the matrix elements 
for all operators in Eq. 14 but the pseudopotential is described elsewhere [37]- 
[41]; so, we need to consider only the evaluation of the pseudopotential matrix 
elements, which include in a general case the following integrals 

Pij = / X : ( r  - RA)I~;X(TC) > Rl(rc) < Km(Tc)k;(r - RB)dr (15) 

where R1 is the radial constituent of the lth partial component of the atomic 
pseudopotential, Tc is the angular variable and TC is the radial one in the 
local coordinate system of the atom C, and x1 are the basis functions. Let us 
expand [48] - [51] the basis functions located at A and B relative to the C 
center as follows 

and Q s l L M  are polynomials of (rC/R)2. Such integrals can be evaluated with 
the use of a direct numerical integration. We have used the Gauss quadra- 
tures [52]. Having expanded both atomic orbitals, one is left with the one- 
dimensional integral over TC due to the orthogonality of spherical harmonics. 

The total pseudoenergy has the familiar X a  representation 
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where some core density is added when evaluating the exchange-correlation 
energy 1531 and the summation is over both u = Q and ,B electrons. 

4. Results of test calculations 
In order to  estimate the reliability of the pseudopotential variant of our 

DVM package [40], [54], [55], the molecules 02, 0 3 ,  Cl2 as well as the com- 
plex anions PdC1Z2 and PdC1i2 are considered. The following valence con- 
figurations of the neutral atoms were assumed: 0 (2s22p4), CI (3s23p5), and 
P d  (4p64dg5s') when constructing the pseudopotentials, and the Q parameters 
are the Schwartz's [56] Q H F  ones. We made use of the numerical pseudoor- 
bitals as the basis functions. Several calculations were performed with adding 
some diffuse STOs from Roetti-Clementi's double-< basis [57] to our numerical 
bases. 

Table 1 compares the orbital eigenvalues of the 0 2  molecule obtained from 
the all-electron and pseudopotential computations. 

Table 1. DV-X, orbital energies (in e V )  of the valence and the 
lowest unoccupied MOs of the O2 molecule, Re = 1.21 A. 

Basis Approach lug lou 20, 17ru 1rg 2uz 

Numerical A11-El -33.86 -23.05 -16.03 -15.18 -9.09 +2.60 
PsPot -33.69 -23.10 -15.97 -15.14 -9.05 +3.74 

ExtendeP) A11-El -33.28 -22.18 -15.39 -14.43 -8.16 +3.29 
PsPot -33.07 -22.24 -15.32 -14.34 -8.08 +4.77 

")Extended stands for the numerical pseudoorbitals augmented by some 
diffuse STOs of Roetti-Clementi's double-< basis set. 

As is seen, the difference in the eigenvalues calculated with both approaches 
does not exceed 0.1 eV, as a rule. We did not find any essential dependence 
on the form of the core density added to the valence pseudodensity when 
calculating the X ,  exchange (i. e., as a superposition of the numerical atomic 
densities or simulated by a spherical Bessel function pc = Asin(Br)/r [58]). 
The orbital energy of the 2 4  LUMO calculated in both approaches differs by 
1 eV, and the difference depends on the shape of the innermost section of the 
pseudoorbitals. Such a behavior is rather common [59] - [61]. 

In order to further check the dependence of the difference in the eigenvalues 
calculated in the all-electron and pseudopotential approaches, we compare the 
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results of calculations of the ground-state 0 3  molecule in Table 2 performed 
nonself- and self-consistently, since the nonselfconsistent computations present 
a pure effect from the replacement of the all-electron consideration by a pseu- 
dopotential one. One can see that the self-consistent procedure, which employs 
the projection of pseudodensity onto specially fitted STO sets [40], [54], does 
not deteriorate seriously the differences in the corresponding eigenvalues, ob- 
tained in the non-selfconsistent case. 

Table 2. DV-X, orbital energies (in e V )  of the valence and 
lowest unoccupied MOs of the ozone molecule for R,(O - 0) = 
1.28 A, LOO0 = 116.5 '. 

Superposition SCF 

Symm. A11-El PsPot A11-El PsPot 

-32.40 
-26.77 
-19.67 
-13.88 
-13.63 
-14.78 
-9.14 
-8.52 
-9.63 

-32.30 
-26.75 
-19.65 
-13.85 
-13.63 
-14.76 
-9.14 
-8.49 
-9.63 

-35.60 
-28.77 
-22.40 
-17.01 
-16.83 
-16.77 
-10.99 
-10.98 
-10.68 

-35.49 
-28.72 
-22.37 
-16.99 
-16.87 
-16.79 
-11.03 
-11.01 
-10.65 

2b; -5.99 -5.99 -8.44 -8.47 
5a; 1.31 2.12 -0.99 -0.13 
4b; 3.35 3.84 0.53 0.97 

The calculations for the Cl2 molecule were performed at the all-electron, 
pseudopotential and combined levels. In the latter case, the pseudopotential 
and pseudofunctions were chosen at only one of the chlorine atoms. Such a 
variant could be considered as a prototype for large-scale cluster computa- 
tions where external coordination shells of a cluster have to be replaced by 
pseudoatoms, whereas the innermost "important" area is represented by the 
all-electron atoms. Table 3 shows that the combined approach does not lead 
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to any appreciable deviation of the eigenvalues from those calculated either in 
the all-electron approach or the pseudopotential one. 

Table 3. 
lowest unoccupied MOs of the Clg molecule for Re = 1.99 A. 

DV-X, orbi ta l  energies (in e v )  of the valence and 

Approach lag lau 2ag 17ru 17rg 2a; 

A11-El -23.72 -19.52 -11.52 -10.65 -7.94 -2.71 
PsPot+All-El -23.69 -19.51 -11.51 -10.61 -7.92 -2.84 
PsPot -23.67 -19.58 -11.49 -10.65 -8.04 -2.93 

Another application of such a combined approach is presented by the results 
our calculations on the electronic structure of the PdC1,’ dianion in Table 4. 
The calculations were performed both selfconsistently and nonselfconsistently 
with the superimposed atomic electronic densities and potentials [54]. In the 
pseudopotential calculations, all four chlorine atoms were considered as pseu- 
doatoms. 

Finally, Table 5 presents the results of all-electron and all-pseudopotential 
calculations on the valence electronic structure of the PdC1t2 dianion. 

As is seen, the most noticeable differences between the all-electron and 
pseudopotential eigenvalues are observed for the molecular orbitals containing 
the s-type AOs of Pd by symmetry. I t  appears to be related to  the LLnon-core” 
character of the 4s states in the second transition series atoms; therefore, one 
could take into account for the subvalence shells when constructing pseudopo- 
tential [17] or to use some extended basis in such cases. 

Briefly summarizing the results presented in Tables 1 - 5, one could con- 
clude that the pseudopotential approach is promising for simulations of large- 
scale systems. A special advantage appears to be presented by a combined 
approach when some region of a large system is considered all-electronically, 
whereas the rest is replaced with pseudoatoms. The latter will lead to a drastic 
reduction in computational efforts without the loss of accuracy. 
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Table 4. DV-X, orbital energies (in eV) of the PdCZ;’ di- 
anion calculated within the all-electron and pseudopotential 
approaches. The latter includes the atomic pseudopotentials 
and pseudoorbitals on the chlorine atoms only. R(Pd - 0)  = 
2.30 A. 

Superposition SCF 

Symm. A11-El PsPot A11-El PsPot 

-20.87 -20.89 
-20.46 -20.49 
-20.43 -20.48 
-10.67 -10.67 
-10.53 -10.51 
-10.15 -10.17 
-9.22 -9.22 
-9.31 -9.28 
-8.82 -8.82 
-7.05 -7.05 
-8.22 -8.22 
-8.14 -8.14 
-7.70 -7.73 
-6.83 -6.83 
-6.80 -6.80 

-4.30 -4.27 
0.76 1.27 
2.88 2.88 
8.05 8.54 

-8.42 
-7.98 
-7.92 
1.14 
1.21 
1.34 
1.99 
2.63 
2.92 
3.45 
3.70 
3.92 
4.42 
4.47 
4.54 

7.66 
13.05 
16.15 
19.47 

-8.43 
-7.99 
-7.94 
1.11 
1.20 
1.30 
1.93 
2.67 
2.94 
3.36 
3.73 
3.96 
4.42 
4.45 
4.48 

7.60 
13.00 
19.31 
19.89 



Numerical Pseudopotentials within DV-Xa Framework 147 

Table 5. DV-X, orbital energies (in eV) of the valence and 
lowest unoccupied MOs of the PdC1;2 dianion for R(Pd - 0)  
= 2.29 A. 

Superposition SCF 

Symm. A11-El PsPot A11-El PsPot 

-21.17 -21.14 
-20.52 -20.57 
-20.52 -20.52 
-10.86 -10.78 
-10.58 -10.09 
-10.31 -10.28 
-9.61 -9.58 
-8.33 -8.30 
-8.11 -8.08 
-7.73 -7.73 
-6.88 -6.86 

-4.35 -4.27 
2.99 4.87 
5.96 7.99 

-10.04 -10.26 
-9.30 -9.55 
-9.26 -9.45 
-1.43 -1.49 
0.01 0.28 
-1.30 -1.49 
1.15 1.06 
2.68 2.61 
2.86 2.83 
3.35 3.29 
2.61 2.51 

5.35 5.40 
12.79 15.85 
16.15 19.31 

5 .  Cluster models 

Several typical approaches are widely in use when simulating bulk or sur- 
face phenomena [62], [63]. In the case of covalent crystals like silicon, one takes 
usually some cluster surrounding a lattice defect and saturates external broken 
bonds of the cluster with pseudo or hydrogen atoms [64] -[69]. In the case of 
ionic crystals like alkali halides, a common approach is to place the selected 
cluster into a field of point charges [70] sited at  the lattice nodes. The DVM 
method allows more flexible lattice simulations, because it employs the numer- 
ical integration schemes. One of the first pseudopotential approach, so-called 
embedding cluster technique, has been suggested by Ellis et .  al. [71] - [73] and 
is widely employed when simulating magnetic alloys [74]. Also, this embed- 
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ding technique was used for interpreting the Auger spectra of stoichiometric 
and non-stoichiometric refractory compounds [75] - [78]. 

With this embedding technique, one selects a representative cluster rep- 
resenting a solid, and embeds the cluster in a surrounding portion of the 
crystalline lattice, usually consisting of several coordination shells. The corre- 
sponding Hamiltonian reads 

where HC is the (all-electron) Hamiltonian of a cluster and the second and 
third terms describe the Coulomb interaction with surrounding effective atoms 
A .  The effective electronic densities of the embedding environment can be fixed 
(e. g., corresponding to some pure ionic states of free atoms [75], [76]) or 
selfconsistently with the use of Mulliken population analysis data obtained for 
the cluster atoms [71]. 

The pseudopotential formalism developed above allows a more uniform and 
consistent way €or simulating solids and their surfaces. Again one chooses a 
cluster representing the system under study and embeds the cluster into a set 
of pseudopotentials sited at the lattice nodes of several coordination shells. 
The purpose of these pseudopotentials is to project out those components of 
the cluster wavefunction which result in the non-physical exponential decay of 
a free-cluster wavefunction. Some point charges could be added also at the 
environmental nodes in order to  simulate Coulomb potentials in ionic solids. 
To reduce the possible inaccuracy, one can select a bigger cluster consisting of 
the all-electron inner part and pseudopotentially-treated next-neighbor shells. 

As an example of a pseudopotential simulation of boundary conditions €or 
clusters representing some ionic compounds, let us consider the MgO case [79], 
which has been considered previously [80], [81] within a bare cluster model. 
The MgO crystal (the rock-salt lattice) was simulated by a cluster MggOg 
(see Fig. 3) placed in several embeddings comprised of a different number of 
pseudoatoms possessing the effective potentials and placed at the lattice sites. 

The effective potential W consists of pseudopotentials and point charges 

where xps is the lth atomic pseudopotential, 4 is the corresponding projec- 
tor onto the 1-th atomic spherical harmonics, Aqi is the difference between 
the populations of the nl-th shell in the atomic calculations used for the pseu- 
dopotential construction and in the cluster, and V$ is the Coulomb potential 
generated by the atomic nl-shell 
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We made use of the numerical pseudopotentials obtained from atomic calcu- 
lations of the 0- and Mg+ ions. The cluster basis consists of the numerical 
HFS AOs Is, 2s, 2p of 0- and Is, 2s, 2p, 3s of Mg+. 

Three clusters were chosen: (I) Mg909 embedded in the field of the first 
cationic coordination sphere (each anion of the cluster has coordination number 
6); (11) Mgg09 embedded in the whole first coordination sphere of the cluster 
plus the second cationic sphere; (111) is obtained from (11) by deleting all the 
pseudoatoms attached above the upper plane of the Mg909 cluster. Embedded 
clusters (I) and (11) could be considered as models of the MgO bulk, whereas 
(1II)as modeling the MgO surface. The number of embedding centers is 21, 
58, and 41 in (I), (11), and (111), respectively. 

The results of calculations on all three embedded clusters are presented in 
Table 6. 

Table 6. Mulliken charges on anions (Qo),  the gap, and the 
maximal splitting of the core 0 1s levels (Acols). calculated for 
the MggOg cluster embedded in three different surroundings 
(clusters I, I1 and 111, see text above) 

Property I 11 I11 

Qg a) 1.85 1.83 1.75 
Q$ 1.93 1.80 1.78 
Q% 1.78 1.74 1.63 

Gapb), eV 6.34 6.31 5.28 

Ac,,,, eV 2.27 0.45 0.90 

a) Note that the Mg909 cluster contains three types of non-equivalent 
oxygen anions which coordinated to three (3c), four (4c), or five (5c) 
magnesium cations. 
b)Gap is evaluated as the difference in the orbital energies of the LUMO 
and HOMO. 
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As expected, cluster I1 presents a more realistic description of the MgO 
crystal compared to  cluster I, since the charges on the anions with different 
coordination numbers are more uniform and the change in the energies of the 
core 0 1s levels, reflecting the homogeneity of the MgO lattice, is smaller 
(0.45 in I1 vs 2.27 eV in I). Partial densities of the 0 2p states of both clusters 
I and I1 are presented in Fig. 4. As is seen, the densities of different anions 
differ somewhat but there is no indication of any artificial surface cluster states 
appearing in the bare-cluster calculations. 

The gap, estimated as the difference in the orbital energies of the highest 
occupied and lowest vacant MOs of the clusters is by 20% underestimated com- 
pared to the experimental value, which is typical for the LSDA approximations 
[82]. When going from the “bulk” cluster I1 to the “surface” cluster 111, the 
gap decreases by 1 eVin agreement with the experimental findings [83]. 

In order t o  calculate the binding energy and bulk modulus of the MgO 
crystal, we have used the smallest cluster, namely, the diatomic MgO unit, 
embedded into two coordination spheres, whose nodes have effective potentials 
described by Eq. 20. Table 7 compares our results with the experimental data 
and the results of other calculations. One could see that even the smallest 
cluster embedded in the pseudopotential environment allows a decent repro- 
duction of the bulk properties. Let us note that we have used also the smallest 
basis consisting of the numerical HFS orbitals of the 0- and Mg+ ions. 

Table 7. Binding energies (BE) and bulk modulus (BM) of 
MgO. 

Compound Method Ref. R , ( M g - 0 ) ,  A BE, eV BM, hPa 

MgO, cryst. Band HF [84] 2.11 7.40 184 

MgO, cryst. Exper. [84] 2.11 10.45 156 
MggOg, I1 DV-X, tw 2.11 9.94 202 

MgO CI [85] 1.87 2.65f0.16 ... 
MgO DV-X, tw 1.87 2.15 ... 
M g 0  Exp. [86] 1.75 (3.5) ... 
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Fig. 3. The Mg909 cluster. 

Fig. 4. Partial densities of the 0 2p states for cluster I on the left side and 
for cluster I1 on the right side: a - Oae; b - 0 4 c ;  c - Ose. N c  denotes the 
coordination number of magnesium cations in the Mgg09 cluster. 
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6. Conclusions 
Numerical integration schemes allow an opportunity to test the numerical 

nonempirical pseudopotentials without their fit by analytical functions, which 
can lead to a considerable reduction in computational efforts. Employment of 
atomic pseudopotentials only a t  some selected atoms of a system while treat- 
ing the rest " all-electronically" makes an impression of the consistency and 
reliability of such a combined approach. The results obtained for the MgO 
clusters embedded in some effective pseudopotential surroundings demonstrate 
a promise of the approach for compensation of broken bond effects. Specifi- 
cally, the approach offers a tool for a substantial reduction of the artificially 
introduced nonequivalence of partial densities and the effective charges for 
atoms equivalent in the lattice. It is worth to  mention that our approach can 
be modified further in many ways because numerical integration schemes can 
be easily appliedladapted even in those cases where the analytical methods 
become too complicated. 
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Abstract 

Self-consistently determined ensemble exchange-correlation parameters a 
are applied to  calculate the first excitation energies of atoms. Several ground- 
state local density approximations are tested in obtaining excitation energies. 
The dependence of the ensemble a parameters on the weighting factor w is 
studied, Accurate ensemble exchange potential for Si multiplets is presented as 
a function of the radial distance. The w dependence of the ensemble exchange 
energy for multiplets is explored. 

1 Introduction 

The density functional theory was originally formalized for the ground- 
state 111. It was soon noticed [2] that the original theory can also be applied 
to the lowest excited states with different symmetries. To calculate excitation 
energies Slater[3] introduced the so-called transition state method. It proved 
to be a very efficient and simple approach and was used to solve a large variety 
of problems. The density functional theory was first rigorously generalized for 
excited states by Theophilou [4]. Formalisms for excited states have also been 
provided by Fritsche[5] and English et al. [6]. A more general treatment was 
given by Gross, Oliveira and Kohn [7] . The relativistic generalization of this 
formalism has also been done [8]. 

Gross, Oliveira and Kohn [7] calculated the excitation energies of He 
atom using the quasi-local-density approximation of Kohn (91. The first exci- 
tation energies of several atoms [lo] have been calculated with the parameter- 
free exchange potential of GBsp&r [ll]. Higher excitation energies have also 
been studied [12]. Other ground-state local density approximations have been 
tested [13] , too. The coordinate scaling for the density matrix of ensembles 
has been explored [14]. The ground-state adiabatic connection formula has 
been extended to the ensemble exchange-correlation energy. A simple local 
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X a  ensemble exchange potential has been proposed [15]. Accurate ensemble 
exchange potentials have been calculated as a function of the radial distance 
from the Hartree-Fock ensemble electron density [16]. 

In section 2 the theory of ensembles is reviewed. Section 3 summarizes 
the parameter-free theory of Giispbr[ll]. The self-consistently determined en- 
semble a parameters of the ensemble Xa potential are presented. In section 
4 spin-polarized calculations using several ground-state exchange-correlation 
potentials are discussed. In section 5 the w dependence of the ensemble a 
parameters is studied. It is emphasized that the excitation energy can not 
generally be calculated as a difference of the oneelectron energies. The ad- 
ditional term 21 should also be determined. Section 6 presents accurate 
ensemble exchange potential for Si multiplets as a function of the radial dis- 
tance. In section 7 the w dependence of the ensemble exchange energy for 
multiplets is explored. 

nw 

2 Density functional theory for ensembles 

The density functional theory for ensembles is based on the generalized 
Rayleigh-Ritz variational principle [7]. The eigenvalue problem of the Hamil- 
tonian H is given by 

f i 9 k  = Eke,  ( k  = 1, ..., M )  (1) 

where 

are the energy eigenvalues. The generalized Rayleigh-Ritz variational principle 
[7] can be applied to the ensemble energy 
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and 

1 L g S M - 1 .  (7) 

The limit w = 0 corresponds to  the eigenensemble of M - g states (201 = ... = 
W M - ~  = 1/(M - g )  and wM-g+l  = ... = WM = 0). The case w = 1/M leads to 
the eigenensemble of M states (wl = w2 = ... = WM = l/M). 

The generalized Hohenberg-Kohn-theorems read as follows: 

(i) The external potential ~ ( r )  is determined within a trivial additive constant, 
by the ensemble density n defined as 

k= 1 

(i i)  For a trial ensemble density n’(r) such that 

n’(r) 2 0 (9) 

and 

/n‘(r)dr = N (10) 

€[n] 5 E[n’] . (11) 

The ensemble functional € takes its minimum at the correct ensemble density 
n. 

Using the variation principle the Euler-equation can be obtained: 

6E 
6n 
-- - P *  

Kohn-Sham equations for the ensemble can also be derived: 

The ensemble Kohn-Sham potential 

is a functional of the ensemble density 
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g1 is the degeneracy of the I t h  multiplet. 

is the multiplicity of the ensemble and 

0 5 w 5 l /MI. (17) 

X,j are the  occupation numbers. The ensemble exchange-correlation potential 
vx, is the functional derivative of the ensemble exchange-correlation energy 
functional Ex, 

The excitation energies can be expressed with the one-electron energies E j  as 

where 

and 

0 5 wi 5 1/MI. (21) 

It is emphasized that the excitation energy can not generally be calculated as 
a difference of the one-electron energies. There is an extra term elnw to be 
determined. 

To solve the Kohn-Sham equations (13) one needs the ensemble exchange- 
correlation potential. In the following sections several approximate forms are 
discussed. 

3 X a  ensemble potential with self-consistent 
parameter a 

Several years ago Glispar [ll] proposed a parameter-free exchange po- 
tential in the ground-state theory. This method is applied to determine the 
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first and higher excitation energies of several atoms [lo, 121. As the method 
has already been detailed in earlier papers [17-191, here only a short summary 
is presented. 

The method is based on the free-electron gas theory, where the exchange 
potential is given by 

P q = -  
PF 

p~ is the Fermi momentum. To get rid of the momentum dependence, as it is 
usual, an average is performed in the momentum space: 

113 1 1 
u5 = -4 (1 n)  [$I3 + 11) - $112 - 1 ) 2 w ( l  + 11)Al - 11)ll:[(113):l-1.(25) 

If the average is done over the whole Ferrni sphere, i.e. 71 = 0 and v2 = 1, 
the Xtu exchange potential of Slater [20] with a = 1 is obtained. An average 
for a thin shell near the Fermi sphere, the thickness of which going to zero, 
1.e. q1 = ( p ~  - & ) / p ~ ,  72 = 1 and c + 0, leads to the X a  exchange potential 
proposed by GBsptir [21] and later by Kohn and Sham [22], corresponding to 
a = 2/3. As GAspBr [ll] pointed out, a physically more acceptable average 
must be between these two extreme cases: the average is taken near the Fermi 
sphere for a layer containing the reference electron, i.e. uj = u;uj, in the unit 
volume [vl = (1 - 2vj/n)lI3 and qz = 11. So the exchange potential for the 
orbital u j  has the form 

where 

and 
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Atoms 

If we do not want to  use different potentials for different orbitals, an average 
for the shells is performed leading to the potential 

ground-state I excited-state calculated experimental ~ S C F  

configurations this work 

v:=-3(&n) 113 a ,  

where 
cj xjaj 
Ejxj 

a =  

X j  is the occupation number of the shell j. Though a is a function of the radial 
distance, it is very close to a constant value [19]. a can be determined self- 
consistently [17, 181. As this potential depends explicitly on the spin orbitals 
it, is very flexible and can be succesfully applied not only in ground-state but 
also in ensemble-state calculations. 

Making use of this potential the first excitation energies of several atoms 
have been determined [lo]. Table I presents these results. In these calcuIations 
the excitation energy is approximated by 

that is the extra term in Eq. (20) does not appear. This must be one of 
the reasons for the difference between the calculated and the experimental 
excitation energies[23]. Table I also contains the self-consistently determined 
values of a. 

Table I. 
Ground- and excited state configurations, excitation energies and 

exchange-correlation parameters (k!SCF (in Ry). 

Higher excitation energies have also been studied [12]. GBspBr’s parameter- 
free potential proved to be remarkably good in these calculations. 
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4 First excitation energies determined from 
ground-state exchange-correlation 

potentials 

There are a number of model exchange-correlation functionals for the 
ground-state. How do they perform for ensemble states? Recently, several lo- 
cal density functional approximations have been tested [24]. The Gunnarsson- 
Lundqvist-Wilkins (GLW) [26], the von Barth-Hedin (VBH)[25] and Ceperley- 
Alder [27] local density approximations parametrized by Perdew and Zunger 
[28] and Vosko, Wilk and Nusair (VWN) [29] are applied to calculate the first 
excitation energies of atoms. 

Table TI presents the first excitation energies obtained from spin- polar- 
ized calculations [24]. As ground-state exchange-correlation potentials were 
used the extra term in Eq.(20) does not appear. This is, certainly, one of 
the reasons for the difference between the calculated and the experimental 
excitation energies. There is a definite improvement comparing with the non- 
spin-polarized results [13]. Still, in most cases the calculated excitation en- 
ergies are highly overestimated. The results provided by the different local 
density approximations are quite close to each other. The best one seems to 
be the Gunnarson-Lundqvist-Wilkins approximation. (In non-spin-polarized 
case the Perdew-Zunger parametrization gives results closest to the experi- 
mental data[30].) 

In these calculations the minimum (20 = 0) and the maximum possible 
values of the weighting factor were applied. The results obtained with different 
weighting factors w are different. However, any value of w satisfying inequality 
(6) is appropriate. If we knew the exact exchange-correlation energy functional, 
any value of w satisfying condition (6) would lead to the same result. As the 
exact form of the exchange-correlation .energy is, however, unknown and we 
have to  use approximate functionals, different values of w provide different 
excitation energies. The effect of w on the excitation energies has also been 
studied [13, 241. In certain atoms it causes only a small change while in other 
cases there is a considerable change in the excitation energy. The change is 
monotonic in all the approximations studied. We mention that a special choice 
of w, in certain cases, corresponds to Slater’s transition-state method. 

Relativistic calculation have also been performed [8]. A simple Xa po- 
tential was used with the parameter a = 0.7 to obtain the first six excitation 
energies of the Cs atom. A comparison with experimental data  shows that this 
simple approximation provides quite adequate results. 
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0.307 

- 
,0.672 

Table II 

Electron configurations of ensemble states and calculated (spin-polarized) 
and experimental first excitation energies of atoms (in Ry). 

The upper rows contain the results belonging to w = 0, the lower rows 
contain the results belonging to  20 = 1/(g1 + 9 2 ) .  

'0.933 

10.5 

Atom( Ensemble 
state 

0.199 
- 
0.230 

1 

2pt3 ap,* 3 4  

2p,3 2p, i i  3s,+ 

' Na 3s,$ 3D,Q 

3st 3 S ' I O  3pt 10 

XCY 

0.285 
0.034 

- 

0.306 
0.168 
0.488 
0.570 
0.746 
1.013 
0.152 
0.156 
0.244 
0.045 

- 

0.174 
0.183 
0.318 
0.238 

- 

0.427 
0.538 
0.538 
0.639 

0.326 0.340 
0.184 I 0.202 

0.370 0.387 
0.320 0.340 
0.459 0.446 + 0.554 0.544 

VWN 

0.335 
0.191 
0.413 
0.327 
0.533 
0.629 
0.756 
1.040 
0.159 
0.162 
0.249 
0.149 
0.196 
0.202 

- 

0.381 
0.332 
0.434 
0.541 
0.585 
0.694 

0.302 

0.512 

0.656 
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5 Ensemble Xa! exchange potential 

As we have seen in the previous sections the currently existing exchange- 
correlation potentials do not always perform well for ensemble-states. Recently, 
a simple X a  ensemble potential has been proposed (151. In this section this 
potential is discussed and results for other atoms are presented. The form of 
the X a  ensemble exchange potential is 

The w-dependence is incorporated in the parameter a. The corresponding 
exchange energy has the form 

(33) 

Only the first excitation energies are studied. The ensemble energy is given by 

E(w) = (1 - ~ 2 ) E i  + wg2Ez , (34) 

W 

Fig.1. The exchange-correlation factor a versus the weighting 
factor w for the atom S 
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0.0 0.01 0.02 0.03 0.04 0.05 0.06 

W 

Fig.2. The exchange-correlation factor Q versus the weighting 
factor w for the atom C1 

where 91, El and g 2 ,  E2 are the degeneracy and the total energy of the ground- 
and the first excited states, respectively. Using the experimental energies for 
El and E2, & can be determined for any value of w. Q(W) is determined so 
that the ensemble energy calculated with Eq.(33) be equal to the ensemble 
energy obtained from the experimental energies. The calculations have been 
performed for selected light atoms. Figs.1. and 2. present two typical cases. 
Fig.1. shows the function Q ( W )  for the atom S . The functions Q for the atoms 
B, C, 0, Mg, Si and P have almost the same form, i.e. slight almost monotonic 
dependence on w. For the atom S Q is almost constant. Fig.2. presents the 
function Q for the atom C1. It  has a a very shallow minimum. Similar functions 
can be obtained for the atoms F and Na. 

The excitation energy is the difference of the total energies 
A E  = E2 - El . (35) 

As we have already seen it can be determined using the single-particle energies: 
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W 

Fig.3. The partial derivative of the exchange energy with 
respect to the weighting factor w for the atom S 

W 
Fig.4. The partial derivative of the exchange energy with 
respect to the weighting factor 20 for the atom C1 
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Atoms ground-statelexcited-state 
configurations 

i.e. not simply the difference of the one-electron energies. The extra term 
is generally not zero. At  certain values of w it gives a significant contribu- 
tion. Figs.3. and 4. present 51 as a function of w for atoms S and CI, 

nw 

respectively. The function el for atoms B, C, 0, Mg, Si and P has ap- 
nw 

proximately the same form as the function in Fig. 3. The function el in 
Fig.4. shows a completely different behaviour. There is a value w = WO, where 
it disappears. It means that at wo the excitation energy can be simply given 
by the difference C N + ~  - C N  . The importance of the existence of this zuo lies 
in the fact that  it is possible to  determine the excitation energy simply as a 
difference of one-electron energies at  a certain value of w. 

The value of wo is 0.0144 for the F, 0.113 for the Na and 0.0178 for the 
CI. The corresponding values of a are 0.76100, 0.75198, 0.74256 for the atoms 
F, Na and C1, respectively. 

n, 

a 

Naturally, calculations can be performed at any value of zu (satisfying 
the condition (21)). One can select e.g. the maximum possible value of w, (i.e. 
the one corresponding to the subspace theory of Theophilou [4]). Table 111. 
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contains the values of a corresponding to wmax for selected atoms. Comparing 
these values of Q with the values of QSCF we see that there is a considerable 
difference between them(ascF is always smaller.) The difference is large even 
in the cases, where the excitation energies calculated with QSCF are close to  
the experimental values. This is because the excitation energy is given by an 
energy difference, i.e. there is a rather complicated dependence on a. 

6 Ensemble exchange potential for multiplets 

The multiplet structure has already been treated using the density func- 
tional theory. The most important approaches have been proposed by Bagus 
and Bennett [31], Ziegler, Rauk and Baerends [32] and von Barth [33]. All 
these methods have the same feature of not being completely within the frame 
of the density functional theory. 

The method of fractionally occupied states can be used to  treat the multi- 
plet problem, too. However, the exchange energy and potential are not known 
even for the ground state. They are unknown for the ensemble of excited 
states, too. 

There is a growing interest in determining the exact exchange, exchange- 
correlation and Kohn-Sham potential in the knowledge of the density[31-351. 
The present author has also proposed a method that enables one to calculate 
these potentials if the density is known [37]. This method can be applied to 
ensemble states without any difficulty [16]. 

The method can be summarized as follows. The ensemble density 

can be calculated with one-particle wavefunctions ui of the Kohn-Sham equa- 
tions (13). The occupation numbers can be determined from gi and w. If 
the ensemble density n, is known the ensemble exchange and the exchange- 
correlation potentials can be calculated as follows: Starting out from an ap- 
propriate (e.g. an X a )  potential.the Kohn-Sham equations are solved and the 
density of the first iteration is calculated. The potential of the i t h  iteration 
can be given by 
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and a n  appropriate damping is applied to obtain a stable convergence. Then 
the Kohn-Sham potential of the second iteration is constructed. The process 
goes on until the density equals to the input density. If the input density is 
the exact density, the exact Kohn-Sham potential and the exact exchange- 
correlation potential are obtained. If the input density is the Hartree-Fock 
density an exchange potential extremely close to the exact one is gained. Start- 
ing out from the Hartree-Fock densities [39] the ensemble exchange potentials 
for rnultiplets have been calculated. 

In a previous paper [16] the ensemble exchange potentials are studied for 
the following multiplets: 3P, 'D, 'S for the atoms 0 and S and 4S, 2D and 'P 
for the atoms N and P. Here, the ensemble exchange potentials are presented 
for the Si atom. The ensemble exchange potentials are written in the form 

21:99(20, n; r )  = - 3 a M q w )  -nw )Ij3 - (39) 

The factors aM?9(w) are functions of the radial distance P. The exchange 
factors aM7g(w) for the Si atom are presented in Fig. 5 versus the square of the 
radial distance. For comparison the ground-state functional a is shown (solid 
line). The upper line is for 3 P .  The exchange factor a of the ensemble obtained 
from 3P and 'D is the middle (point) line. The lower function corresponds to 
the ensemble arising from 3P,  'D and 'S (dashed line). In these calculations 
the maximum possible value of w is used, i.e., the ensemble density is given by 

71 = (91% + g*nz)/(g1+ 92) (40) 

for the middle and 

for the lower line, respectively. 
Theophilou [41. 

This figure shows a shell structure. For the ground state the shell struc- 
ture has already been demonstrated [37]. Though the ensemble exchange po- 
tentials are different from the ground state one, the difference is not too much 
and the factors Q show a very similar behaviour. 

The fact that the exact exchange potential has similar behavioui for the 
ensemble of multiplets suggests that approximations might also be similar. 
Probably, a small change in the ground-state exchange functionals might lead 

It corresponds to the subspace theory of 
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to good approximation for ensembles of multiplets. 

173 

112 r 

Fig.5. The exchange factors a of the Si atom for the ground-state ( 3 P )  
(-) the ensemble obtained from 3 P  and 'D (...) and the ensemble gained 
from 3 P ,  lD and ' S  (- - -) as a function of the square of the radius. 

Fig.6. presents the factors Q as functions of the density. The shell struc- 
ture can be clearly seen, too. If the ensemble exchange potential were a unique 
function of the ensemble density alone (for different ensembles) the curves Q 

would be exactly the same. However, we can also see that the ensemble ex- 
change potential is not the same function of the ensemble density. Though the 
curves are very close together, they are not exactly the same. So the ensemble 
exchange potential has a different dependence on the ensemble densitites for 
different ensembles. 
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Fig.6. The exchange factors a of the Si atom for the ground-state (3P)  
(-), the ensemble obtained from 3P and 'D (...) and the ensemble gained 
from 3 P ,  ' D  and 'S (- - -) as a function of the electron density. 

It was emphasized in the theory of Gross, Oliveira and Kohn [7] that  the 
ensemble exchange potential depends on w. In a previous paper [16] i t  was 
shown that the ensemble exchange factor for multiplets is different for different 
values of w. 

The method described here makes it possible to  calculate the ensemble 
energy (details can be found in [16]). The ensemble exchange energies are 
very close to the Hartree-Fock ones, the latter being somewhat lower as it is 
expected. 
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7 The w dependence of the ensemble 
exchange energy for multiplets 

We have already seen that the w dependence of the ensemble exchange 
energy is not negligible. In case of multiplets it can be explicitly determined. 
The first excitation energy (Eq. (19)) takes the form 

The electron configuration is the same for the multiplets so  EN+^ = E N .  In- 
tegrating Eq. (42) with respect to w we obtain for the ensemble exchange 
energy 

E;, = czw + E:c , (43 ) 

where 

and EA, is the ground-state exchange energy. Similarly, the second excitation 
energy reads 

After integration the second ensemble exchange energy has the form 

where 

c3 = g3(AE3 - A A E 2 )  I 

91 + 9 2  
(47) 

So the ensemble exchange energy for multiple1,s is linear in w. Using the 
Hartree-Fock values for the ground-state exchange energy E;c and the multi- 
plet separation energies AE2 and AE3,  the constants c2 and c3 can be calcu- 
lated. Table IV presents these values for several atoms. 
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Atoms Q 

C 0.2865 

A. Nagy 

c3 

0.1186 

Table IV. 
Values of constants cz and c3. 

1 P 10.69941 0.3933 I 

In Section 5 the w-dependence of the ensemble exchange energy has al- 
ready been discussed. In that case we have also found a linear dependence for 
certain light atoms using a very simple Xa potential. For a couple of atoms, 
however, the w-dependence is non-linear. We cannot compare these results 
with the ones obtained in this section, because both the potentials (Xa and 
almost exact exchange) and the systems are different. 

8 Concluding remarks 

The study of several ground-state approxiniations for determining exci- 
tation energies leads to  the conclusion that the excitation energy cannot gen- 
erally be calculated as a difference of the one-electron energies. One either try 
to approxirnate the extra term or find new forms for the ensemble exchange- 
correlation potential. This potential should depend on the value of w. For 
multiplets the ensemble exchange energy depends linearly on w. However, for 
ensembles of other states the w-dependence might be more complicated. 

If it turns out that there are values of w at  which the is zero, the 
excitation energy can be calculated as a difference of the one-electron energies 
at these values of w. It  would correspond to  a quasi-particle picture, resulting 
a simpler way of computing. 

nu 
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Spectrum by the First-Principles DV-Xa Molecular 

Orbital Method 
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Abstract 

Theoretical photoelectron spectrum has been calculated by the use of DV-Xa 
molecular orbital method combined with the calculation of atomic photoionization 
cross section in Hartree-Fock-Slater model. A calculation of the photoionization 
cross section has been performed for flexible numerical atomic orbitals including 
the excited atomic orbitals which are employed for basis functions in the molecular 
orbital calculation. Some variation of the photoionization cross section is seen when 
a reconstruction of the atomic orbital due to change in the effective charge takes 
place. This affects the molecular photoelectron spectrum to a certain extent. 

1. Introduction 

Photoelectron spectroscopy is known to be very efficient for chemical analysis of 
the materials[']. The x-ray photoelectron spectroscopy (XPS) measurement for the 
chemical shift of the core level is often used to estimate the oxidation state of an 
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atom in molecule or solid. Although the inner-shell level is sensitive to the valence 
state effective charge of the element, its chemical shift is rather qualitative for the 
chemical state analysis, because of its insensibility to the element and coordination 
number of the ligand. On the other hand, the valence-state photoelectron spectrum 
is strongly affected by the chemical environment. By recent development of the 
experimental technique for photoelectron spectroscopy, the valence-state spectrum 
as well as the chemical shift of the core level is considered to be very useful for 
chemical state analysis of various kind of materials. Because it is difficult to 
completely understand the chemical state of an unknown material only from the 
experimental spectrum, a reliable analysis from theoretical calculation of the 
electronic state is inevitable for the most efficient use of the photoelectron 
spectroscopy. Discrete variational(DV) X a  cluster method[*] has been proved to be 
one of the most effective technique to calculate an accurate electronic state of matter. 
The DV-Xa method has been employed to calculate the theoretical XPS spectra for 
various kind of molecules and solid state compounds such as free molecules[3~l, metal 
o x i d e ~ [ ~ . ~ , ~ ]  and oxyanion~[~~~].  In these calculations, Slater 's transition state methodc91 
is useful to obtain the ionization energies of the molecular orbital electrons, and 
reproduces well the experimental peak energy in the spectrum. The peak intensity 
can be estimated by a semiemprical manner, where the photoionization cross section 
for free atomic subshell is utilized in Gelius's formulafio1. However, recent high 
resolution XPS spectrum has very clearly shown the valence-band fine structure, 
and more realistic model calculation seems to be required. Recently, Cserny et a l . I 8 I  

have reported the theoretical calculation of valence state XPS spectra for phosphate 
ions employing realistic cluster models based on the crystallographic data. The 
calculated spectra have shown very good correspondence with the high resolution 
XPS measurements["] even for the detailed structure. 

However, there has still been problem in their calculation. In the molecular orbital 
calculation, the basis set is often expanded so as to include some excited atomic 
orbitals in order to achieve a high accuracy. For estimation of the peak intensity of 
the XPS spectrum, information of the ionization cross section for the atomic orbital 
employed for the basis function is required. By the use of Hatree-Fock-Slater model, 
the ionization cross sections for atomic sub-shell orbitals have been calculated by 
several a~thors[ '~*~~1.  Although these data are very useful for evaluation of the XPS 



Calculation of Molecular Photoelectron Spectrum 181 

peak intensity, they are limited within the occupied atomic orbitals in the ground 
state for the neutral atom. Furthermore, the effective charge on each atom in molecule 
obtained by self-consistent-field(SCF) procedure is different from that on the neutral 
atom. For typical ionic compounds such as alkali halides, the effective charges are 
very near the formal charges in the compounds, namely f l ,  and higher valent ions 
have larger effective charges. The spatial distribution of the atomic orbital in a 
potential field of such a material is very different from that for neutral atom, in other 
word, an orbital contraction or expansion takes place. This naturally causes the 
photoionization cross section to change. Therefore, an accurate estimation of XPS 
peak intensity requires an information of the photoionization cross section which 
includes the effect of SCF potential not only for the occupied atomic orbital but also 
for excited state orbitals. 

In the present paper, first we investigate the photoionization cross sections for 
atomic orbitals calculated with different scaling parameters of exchange-correlation 
potential, and for those of different oxidation states, namely different charge densities. 
We discuss the effect of the variation of the spatial extension of the atomic orbital on 
the photoionization cross section. Next we make LCAO (linear combination of 
atomic orbitals) molecular orbital (MO) calculations for some compounds by the 
SCF DV-Xa method with flexible basis functions including the excited atomic 
orbitals. We calculate theoretical photoelectron spectrum using the atomic orbital 
components of MO levels and the photoionization cross sections evaluated for the 
flexible atomic orbitals used in the SCF MO calculation. The difference between 
the present result and that calculated with the photoionizaion cross section previously 
reported is discussed. 

2. Computational method 

In DV-Xa MO method used in the present study, the !th molecular orbital $! is 
expressed by an LCAO as 

For the basis function xi, we use a numerical atomic orbital which is generated by 
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solving Shrodinger equation for atom in molecule f21. During the SCF process, the 
effective charge on the atom varies. In the present method, the atomic orbital is 
computed at every SCF iteration, taking the reconstruction of the charge density 
into account so as to provide an optimum basis function being flexible to any case of 
the different effective charge. The matrix elements of H and S in the secular equation, 

H C = E S C ,  (2) 

are evaluated by the usual DV numerical integration pr~cedure"~] given by 

By solving the secular equation, we obtain the orbital energy E, and its wave function 
+! for !th MO. For a molecule, an accurate peak energy of the photoionization can 
be evaluated by the use of Slater's transition state concept[*]. Slater has suggested 
that the wave function for the transition state also provides an accurate transition 
pr~bability['~]. The Slater transition state concept can be utilized to estimate the 
ionization energy, then the negative sign of the ionization energy corresponds to the 
MO energy for Slater's transition state. The peak intensity of photoelectron spectrum 
can be estimated by a semi-empirical method as proposed by Gel iu~[~]  

where Qpi is the component of atomic orbital i in the !th MO, and ui is a 
photoionization cross section for an electron in the atomic orbital i. The value of Qpi 
is estimated by the Mulliken orbital population[l61 for MO level l. The photoionization 
cross section for atomic orbital i is written (in atomic units) by (within the dipole 
approximation) 

where a. is the fine structure constant, i and f denote the initial and the final states, 
respectively. Then E~ is the energy of the atomic orbital i and E' is the kinetic energy 
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of photoelectron. If we put the photon energy as hv, then E, = hv + E ~ .  The atomic 
functions xi and X,are expressed as 

where xi is the usual atomic orbital with E~< 0, but xf is wave function for a continuum 
state at E,> 0 (see Fig.l), both of the radial function for initial and final states can be 
calculated as the solution R of the equation 

+ V(r) + ~ '('+')] R(r) = E R(r) . (8) 
1 d 2  I d  
2 dr2 r dr 2r2 

Then, when r is sufficiently large, the function R, for the final state behaves as 

Fig. 1 Schematic representation of photoionization process. 
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r.Rf + 6 sin (kr - + 6) 
> 

where k is the wave number. The photoionization cross section is calculated by the 
equation 

where 
Pcs 

and 

As a consequence, the photoionization cross section of the atomic orbital electron is 
evaluated by 

In calculating a theoretical photoelectron spectrum, the atomic ionization cross section 
oi is usually taken so far from the theoretical values calculated for a neutral free 
atom in the ground state. However, the MO calculation by DV-Xa method is carried 
out self consistently and provides Qti by Mulliken population analysis using the 
SCF MO wave function calculated. In the present calculations, the atomic orbital xi 
used for the basis function flexibly expands or contracts according to reorganization 
of the charge density on the atom in molecule in the self-consistent field. Furthermore, 
excited state atomic orbitals are sometimes added to extend the basis set. In such a 
case, the estimation of peak intensity of the photoionization using the data of oi 
previously published is not adequate. Thus a calculation of the photoionization 
cross section is required for the atomic orbital used in the SCF calculation in order 
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to obtain an accurate peak intensity of photoelectron spectrum. In the present work, 
we calculate 0, of equation (9) with the xi used in the SCF MO calculation and then 
employ it to estimate peak intensity I, by equation (5). 

3. Result and discussion 

The calculations of the photoionization cross section of the atomic subshell have 
previously been performed using Hartree-Fock-Slater one-electron model by several 
~ o r k e r s [ ' ~ J ~ ] .  Table 1 compares the photoionization cross sections of the atomic 
orbital electrons obtained in the present work with those previously reported by 
Scofield[l21 for some atoms. Scofield has used the relativistic wave functions. The 

Table 1 Comparison of photoionization cross sections of atomic 
orbitals for several elements at hv=1486.6eV(Mb) 

atomic atomic 
subshell subshell Present Scofield Present Scofield 

C 1s 0.0136 0.0 136 Se 2p 0.589 0.57 
2s 0.000645 
2p 0.000021 

Si 2s 0.0130 
2p 0.0110 
3s 0.00116 
3p 0.000338 

Cu 2s 0.0762 
2p 0.339 
3s 0.0129 
3p 0.0329 
3d 0.00802 
4s 0.000338 

0.000649 
0.000020 

0.0130 
0.01 10 
0.00 1 10 
0.000301 

0.0743 
0.345 
0.0 130 
0.0337 
0.0080 1 
0.000301 

3s 0.0194 
3p 0.0602 
3d 0.0313 
4s 0.00210 
4p 0.00276 

Cs 3s 0.0565 
3p 0.227 
3d 0.552 
4s 0.0154 
4p 0.0502 
4d 0.0721 
5s 0.00251 
5p 0.00629 
6s 0.000075 

0.0194 
0.06 16 
0.03 12 
0.002 18 
0.00286 

0.0507 
0.227 
0.547 
0.0 147 
0.0521 
0.07 14 
0.0025 1 
0.00682 
0.000080 
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Fig. 2 Photon energy dependence of photoionization cross 
sections of Fe atomic orbitals 

present values involve a certain error due to the nonrelativistic approximation, 
especially for the inner-shell orbitals of heavy elements. Areasonably good agreement 
can be seen between the present and previous works. 

The value of the photoionization cross section varies for a different photon energy. 
Figure 2 plots the photoionization cross sections of the atomic orbitals for Fe atom 
as a function of the photon energy. Yeh and Lindau[l31 have reported the 
photoionization cross sections of atomic subshells for various photon energies. The 
present result is in a good agreement with the previous calculations. 
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Next we examine the dependence of the photoionization cross section of atomic 
orbital on some parameters. The atomic orbital expands or contracts when the electron 
configuration, namely the effective charge varies, as mentioned above. In the Hatree- 
Fock-Slater model, we use Slater's exchange-correlation potential with the scaling 
parameter a. Then the atomic orbital is affected by the parameter a. For DV-Xa 
MO calculation, we usually use 0.7 for a, which gives an accurate MO energy. 
However, the photoionization cross sections have mostly been calculated with a = 

1 .O. The variation of an atomic orbital can be estimated by examining the radius of 
the atomic orbital which is defined by an average of its radial distribution. Table 2 
shows the change in the radius of the atomic orbital for neutral Fe atom calculated 
with a = 1.0 and 0.7, and for ions in various oxidation states, namely Fe+, Fez+, Fe3+ 
and Fe&. 

The deep inner shell orbitals such as Is, 2s and 2p are not very sensitive both to the 
scaling parameter a and to the oxidation state. On the other hand, the shallow inner 
shells like 3s and 3p and outer-shell orbitals 3d and 4s strongly depend upon a and 
the effective charge. Accordingly, the theoretical photoionization cross section 
computed by equation (12) is affected by the change of spatial extent of the atomic 
orbital. The theoretical photoionization cross sections for Fe orbitals shown in Table 
2 are calculated for the photon energy of hv = 1487eV (Al Ka) and indicated in Table 
3. In the case of a=l .O, the atomic orbitals are somewhat contracted compared with 

Table 2 Atomic orbital radii for Fe in various oxidation states (a.u.) 

state a 1s 2s 2p 3s 3p 3d 4s 4p 

Fe(0) 1.0 0.059 0.268 0.234 0.808 0.843 1.039 2.820 3.833 
Fe(0) 0.7 0.059 0.270 0.237 0.820 0.861 1.130 3.040 4.804 
Fe(1) 0.7 0.059 0.270 0.237 0.821 0.861 1.104 2.740 3.468 
Fe(II) 0.7 0.059 0.270 0.237 0.821 0.861 1.074 2.518 3.004 
Fe(II1) 0.7 0.059 0.270 0.237 0.813 0.848 0.983 2.271 2.593 
Fe(1V) 0.7 0.059 0.270 0.237 0.804 0.832 0.915 2.088 2.318 
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the case of a=0.7, then the photoionization cross sections are overestimated, when 
we evaluate the molecular spectra from DV-Xa MO calculation with a=0.7. 

When the atom is oxidized and becomes an ion, the spatial expansion of the atomic 
orbitals are decreased by the reduction of the electronic shielding effect. In such a 
case, the photoionization cross sections are increased. Although the change is not 
very large for inner shell electrons, it becomes significant for the outer shells. In the 
case of a high valent ion like Fe&, the increments amount to 30% and 90% for the 3d 

and 4s orbitals, respectively, compared with the neutral atom. On the contrary, the 
orbitals are expanded and the ionization cross sections decrease for an anion like 
02-. The molecular orbital calculation for C10, anion cluster has been calculated by 
DV-Xa method with Slater's scaling parameter a=0.7. The valence state levels and 
their atomic orbital components for the ground state are listed in Table 4. In this 
calculation, we include the excited C13d orbital in the basis set in order to obtain an 
accurate MO. The present result is in a good agreement with those previously 

and the valence levels show good correspondence with the experimental 
X P S  peak positions. 

The peak intensity can be estimated by the equation ( 5 )  using the atomic 
photoionization cross section of equation (12). The result is summarized in Table 5. 

We also evaluate the peak intensities using the photoionization cross sections given 
by Scofield['21 and compare them with the present values. The difference between 
these results is not very significant, but some discrepancy is appreciable in the valence 

Table 3 Theoretical photoionization cross sections for the atomic orbitals of 
Fe in various oxidation states (lO-%m*/electron) 

state a 2s 2P 3s 3P 3d 4s 4P 
Fe(O)* 1.0 31076 37218 5066 3783 388 326 

Fe(0) 1.0 31286 36926 5008 3704 385 478 305 

Fe(0) 0.7 30280 35452 4874 3566 329 438 279 

Fe(II) 0.7 30341 35110 4884 3554 338 506 282 

Fe(m) 0.7 30318 35069 4976 3655 384 676 422 

Fe(IV) 0.7 30300 35025 5109 3791 433 853 566 

* From reference 12 
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Table 4 Valence levels and orbital populations for C10,- anion cluster 

c1 0 

level E(eV) 3s 3P 3d 2s 2P 
-23.13 0.49 1 0.397 0.112 

-18.43 0.174 0.032 0.748 0.046 

-10.40 0.237 0.588 0.175 

-6.71 0.320 0.007 0.183 0.490 
le -2.61 0.116 0.884 

-2.28 0.000 0.094 0.011 0.895 

4 5  

3t2 

5% 

4t2 

5t2 
It, -0.77 1 .ooo 

Table 5 Theoretical X P S  peak intensity for Cl0,- anion cluster 

MO level Present Scotfield 
0.05 13 (0.460) 0.0504 (0.425) 
0.1116 (1.000) 0.1185 (1.000) 
0.0425 (0.380) 0.0438 (0.370) 
0.0507 (0.454) 0.0501 (0.423) 

le 0.0046 (0.041) 0.0058 (0.049) 
5t2 0.0084 (0.075) 0.0105 (0.089) 

It, 0.0075 (0.067) 0.0099 (0.084) 

4 5  

3t2 

5a, 

4t2 

The number in the parenthesis indicates the relative intensity with 
respect to the 3t2 peak 



190 H. Adachi 

peak intensities. 
We also examine a transition metal oxide cluster with high valence because the 

atomic photoionization cross section can be expected to change due to the large orbital 
reconstruction. Figure 3 illustrates the theoretical spectra for Fe0,8- cluster with 0, 
symmetry. We compare the present spectrum and that obtained with Scofield's values 
for oi. The valence state is constructed by 0 2p band overlaying Fe 3d band located 
at the top of the valence band. The photoionization cross section for Fe 3d electron 
is considerably affected by the charge reconstruction as mentioned above. Therefore, 
some discrepancy between the two theoretical spectra can be seen, though it is not 
very serious. 

4. Conclusion 

The theoretical calculation for peak intensity of photoelectron spectrum has been 
carried out in the framework of DV-Xa method. First we calculate the atomic subshell 
photoionization cross sections. The photoionization cross section for atomic orbital 

Fig.3 Theoretical valence state XPS spectra of Fe06*- cluster. (a) density of states, 
(b) theoretical spectrum with Scofield value for oi and (c) present result. 
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varies when the reconstruction of the electronic charge density of the atom in molecule 

takes place. We calculate the atomic orbital photoionization cross section taking 
account of the variation of the atomic orbital due to the use of different scaling 
parameters for exchange-correlation potential, and also due to the charge 
reconstruction by oxidation of the atom. 

Next the DV-Xa molecular orbital calculation has been made using the flexible 
atomic orbital for the basis function which is numerically generated by solving 
Schrodinger equation for atom in molecule at each SCF iteration. The numerical 
atomic orbital is contracted or expanded reflecting the charge reorganization of the 
atom in molecule during the SCF iterations. We estimate the peak intensity of the 
photoelectron spectrum for molecule by a semi-emprical method. The molecular 
peak intensity is evaluated as the sum of the atomic orbital components multiplied 
by the atomic orbital photoionization cross sections. The orbital reconstruction 
somewhat affects the peak intensity in the molecular photoelectron spectrum, though 
the change in the peak intensity is not very significant. In the MO calculation, the 
basis set is often extended to include the excited atomic orbitals, then the 
photoionization cross sections for the excited orbitals are also calculated to involve it 
in estimating the peak intensity of the molecular photoelectron spectrum. Thus the 
present method is convenient to produce a theoretical photoelectron spectrum which 
is consistent with the SCF MO calculation in DV-Xa framework. 
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Abs t rac t  

The electronic structure of microcrystalline silicon of one-dimensional 
(1-D), 2-D, and 3-D clusters were calculated using the Discrete-Variational 
(DV)-Xa Molecular-Orbital method. The calculated results are dis- 
cussed with respect to the effect of the size and the number of dimen- 
sions on the energy levels of molecular orbitals. The energy-gap (Eg) be- 
tween the highest-occupied molecular orbital (HOMO) and the lowest- 
unoccupied molecular orbital (LUMO) decreases with the increase of 
cluster size and the number of dimensions. It is found that including 
silicon 3d orbitals as basis sets decreases the Eg value. The results show 
that the components of silicon 3d orbitals in the unoccupied levels near 
LUMO are over 50 per cent. The calculated results predict that the 
Eg value will be close to the band gap of crystalline silicon when a 3-D 
cluster contains more than 1000 silicon atoms with a diameter of 4nm. 
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1 Introduction 

Crystalline silicon is well known as one of the most useful semiconductors for 

electronic devices. Many theoretical calculations on the electronic structure 

of crystalline silicon have been done by the band structure calculation or the 

cluster method. 

In the cluster method, the cluster is cut out of the crystal, and the surface 

of the cluster is terminated by hydrogen atonis. However, the energy gap 

(Eg) between the highest-occupied molecular orbital (HOMO) and the lowest- 

unoccupied molecular orbital (LUMO) is niuch larger than the energy-band 

gap of crystalline silicon (if we ignore the defect energy levels)[1]-[6]. This 

discrepancy is a serious problem with the cluster method. Estreicher suggested 

that the HOMO is usually associated with the top of the valence band, and 

that the LUMO has nothing to  do with the bottom of the conduction band 

[ 2 1 .  Another explanation is that  the Eg value may be affected by the size of 

the cluster. 

Properties such as photoconduct iv i ty~7~~~g~ and photoluminescence [lo]J1 '1 
of silicon polymers have been reported because of their wider optical band gap 

compared with crystalline silicon. Theoretical investigations of silicon poly- 

mers have been also reported [121-121]. Takeda, Matsunioto and Fukuchi calcu- 

lated the electronic structure of polysilane chains using the semi-empirical ap- 

proach called the Complete Neglect of Differential Overlaps (CNDO) Molecular- 

Orbital (MO) method [12]. They discussed the dependence of the size and 

geometrical structure of polysilane on the energy level. 

Silicon microcrystals 122]-[26] also have a wider optical band gap than that 

of crystalline silicon and show photoluminesce in the visible region. The Ra- 
man spectrum indicated that these hydrogen terminated clusters are mostly 

crystallized [231-[251. On the other hand, there have been many reports on the 

geometric properties of silicon microclusters. Silicon microclusters, which are 

not terminated their surfaces with hydogen atoms, are not just small crystals 
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of bulk silicon but are reconstructed to niore coiiipact structure in order t o  

minimize their surface dangling bonds [271-[321. 

Recently, attention have been paid to  the properties nano-porous silicon. 

Canhani observed the strong luminescence from porous A number 

of photo-luminescent( PL) and/or electro-luminescent( EL) devices have been 

reported. Steiner et al. reported not only red/orange luminescence but also 

green/blue electro luminescence from the devices[34]. The quantum confine- 

ment or the localized centers at the surface have been reported as the lumines- 

cence mechanism. They suggested that the luminescence mechanism depends 

of the fabrication process of the porous s i l ic0n[~~1.  

In this paper, we only focus on the properties of hydrogen-terminated sili- 

con clusters and the surface reconstructions are ignored. All the cluster models, 

we used in the present work, were cut out of crystalline silicon and the surfaces 
were terminated with hydrogen atoms. 

In order t o  elucidate the relation between the Eg value and both of the 

number of dimensions and size of silicon clusters, we treated three types of 

clusters, that is, one-dimensional ( l -D)? 2-D, and 3-D silicon clusters, where 

we defined a 1-D cluster as a zig-zag chain, a 2-D cluster as a planar cluster, 
and a 3-D cluster as a ball-shaped cluster. The infinite size of 3-D cluster is 

close to  crystalline silicon. 

We used the Discrete Variational (DV)-Xa Moleculdcl-Orbital (MO) i n e t h d  

to  calculate the electronic structures of 1-D, 2-D, and 3-D silicon 

and studied the effect of size and number of dimensions on their Eg values. 

2 Theoretical Model 

The electronic structures of 1-D, 2-D, and 3-D silicon clusters were calcu- 

lated using DV-Xa MO m e t h ~ d [ ~ ~ i - [ ~ ~ I .  In the Xct! method, the exchange- 

correlation term cz(r) in the one-electron Haniiltonian is written in terms of 
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Si20H42 

Si50H70 

Figure 1: Models of (a) 1-D, (b) 2-D, and (c) 3-D silicon clusters. SizHs, 
SilOH22, and Si20H42 are shown as examples for 1-D clusters, Siz0H3,, Si50H70 
are shown as examples for 2-D clusters, and Si5H12, Si35H36, and S I ~ ~ H G ~  are 
shown as examples for 3-D clusters. 

the statistical local potential 

where p(r) is the local charge density at r. The coefficient a is the scaling 

parameter in the DV-Xa MO method and was set to  a=0.7 throughout the 

present work. In the X a  method, the excitation energy is usually evaluated 

by Slater’s transition-state method [411-1461 in which a half electron is moved 

from the ground configuration to an excited configuration. 

The method can partly take account of the electronic relaxation effects 

in the excitations. However, for the 1-D clusters of Si2HG and Si32H68, the 
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calculated Eg values of the t.ransition state did not change from those of the 

ground state. Therefore, the Eg values in this paper were evaluated from the 

calculations of the ground configurations. 

The surfaces of all silicon clusters used for the calculations were ternii- 
nated with hydrogen atoms in order to  eliminate the dangling bonds. One- 

dimensional clusters are assumed to be zig-zag chains such as (SiHZ),,Ha(n = 2 

to 20) shown in Figure l(a);  the skeletons of the 1-D clusters were cut out 

of crystalline silicon along the (1 10) direction. Two-dimensional clusters are 

planar clusters such as and Si50H70 shown in Figure I( b); the skeletons 

of the 2-D clusters were cut out of crystalline silicon perpendicular to  (111) 
direction. Three-dimensional clusters are ball-shaped clusters such as Si5H12, 

Si35H36 and SiT1HG0 with T d  symmetry as shown in Figure l(c). The silicon 

atoms in these clusters are tetrahedrally coordinated just as those in the crys- 

tal. The length of the Si-Si bond was assumed to  be 2.35A on the basis of that 

in crystalline silicon and the length of the Si-H bond was assumed as 1.48A 

based on that of the SiH4 molecule. In the present work, the calculations were 

done with and without taking into account silicon 3d orbitals. The calculation 

with silicon 3d  orbitals were done so as to see the effect of higher-polarized d- 

type basis function for silicon. 4s and 4p orbitals were not considered because 

of those higher energies than 3d’s. The DV-Xa MO calculations were carried 

out by using an ALLIANT FX/2800GT mini-super computer. 

3 Results and Discussion 

Figure 2 shows the energy-level diagram of the molecular orbitals of the 1-D 
silicon clusters (SiH2),H2 with silicon 3d orbitals. The levels shown by broken 

lines are unoccupied. These unoccupied levels correspond t o  the conduction 

band in crystalline silicon. The occupied levels shown by solid lines around 

-17 to  -13eV and -11 t o  -9eV are the valence orbitals mainly localized 

on silicon 3 s  and 3 p  orbitals, respectively. The unoccupied levels are the 



198 H. Kirnura eta/. 

2 3 4 6 8 1 0 1 4 2 0  

n ( S i )  

Figure 2:  Energy levels of the calculated occupied (solid line) and unoccupied 
(broken line) levels of iiiolecular orbitals in 1-D silicon clusters with silicon 3d 
orbitals. The nuiiiber of silicon atoms was varied from 2 to 20. 

[ --A- calc. by DV-X a 
(without Si 3d) 

cu 

7 

0 

o 5 10 15 20 
n ( S i )  

Figure 3: Eg values of 1-D silicon clusters as a function of the size. The 
calculated Eg values are with (e) and without (A) silicon 3d orbitals plot- 
ted by broken curves. The solid curve shows the Eg values evaluated from 
Matsumoto's QW model. 
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antibonding orbitals consist of silicon 3.9, 3 p  and 3d orbitals. As the number 

of silicon atoms increases, the number of orbitals increases and the Eg value 

decreases. 

Figure 3 shows the Eg values of 1-D silicon clusters as a function of size. 

The calculated Eg value decreases with increase of the number of silicon atoms, 

that  is, the cluster size. Figure 3 also indicates the Eg values evaluated by 

Matsumoto’s quantum-well (QW) 1110delI~~l in which the wavefunctions are 

confined in the potential well and asolute Eg values were determined by inter- 

polating the experimental Eg values of disilane (6.5eV) and polysilane (4eV) 

by the size dependance of the energy levels of the wavefunctions. 

The Eg value derived from the QW model also decreases with an increase 

in size and the size dependence of the Eg value is similar t o  our calculated 

result. 

Figures 4 and 5 show the E g  values of 2-Il and 3-D silicon clusters also 

as a function of their size, respectively. The Eg values of of QW-model de- 

rived 1-D, 2-D, and 3-D silicon clusters of infinite size were deterinined by the 

experimental Eg values of disilane (6.5eV)’ polysilane (4eV)’ siloxene (2.5eV) 

and crystalline silicon (1. lev), respectively. When the cluster size increases, 

the Eg values in 2-D and 3-D clusters decrease similar to the decrease in the 

Eg values in 1-D clusters. Also, the Eg values decrease as the number of 

dimensions of the cluster increases. These decrease in Eg values have been 

explained by the fact that  the delocalized skeleton a-electrons form both band 

edge levels including HOMO and LUMO. 

Figures 3, 4 and 5 also show the Eg values when silicon 3d orbitals are 

added to  the basis sets. All of the calculated Eg values without Si 3d orbitals 

are about l e v  higher than those of the QW model. However, when Si 3d 

orbitals are taken into account, the calculated Eg values decrease by about 

l e v  and good agreement with the values given by the QW model is obtained. 

These results imply that the energy levels around HOMO and LUMO of silicon 

clusters are well modeled by the quantum confinement of delocalized wavefunc- 
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Figure 4: Eg values of 2-D silicon clusters as a function of the size. The 
calculated Eg values are with (*) and without (A) silicon 3d orbitals plot- 
ted by broken curves. The solid curve shows the Eg values evaluated from 
Matsumoto’s QW model. 
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Figure 5: Eg values of 2-D silicon clusters as a function of the size. The 
calculated Eg values are with (e) and without (A) silicon 3d orbitals plot- 
ted by broken curves. The solid curve shows the Eg values evaluated from 
Matsumoto’s QW model. 
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Figure 6: Partial and total Density of States (DOS) of molecular orbitals of 
1-D (SizOH.+z), 2-D (Si50H70)r and 3-D (Si71HGO) clusters calculated with (solid 
curve) and without (broken curve) silicon 3d orbitals as basis sets. Partial 
DOS's indicate the contribution of silicon 3s, 3p ,  3d and hydrogen Is orbitals. 
The DOS's are drawn by superposition of Gaussian functions for each orbital 
with a half width of 0,leV. 

tions in the potential well. We think, these size dependances on Eg values are 

characteristic in the silicon clusters which the covalent bondings form delocal- 

ized wavefunctions in the cluster, and not so much in the clusters consist of 

more ionic bonding. 

Figure G shows the density of states (DOS) of the molecular orbitals of 

1-D, 2-D, and 3-D clusters calculated with (solid curve) and without (broken 

curve) silicon 3d orbitals as basis sets. The partial DOS of silicon 3s, 3p, 3d 

and hydrogen 1s orbitals in the clusters are also shown in Figure 6. As can 
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be seen in Figure 6 ,  the  DOS of 1-D, 2-D, and 3-D clusters is similar. The 

occupied levels lower than -12eV mainly consist of silicon 3s orbitals, while the 

occupied levels from - G  to  -1leV including HOMO mainly consist of silicon 3p 

orbitals. When silicon 3d orbitals are included in the calculations, the occupied 

levels shift to higher energy by about l e v .  However the mixings of silicon 3d 

orbitals in the occupied levels are small. On the other hand, the mixings of 

silicon 3d orbitals in the unoccupied levels including LUMO were great - over 

50%. This suggests that  the conduction band of the silicon clusters and silicon 

crystal can be also well described by taking account of silicon 3d orbitals. 

Takeda, Matsumoto and Fukuchi also calculated the electronic structure of 

polysilane using semi-empirical CNDO MO method [l71. They suggested the 

existence of the d-state hybridization into the sp  coupling, but details were 

not reported, The calculated results in the present work clearly show the large 

contribution of 3d orbitals t o  the unoccupied levels. The Eg values derived 

from the QW model agreed well with our calculated results including silicon 

3d orbitals. We think, therefore, that  the Eg value approaches that of bulk 

crystalline silicon (1,leV) when the 3-D cluster contains more than 1000 silicon 
atoms, or a ball-shaped cluster has a diameter more than 4nm. 

4 Conclusion 

We calculated the electronic structure of 1-D, 2-D, and 3-D silicon clusters us- 

ing (DV)-Xa MO method. The calculated energy gap ( E g )  between HOMO 
and LUMO decreases with increase of the cluster size and the number of di- 

mensions of the cluster. I t  is found that  including silicon 3d orbitals as basis 

sets results in lowering the Eg values by about l e v ,  The results also show that 

the components of silicon 3d orbitals in the unoccupied levels near LUMO are 

over 50%. In the case of silicon clusters, the size effect on the Eg value is well 

described by the  quantum-well( QW) model in which the delocalized wavefunc- 

tions are confined in the potential well. The calculated results predict that  Eg 
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values will be close to the band gap of bulk crystalline silicon when the 3-D 
cluster contains more than 1000 silicon atoms or the ball-shaped cluster has a 

diameter more than 4nm. 
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Studies of the Valence Band of Tetrahedral Oxyanions 
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Abstract 

Following a short review of early studies of the valence band of tetrahedral 
oxyanions of types XOP- some recent results of this field are discussed High 
resolution X P S  measurements of the valence band of phosphorus and sulphur 
oxyanions made possible a rigorous test of various theoretical models For DV-Xa 
cluster MO calculations, experimentally determined crystal structure information 
were used to set up realistic model clusters In the case of the SO?- cluster, the 
results of several model calculations (ah znrtzo, DV-Xa, hybrid models) are 
presented From the comparison of these results a better understanding of the role 
of the contributions from different effects to the MO one-electron energies can be 
obtained 

Introduction 

The electronic structure of tetrahedral oxyanions and their derivatives has been 
extensively studied by many authors during the past decades The earlier attempts 
were summarized by Prins [ 11 Since the work of Walsh (23 and that of Wolfsberg 
and Helmholz [3] several semi-empirical theoretical studies have been published [4- 
71 Later nb inrtio [8-101 and scattered wave calculations [I 11 have been also 
reported Among the experimental investigations, Prins mentioned the electron spin 
resonance measurements of radicals formed by ejection or addition of an electron 
from or to certain oxyanions, obtaining information on just those molecular orbitals 
which contained unpaired electrons [ 121 X-ray absorption and emission studies 
provided usehl information on a limited number of molecular orbitals in the 
valence band [ 13-19] 

The application of X-ray photoelectron spectroscopy ( X P S )  [ 1, 20-221, has 
considerably extended the possibilities. The main advantage of X P S  is that, in 
contrast to the spectroscopic techniques mentioned above, it can in principle 
provide information on all valence levels. A drawback is that the energy resolution 
of spectra of solid samples is low, especially when a non-monochromated X-ray 
source (Al K a  radiation with a natural width of -1 eV) is used. 
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0 
The assignment of the photoelectron 
lines (i. e. the identification of the 
MO levels) is usually done by the 
help of molecular orbital calculations 
and X-ray fluorescence data. The 

If rZ* '+ schematic LCAO view of the energy 
level diagram is shown in Fig 1. As 
an example, the identification of the 
Li2S04 MO levels 1231 is illustrated 
in Fig 2. 

X@' X 

t2' 

ti->\ 

2po(al +t2) 

The pioneering work [20] of Connor 
, 4t2 
\ 

el aI provided a set of ionization 
/ ' /  energies of the valence electrons of 

the ions PO:-, SO?, CIOi, C103-, 
= . 4al I CO:-. Aqueous solution of lithium 

salts was deposited and dried on 
Energy level diagram of tetrahedral gold foil. The spectra were recorded 

by an AEI ES 100 spectrometer 
using Al Kor radiation. All electron 
ab initio SCF-MO calculations were 

performed and correlated to the experimental results by the use of Koopmans' 
theorem [24] Due to the lack of the formal selection rules in the photoelectron 
emission, and the limited energy resolution caused by the broadening solid state 
effect and the natural width of the non-monochromated ionization source, such an 
assignment can be ambiguous. In order to overcome this problem the experimental 
data was completed with published X-ray emission data on the ions studied. 

2s(al+t2) / _jtz, / /  

Fig 1. 
oxyanions of elements from the 3rd period. 

Another systematic study of the X-ray photoelectron spectra of the valence region 
of several oxyanions has been carried out by Prim 111. X P S  valence band spectra 
of the lithium salts of SiO$-, Pod'-, SO?, ClOi, ClOi, Cloy, S03*-, S Z O ~ ~ - ,  MnOi 
and CrO% were measured. Besides the identification of the photoelectron lines, the 
intensities were also analyzed with the aid of a LCAO-type model that related the 
molecular to atomic orbital photoionization cross-sections and atomic population 
in the molecular orbitals. This intensity model gave a quite satisfactory 
interpretation of the valence band spectra of these oxyanions. As a hnction of the 
atomic number of the central atom, the contribution of the oxygen 2s orbitals was 
observed. The increase in the e, 3f2 - t l  energy separation from to C1Oi was 
attributed to the increased x backbonding between the oxygen 2p and central atom 
3d orbitals. 
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Fig 2. Assignment of spectral lines of S Lz,,, S KP, 0 K a  X-ray and photoelectron spectra 
of Li2S04. 

Similar investigation in a broader atomic number range was presented by Nefedov 
et a1 [22], in which lithium salts of PO:., SO>-, ClOi, A s O ~ ~ - ,  SeO?., S032-, C103- 
, BrO3-, Se032-, 103-, Te032', AlF63-, SiF62-, AsFi and SFs were measured using a 
Varian VIEE-1 5 spectrometer and Al K a  radiation. These spectra were measured 
with a good statistics revealing minor details not observed in the previous 
experiments, For example, the oxygen 2s region of the X P S  valence band spectra 
of Li3P04 contains three peaks (this was not mentioned in the paper), though the 
MO theories predict only two levels (.la, and 31). From the other experimental 
studies [21, 25, 261 we will discuss the important works of Le Beuze et a1 [26] and 
that of from Calabrese and Hayes [21] later. 
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During the past decade the developments in the experimental technique made 
possible high resolution measurements of the X P S  valence band spectra with a 
good statistics. The use of these measurements for a more rigorous comparison 
between the theoretical and experimental data are illustrated by recent results 
obtained for phosphorus [27, 281 and sulphur [29] oxyanions. In these studies the 
theoretical interpretation was obtained from DV-Xa cluster MO calculations. 
Experimental data on crystal structure information from X-ray diffraction 
measurements were used to set up realistic model clusters. In the case of the SO:- 
cluster, the results of several model calculations (ab initio, DV-Xa, hybrid models) 
are also presented. From the comparison of these results a better understanding of 
the role of the contribution !?om different effects to the MO one-electron energies 
can be obtained. 

Theoretical interpretation of the photoelectron spectra 

As a consequence of the significance of the X P S  in the investigation of the 
electronic structure of molecules and solids, the theoretical model calculations of 
photoionization spectra became an important area of quantum chemistry [30-35]. 
One possible way of description of the photoionization process is the perturbation 
theory. The description of the model would exceed the limits of this paper, so we 
refer to the textbook of Fulde [36 ]  for the details of the formalism and the applied 
terminology. In this model the excitations are given by the poles of the Green's 
matrix G,(w), i. e. by 

_ - _ - -  _ - - _ -  where o is the excitation energy, EV 
are the energies of the vth spin 
orbital and &(o) denote the 
elements of the self-energy matrix 
which has to be calculated as a HOMO 
hnction of the residual interactions 
[37]. The structure of Ew(w) is 
schematically illustrated in [32]: it 
contains a sequence of poles and 

leading to different forms of Fig 3. Two electronic configurations of a 
ionization spectra depending on molecule. Configurations like (b) that have 
whether one is considering outer almost the same energy as the initial hole state 
valence, inner valence, or core (0) are strongly d r t ~ x e d  to the final state, 
ionization. resulting in a multipeak structure in the 

_ _ _ _ -  - - -* - 
___<F_ 

b 

- - _ - _  _ _ _ _ _  

___o_ 

(b) smooth regions between them, (4 

spectrum. 
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Ionization of outer valence orbitals: When an electron is removed from an 
orbital close to the highest occupied molecular orbital (HOMO), the spectrum is 
dominated by the contribution from only one solution of Eq. 1, since in that 
energy regime the self energy has no poles. 

Ionization of inner valence orbitals: In this regime, where several matrix 
elements have comparable strength, the self energy has a sequence of poles, and 
has several solutions with comparable residues. A qualitative explanation is given 
in Fig 3: there are configurations shown in part (b) of the figure that have the same 
energy as the hole state shown in part (a). 

The strong admixture of such states results in a multipeak structure in the spectra 
and the independent particle approximation MO model may break down 
completely. A good example for this case is the carbonyl sulfide demonstrated in 
[35]. In the case of tetrahedral oxyanions, the 0 2s region of the valence band 
spectra may also belong to this group. 

Core ionization: The core orbitals are localized at one of the atoms of the 
molecule. The main effect of &,,(a) is true relaxation. It may cause energy shifts of 
the order of 10 eV, while the remaining correlation effect is usually of the order of 
1 eV [34]. 

Even the lowest order approximation describes three physical processes which take 
place following the creation of an inner shell hole by the photoionization: 

Relaxation: When an electron is 
removed from an orbital, the remaining 
orbitals relax toward the nuclei. In other 
words, the MOs of an (N-1) electron 
system differ from those of the N 
electron system, so they adjust themself 
upon the removal of an electron. This 
process lowers the excitation energy. 

Correlation loss: When an electron is 
removed from the system, some of the 
correlations which were present in the 
ground state can be lost. This is 
illustrated on Fig 4. Configuration 
interaction method is the most general 
of various theories for treating electron 
correlations. In most cases only single 

HOMO -+$- 
t 

(a) (b) 
Fig 4. The change of the correlation due to 
ionization: the twoelectron excitation which 
is present in the ground state (a) is missing 
when an electron has been removed (b). 
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and double substitutions are considered, i.e. the basis system is constructed fiom 
one and two-electron excitations admixed to the SCF ground state. The double 
substitutions which are present in the ground state (Fig 4.a) cannot take place 
when one of the electrons has been removed (Fig 4.b). Losses of ground state 
correlations result in an increase of the excitation energy. 

Polarization effects: The vacancy created by photoionization will be surrounded 
by a polarization cloud. This process is different fiom the charge redistribution due 
to relaxation mentioned above. This process results in a decrease in the excitation 
energies. 

It is important to note, that for the accurate estimation of spectral intensities of the 
theoretical spectra it is not sufficient to consider only the lowest order processes. A 
sufficiently accurate yet relative simple computational scheme is the two-particle- 
hole Tam-Dancoff approximation [36]. Due to the difficulties and complications 
involved in the computations there are only few such studies [32-351. The majority 
of the authors use a simplified model for the estimation of the ionization energies, 
based on one of the following approximations: 

Koopmans' theorem [24] relates the ionization energies to the one-electron orbital 
energies of the ground state: 

ii = E' - Eo i3 - ei 

where E' is the total energy of the ionized molecule, Eo is the total energy of the 
molecule in the ground state, ~i is the ground state one-electron orbital energy of 
the level considered. The major drawback of this approximation is the complete 
neglection of the relaxation and correlation effects. 

The failure of the Koopmans' theorem has been observed in many cases. As a 
general tendency, the orbital energies calculated by the HF method are usually 
larger than the experimental values. The opposite tendency is true for the X a  
method. A very simple semiempirical correction, which is often called the "92 % 
rule" is mentioned in [38] 

I, ~ - 0 . 9 2 ~ i  

which is suitable for the correction of HF results. On the other hand, in our studies 
of the PO>- and SO?- oxyanions [27-291 the following rule was found for the X a  
method: 
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A more accurate approximation is the transition state calculation scheme proposed 
by Slater [39]. 

I, = -e,(n=1/2) 

where the E, one-electron spin orbital energies of states in which half of an electron 
is removed from the orbital considered, are calculated. A generalized transition 
state calculation scheme was proposed by Williams et aZ[40]: 

Ii = -[Ei(n=l) + 3Ei(n=1/3)]/4. 

In this method the ionization energy is calculated from the weighted mean of the 
one-electron energies of the ground state and of a transition state in which 2/3 of 
an electron is removed from the spin orbital considered. The transition state 
calculations should be carried out through spin unrestricted calculations. 

While a great deal of effort has been spent on the interpretation of energies, a 
much less number of studies have been published of the corresponding intensities in 
photoelectron spectra of molecules Due to the lack of information on the 
molecular photoionization cross-sections, in most cases the simple semiempirical 
formula proposed by Gelius is used [4 1 ] : 

where I, is the intensity of the photoelectrons originated from theJth molecular 
orbital, PG denotes the Mullikan gross population values for the ith atomic orbital 
obtained from the MO calculations, and oi is the photoionization cross-section of 
the zth atomic orbital. Such atomic photoionization cross-sections were obtained 
for free atoms from theoretical calculations [42]. In few cases experimentally 
determined photoionization cross-sections were used [ 1 ,  21, 411. 
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Studies of the valence band of phosphorus oxyanions 

The important role of the phosphates in many practical fields as water softening 
agents, corrosion inhibitors, phosphate glasses, thin film insulators on 
semiconductors, etc. attracted a great deal of attention, and their electronic 
structure has been studied so far by many authors by applying different analytical 
techniques like X P S  [ 1, 20, 22, 251, X-ray spectroscopy [43, 441 and X-ray excited 
Auger-electron spectroscopy [27]. The spectra of the tetrahedral Pod3- anion was 
successhlly interpreted by means of molecular orbital calculations [45]. These 
calculations, however, represented a challenge to the experiments, reliable, high- 
resolution data were needed for a more rigorous testing of the theoretical models. 

J( L 0- 

From the point of view of practical 
applications, the understanding of the 
electronic structure of condensed 
phosphates (consisting of different 
numbers of PO4 tetrahedra linked by 
oxygen bridges) is important. The first 
systematic analysis of the evolution of 
the valence band within a series of 
condensed phosphates was camed out 
by Le Beuze et a1 [26].  In their study, 
experimental )(PS spectra of standard 
phosphorus oxides like Na3P04, 
Na9207, (NaP03)n and PZOS were 
measured. The spectra of pressed 
powder samples were recorded by 
using a WSW HA 100 hemispherical 
analyzer and Mg Ka radiation as 
photon source. In order to compensate 
the broadening effect of the non- 
monochromated excitation source, - 0 B,nd,nq I,vI resolution enhancement technique 
(deconvolution by means of a fast- 
Fourier transformation program) was 

Fig 5. XPS valence band spectra ofNa3P04, applied. The experimental data were 
N d z 0 7 ,  maP03)n a d  PZOC (from [261). compared to theoretical spectra 
The separable lines are labeled in the order of obtained from band 
their binding energy. The most characteristic calculations using the extended Hiickel 
features are underlined by dashed line. theory and tight-bonding approach. In 

spite of the limited energy resolution 
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obtained by the non-monochromatized Mg K a  photon source, the main features of 
the valence band of a series of phosphates were explored (Fig 5) and, in the case of 
condensed phosphates, the advent and the evolution of a new band (peak b’th in 
Fig 5) was observed The latter feature was assigned to the s-orbital interaction 
through the P-0-P bonds As an example, the theoretical X P S  valence band 
spectra is shown on Fig 6 Even in the case of Burns parametrization the relative 
energies (peak distances) are much smaller (by almost a factor of 2) than those in 
the experimental spectra These deviations between the experimental data and the 
theoretical results stimulated firther studies and the application of a more 
elaborated cluster MO method 

Kowada et af [46] published DV-Xa calculations for different phosphates that 
were supposed to exist in phosphate glasses. The published one-electron energies 
were in agreement with the earlier experimental results [26], although a detailed 
comparison was not possible because of the limited energy resolution of the 
experimental data available. These model calculation showed, that a new band 
appearing between the so called 0 2s and 0 2p region can be attributed to the 
bridging oxygen atoms (Ob), and the number of the MO levels in this region is 
equal to the number of these bridging atoms. The energy gap between the highest 
occupied (HOMO) and the lowest unoccupied (LUMO) MO levels was found to 

H 

Binding Lnerqy I e V I  
Fig 6. Theoretical XPS valence band spectra of 

PO:. obtained by using (a) Slater parameters; 
(h) Bums parameters (Ref 26). The peak labeling 
is identical to that in Fig 5 ,  

be decreasing with the increasing 
OdP ratio. From the Mullikan 
population analysis the dependence 
of the bond order (overlap 
population) on the Odp ratio was 
also obtained. In the case of the 
P4013~- branch cluster which is 
supposed to exist in ultraphoshate 
glasses, the P-ob bond was found 
to be less stable than that in the 
case of chain and ring clusters. This 
can explain the antibranching rule 
and the hygroscopic behavior of 
ultraphosphate glasses. Since in 
these calculations the emphasis was 
on the electronic structure and 
chemical bonding, the MO 
parentages required for the 
construction of theoretical X P S  
valence band spectra were not 
published. Moreover, the crystal 
parameters were different from 
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those obtained by X-ray diffraction experiments for the crystalline form of 
condensed phosphates. This facts and the increasing demands for high resolution 
X P S  valence band data of condensed phosphates stimulated the hrther 
investigations of this field. 

New experimental X P S  valence band spectra of polycrystalline Na3P04 and 
(NaPO3), obtained by using a kgaku XPS-7000 instrument equipped with 
rnonochromated Al K a  X-ray source were published in [27]. To obtain more 
information about the local electronic structure, the X-ray excited P and 0 K- 
Auger (IUV, KVV) spectra of these compounds were also measured and the 
experimental results were interpreted by means of the DV-Xa cluster molecular 
orbital model and by semi empirical approximations. The similarity observed in the 
KLV Auger spectra of these compounds demonstrated that the local electronic 
structure around the core-ionized central atom is reflected in the K-V Auger 
spectra, showing the dominant effect of the local symmetry. 
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Fig 7 .  Monochromated XF'S valence band spectra of (A) L4P04; (B) Na3P04: 
(C) N&P207; (0) (NaP03)" (Ref 28) polycrystalline powder samples. 
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A more systematic study of the valence band structure of phosphorus oxyanions 
was published in [28]. In this study monochromated Al K a  X P S  measurements of 
the valence band spectra of Li3P04, Na3P04 Na&07 and (NaP03), (n>3) 
polycrystalline powder samples were performed. The spectra were recorded by 
using a SCIENTA ESCA-300 instrument equipped with a rotating anode X-ray 
source. The overall energy resolution of the instrument was -0.4 eV. Correction 
for the charging effect was made by referencing to the adventitious C Is  line. It 
should be noted, however, that the differential charging (i.e. when different parts of 
the analyzed sample area are charged to different potentials) may lead to an extra 
broadening of the photopeaks. In order to minimize this contribution, a uniformly 
charged small area of the sample (typically 0.5x0.5 nun2) was selected for analysis. 
Further details about the experiments are given in [28]. The measured X P S  
valence band spectra (without background subtraction) are shown in Fig 7. These 
spectra are somewhat different from those obtained earlier [26] (see in Fig 5).  The 
most striking difference was observed in the case of the Na&07 compound, where 
the number of peaks were doubled. 

For the interpretation of these spectra DV-Xa cluster MO calculations were 
performed using numerical basis set and the self-consistent charge (SCC) scheme. 
The Slater exchange potential V,,, = -3~~.(3p(r))/sn)”~ was used, where ct is the 
exchange scaling parameter and p is the charge density; ct was fixed at 0.70 for all 
calculations. The details of the method have been described elsewhere [23,45,47]. 
A near minimal basis set was used: atomic orbitals Is - 3d for P, Is-3p for Na and 
Is-2p for 0 and Li. The theoretical photoelectron spectra were calculated from 
the local density of states (DOS), replacing the MO energy levels by energy 
distribution (Gaussian) functions. For the calculation of these distribution functions 
the linewidth parameters determined from the evaluation of the corresponding 
experimental spectra were used. The line intensities were obtained from the semi- 
empirical formula proposed by Gelius [41] using atomic photoionization cross- 
sections calculated for neutral free atoms [42]. Information on crystal structure 
from X-ray diffraction measurements available in the literature was used to set up 
realistic model clusters. 

In Fig 8. the experimental X P S  valence band spectra of Na3P04 (curve B) is 
compared to the theoretical spectrum (curve A) obtained for a regular tetrahedron 
(P-0 distance = 0.153 nm; 0-P-0  angle = 109.5” taken from Ref 48). The 
calculated spectrum is similar to those obtained earlier [45, 461 and it is in a good 
agreement with the experimental data if we use an empirical correction factor of 
1.14. In other words: we found that the calculated ground state energies can 
excellently reproduce the experimental ionization energies if we apply the simple 
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Fig 8. The PO?- X P S  valence band spectrum (A) calculated by using the DV-Xa 
cluster MO method, in comparison with the experimental valence band spectrum 
(B) of the Na3P04 sample (Ref 28). 

Ii = -1.14&, empirical correction formula. The effect of the crystal forces was 
checked by performing DV-Xcr calculation using a non-regular PO:- cluster. 

The atomic positions were taken fiom available X-ray diffraction data [49]. The 
results were almost identical to those of the regular PO?- cluster, and the 
respective energy values were in agreement within 0.1 eV. Similar results were 
obtained from a Li12PO? cluster (one P atom surrounded by the nearest 
neighboring 0 and Li atoms, geometry parameters taken from [49]). These results 
proves the validity of the earlier supposition, that in the valence band spectra the 
local effects are dominating, the small distortions in the geometry and the 
neighboring cations (Na' or Li') play only a minor role. 

The P20?- dimer pyrophosphate anion consists of two PO:- units sharing one 
oxygen atom that is called the 'bridging oxygen' Oh. The other oxygen atoms are 
called non-bridging or terminal (0,). Theoretical X P S  valence band spectra based 
on two different cluster models are shown and compared to the respective 
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experimental data in Fig 9 l281. The fine structure (i.e. the large number of 
separable lines) in this spectrum was not observed in the earlier study [26]. Curve 
A was obtained from a model cluster describing the structure of the anion in 
hydrated pyrophosphate (Na4P2O7-H20), the parameters were taken from Ref 50 
(P-ob distance = 0.16 1 nm; P-0, distance = 0. I 52 nrn; P-Oh -P angle = 134"). For 
the calculation of curve B another cluster geometry, characteristic of the anhydrous 
form of Na4P207 was used (P-ob distance = 0.163 nm; P-0, distance = 0.15 1 nm; 
P-ob-P angle = 127.5" [Sl]). The most characteristic feature of these spectra is 
the single level near to 15 eV. The large shift of this level due to the changes in the 
cluster geometry (mainly in the P-Oa -P angle) provides an opportunity to 
distinguish between the hydrous and anhydrous form of N ~ P 2 0 7  from the X P S  
valence band spectra. The empirical IJ-e, ratio of value 1.12 was found [28]. 
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Fig 9. The P20:- X P S  valence band spectra of anions corresponding to the 
hydrated (A) and anhydrous (B) forms of Na.8207, calculated by using the DV-Xa 
cluster MO method, in comparison with the experimental valence band spectrum 
(C) of the Na4P207 sample (Ref 28). 



220 I. Cserny 

I n  the case of metaphosphates, each tetrahedron shares two bridging oxygen atoms 
with their neighbors, thus forming rings, chains or spirals of various forms and size 
Fig 10 shows calculated X P S  valence band spectra based on two different model 
clusters together with our experimental data measured from @aP07), (n>3) 
sample [28] Model A represents a hypothetical cyclic tetra-metaphosphate ring 
(P401;-) while model B describes a realistic case, a P401qJ- spiral consisting of four 
PO>- tetrahedra The parameters were similar in both case (P-Ot, distance = 0 156 
nm, P-0, distance = 0 148 nm, average 0-0 distance =O 25 nm [52]) In these 
spectra an increase of the number of levels and a band-like structure was observed 
The large change in the spectra due to the changes in the cluster geometry 
illustrates a remarkable dependence on the bonding angles The experimental data 
was in agreement with the theoretical spectrum obtained from model B The 
empirical I,/+, ratio of value 1 10 was found [28] 
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Fig 10. Theoretical X P S  valence band spectrum of a P4012- cluster (A) and that of a 
PO3- cluster embedded into a PJO13'- cluster (B) calculated by using the DV-Xa cluster 
MO method, in comparison with the experimental valence band spectrum (C) of the 
(NaP03), (n>3) sample (Ref 28). 
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Theoretical and experimental studies of the valence band of the 
SO:- anion 

The electronic structure of the SOs’- anion has been the subject of many 
theoretical studies of varied degrees of sophistication ranging from the ab initio 
SCF MO calculations to the scattered wave X a  approach. The result of the earliest 
studies [53, 541 was somewhat uncertain: the order of the molecular levels was 
dependent on the choice of the parameters of the basis set. However, they could 
conclude, that the highest filled orbital should be a triply degenerated level, and the 
sulphur 3d orbital play an important role in the sulphur oxygen bonds. Ab iwitio 
calculations were reported by Hillier and Saunders [S] and also by Keeton and 
Santry [55]. Both of these calculations based on minimal spd-basis of Slater type 
orbitals, expanded in Gaussian functions. The main problems of these earlier works 
were summarized as [S]: (a) the sp approximation gives a very polar S - 0  bond 
with a sulphur charge of around +2. (h) the spd calculations give an almost neutral 
sulphur atom. These problems arose from the fact that a minimal sp basis was 
utilized. It is known that such calculations tend to overestimate the importance of 
the 3d orbitals. The aim of the MO-SCF-LCAO study of Gelius et af [9] was to 
investigate the effect of using a more extended sp basis. While the energy values 
obtained from this study were similar to those calculated earlier [S], the decreasing 
role of the 3d orbital (when the number of s and p type orbital is increased) was 
clearly demonstrated, and more realistic values of the net charges were obtained. 
The usefulness of the discrete variational X a  (DV-Xa) method for the theoretical 
study of the tetrahedral oxyanions was demonstrated in [45]. The numerical basis 
functions, the simple exchange functional and the discrete variational integration 
scheme makes this method very suitable for the easy extension of the cluster model 
as it was done in [29]. 

Among the earlier experimental X P S  valence band studies of LiZSO4 [l ,  11, 22,451 
we refer to the analysis done by Calabrese and Hayes [ZI]. In their study Mg K a  
radiation was used for the excitation of the sample, thus obtaining a somewhat 
better resolution than that of the earlier studies. Comparing these data to the 
theoretical results [S] they found few minor problems (there are differences in the 
relative energies and in the intensity of the 4aal+3tz group). These problems 
stimulated further studies of this field. 

Recently new, high resolution measurements were performed 1291 and interpreted 
by means of both ab initio and DV-Xa cluster calculations. The experimental 
conditions were identical to those mentioned above in the previous section: 
monochromated Al K a  radiation was used, and the spectra were recorded by using 
a SCIENTA ES-300 spectrometer. Fig 11 shows the X P S  valence band spectra of 
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powdered Na2S04 and Li2S04.HzO samples. We note, however, that in ultrahigh 
vacuum (according to our previous experiences) the crystalline water is lost (at 
least from the topmost layers) from samples of this kind, and the experimental 
spectra are in agreement with those calculated assuming crystal structure 
characteristic for the anhydrous crystal, and there is a disagreement with those for 
the hydrous crystal. The spectra shown in Fig 11 are almost identical (except of the 
strong Na 2p peak originated from the Na2S04 sample) suggesting that the cations 
plays only a minor role, and the spectra is basically determined by the local 
structure of the SO?- anion. 
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Fig 11. Monochromated X P S  valence band spectra of (A) NaZSOJ and (B) Li2SO4 
(Ref 29). 

For the theoretical interpretation, the following cluster MO model calculations 
were performed: 

Model A: a single SO?- anion cluster, DV-Xa Hartree-Fock-Slater calculations 
and the self consistent charge (SCC) scheme was utilized. Atomic contributions 
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calculated from the population analysis and photoionization cross sections obtained 
for free atoms [42] were used for the estimation of the line intensities. 

Model B: a more realistic cluster (LisS046') was set up based on available crystal 
geometry data [56],  the Madelung potential of the neighboring ions (the Coulomb 
field of point charges, with the formal charges of the respective ions from three 
layers of unit cells surrounding the model cluster) was also taken into account. As 
a result, the absolute energies came close to the experimental values, but the 
energy separation of the lines is still too small. 

Model C :  a single SO?- anion cluster, ab initio HF SCF calculations were 
performed by using the GAMESS [57] package. An extended split valence band sp 
basis set of contracted Gaussian functions were used with 3d polarization functions 
(6-3 lG* basis}. 

The calculated and experimentally determined binding energies are shown in 
Table 1. As it was mentioned above, the best agreement between the absolute 
energies were obtained from Model B, when the potential field of the neighboring 
ions was also taken into account. Since the theoretical energy values in the 
literature have been obtained from ground state calculations, for the correct 
comparison we give ground state energies (which may be directly compared to the 
experiments only on the basis of the Koopmans' theorem). 

Comparing these results to the experiments, a general tendency can be observed: in 
the case of the X a  results, the relative energies (to the HOMO level, for example) 
are systematically lower, than the experimental ones. These deviations from the 
experimental values are approximately proportional to the absolute energy values. 
The opposite tendency can be observed in the case of the ab initio calculations, 
where the relative energies are larger than the peak separations in the experiments. 
The difference in the basis sets and in the description of the electron-electron 
interaction are the possible sources of these deviations. 

In the case of the ab inito calculations, the application of the Koopmans' theorem 
ignore the electron correlation in addition to the relaxation of the electron density. 
Though for a substantial number of molecules it appears that these two effects 
largely cancel, there still remains a small (10-15 %) difference, which is well 
observable due to the high resolution reached in the experiments. 

In the case of the DV-Xa method, an mwage charge density is used which may 
not lead to the real energy minimum. On the other hand, this charge density 
contains the contribution of all electrons, even that one which is used to calculate 
the interaction with the charge cloud, so the simple functional proposed by Slater 
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4al -29.8 -29.4 -14.5 -28.1 :28.1 

5al -14.7 -14.5 -0.7 -13.7 -9.7 
3t2 -25.7 -25.4 -10.6 -24.0 -23.3 

4t2 -11.9 -11.6 +1.9 -11.4 -6.0 
l e  -8.7 -8.6 +4.7 -8.5 -2.4 

5t2 -7.9 -7.7 +5.2 -8.0 -1.5 
It1 -5.9 -5.6 +6.9 -6.2 +0.4 

contains an extra contribution, the self interaction as well. The relaxation effect can 
be taken into account through the transition state calculations, but the correlation 
effect are only partially included into the functional, and gradient corrections due 
to the non-local character of the exchange or the correlation term may be also 
required. 

-30.7 -34.1 -27.1 -27.6 
-26.0 -30.1 -21.7 -22.7 
-14.9 -21.9 -6.2 -8.63 
-12.2 -18.8 -3.8 -5.0 
-8.7 -15.1 0.0 -1.4 

-13.9 2.1 -0.3 
-6.6 -13.3 1.6 +1.39 

Table 1. Molecular orbital energies for the SO>- oxyanion (Ref 29) 
~~ ~~~~ ~ 

Our result Literature 
Exp Exp A B C Exp a Calch Calc,' Cald 

Orbital Na$O, LrzSOq DV-Xa DV-Xa GTO Li$'Od MS--Ya STO-3G GTO 

In a recent paper [58] we try to investigate the role of the local and nonlocal 
exchange and correlation terms. One-electron energies of SO:- have been obtained 
from local and non-local density functional theory (DFT). The Gaussian92 
program [59] was used, in which the general form of a hybrid density finctional 
has the following form: 

A .  E,HF ~ B E? + c. Ey -local corr + D . E y  + E . E ; O , ,  ! O C d  C O U  

where Ex and E, denote the exchange and the correlation terms, respectively, and 
the coefficients A trough E are adjustable parameters. Pre-configured sets of these 
parameters are built in the program and can be activated by keywords [59]. The 
results in Table 2 are the binding energy values relative to the HOMO level. For 
the comparison, the experimental values from [29] are also presented. 
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Table 2. SO?. one-electron energies (relative to the I t I  level) obtained from local 
and non-local density hnctional theory (DFT) and ab initzo MO cluster 
calculations (Ref 58) compared to the experimental data (Ref 29). 

Level 6-31G" BH&HL BH&A Exp. B3P86 B3LYP BP86 BPL Xu 

4al -28 46 -25 47 -25 48 -23.8 -23 67 -23 58 -22 39 -22 29 -22 28 
3tz -23 65 -2089 -2081 -19.7 -1925 -19 18 -18 12 -1805 -1790 
5al -1007 -9 14 -9 11 -8.9 -8 54 -849 -8 10 -8 05 -7 98 
4t2 -642 -6 02 -6 09 -6 -5 77 -5 72 -5 55 -5  47 -5 54 
le, -2 83 -2 54 -260 -3 -2 38 -2 35 -225 -2 18 -227 
4t7 -1 91 -1 99 -205 -2.1 -202 -2 01 -203 -1 98 -208 

The notation used in (591 were followed: 
6-31G" - ab initio HF calculation using split-valence contracted Gaussian basis set 

with polarization fiinctions, 
BH&HL - Beckes's "half and half' (601 exchange functional with Lee, Yang and Perr 

(LW) correction (611, 
BH&H - Becke's "half and half' method [60] (where 50% of the HF and 50% 

of the Slater exchange term is taken), 
B3P86 - Becke's 3 parameter functional (601 with Perdew gradient correction 

and local correlation [62], 
B3LYP - Becke's 3 parameters functional 1601 with LYP non-local correlation [61], 
BP86 - Becke's exchange functional (631 with Perdew's correlation functional [62], 
BPL - Becke's exchange functional (631 with Perdew's local correlation 

functional [64] 
Xu - Slater exchange functional 

It can be seen, that the Becke's "half and half' and the Becke's "three parameter" 
semi-empirical hybrid functionals give the best agreement with the experiment. It 
should be noted, however, that the net charges on the S and 0 atoms are far from 
the value determined from X-ray diffraction measurements (see Table 4). An 
interesting point is that the correlation hnctional of Lee, Yang and Parr affects 
very little the energy values (compare for example the BH&HL and BH&H 
columns in Table 2), suggesting that the effects of local an non-local correlation is 
negligible or is just compensated by other effects. On the other hand, the similarity 
of the results obtained by using the Becke's exchange hnctional with Perdew local 
correlation to those of the X a  hnctional proves the validity of the application of 
the local density hnctional theory, since the gradient correction has very little 
effect on the energy values. 
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The calculated and the experimentally determined line intensities are shown in 
Table 3 .  Generally a good agreement can be observed between our and the earlier 
results. The only exception is the 0 2s group (4al and 3t2 lines), where the 
experimental data from the earlier study of Calabrese and Hayes [21] are higher 
than our data, and differ from the calculated results as well. Supposing, that this 
difference was caused by the improper background treatment in [21], we tried to 
make a critical evaluation of the experimental Li2S04 spectra. 

The procedure is explained in the following figures. The structure of the inelastic 
background can be observed from the X P S  spectra of a single peak. As an 
example, the X P S  spectrum of 0 1 s level is shown in Fig 12 (Ref 29). If we make a 
deconvolution of the photopeak itself, we can get an energy loss function, 
characteristic for this sample. Using this loss function, one can estimate the energy 
distribution of the inelastically scattered electrons originated from the 0 2p region 
of the valence band. 
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Fig 12. The 0 Is X P S  photoelectron spectrum from polycrystalline Li2S04 (Ref 
29). The loss part of the spectrum is enlarged by a factor of 5 
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It is shown in Fig 13 that this distribution has a non-negligible contribution to the 
background of the 0 2s region, and has a smooth, curved shape. It is obvious, that 
an analysis in which linear background correction is used will overestimate the 
intensity of lines 4al and 3t2. The difference between the experimental and 
theoretical intensities of these line observed in [21] was probably caused by 
inappropriate background subtraction procedure. Our method used for the 
background treatment eliminated this difference, and we came to the conclusion, 
that even the simplest SO?- cluster model could reproduce the line intensities quite 
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Fig 13. X P S  valence band spectra of Li2S04 (dots) and the inelastic background 
(dashed line) attributable to the 0 2p region (Ref 29). For the background 
estimation we used a loss hnction obtained from the 0 1s X P S  spectrum (Fig 12). 
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Table 3. X P S  valence band line intensities measured from Li2S04 samples, 
compared to calculated intensities. 

This work 
Orbital Exp" Calcb A 

4a 1 2.6 2.8 
3t2 8.6 8.7 
5al 2.6 2.0 
4t2 2.9 2.7 
le 1.5 0.6 
5t2 1 .o 
It1 1 .o 1 .o 

a Ref. [29] Ref. [29] ' Ref. 1211 Re 

Literature 
Exp' Calcd B 

3.69 2.86 
9.57 8.15 
1.95 2 02 
2.82 2.67 
1.56 1.59 

1 .o 1 .o 

A :  DV-Xa calculation for a SO?- cluster B: all electron "ub initio" calculation for 
a SO?-cluster using split valence GTOs basis set (6-3 1G*) 

Experimental investigation of the electronic charge density in pyroelectric lithium 
sulphate monohydrate was reported in [65, 661. In these experiments lithium 
sulphate monohydrate single crystal was studied by neutron [65] and X-ray 
diffraction [66] at different temperatures. Static deformation and charge density 
model refinements allowed an estimation of the differences in electron densities 
between 80 K and 298 K. Changes in the sulphate oxygen atom lone-pair 
deformation densities, caused by contraction in SO? - Li' contacts between 298 K 
and 80 K were also found. 

Deformation density calculations [66] based on X-ray and neutron difiaction data 
indicated a substantial electron deficiency in the sulphur valence shell. Kappa 
refinement based on the point charge model relates a positive charge close to 1.8 
to the sulphur, and about -1.0 on each of the sulphate oxygen atoms [66]. The 
comparison of these results to those obtained from MO cluster model calculations, 
provides an indication of the goodness of the applied atomic basis sets. Such a 
comparison is presented in Table 4. 

While the net charges obtained from the DV-Xa model calculations are in good 
agreement with the experiments, the results from the semi-empirical hybrid models 
are differing from those obtained from diffraction experiments. These results, 
together with those presented in Table 1 indicate the weak points of the different 
theoretical models. 
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Table 4. 
calculated values obtained from different model cluster MO calculations. 

Net atomic charges (in atomic units) in Li2S04.HZO compared to 

 EX^.^ DV-Xab DV-Xa" 6-31G*d BH&H" 

S 1.83*0.1 1 79 1 6 5  1.53 1.09 
0 -0.963~0.1 -0.89 -0.91 -0.88 -0.77 

- - - Li 1 .o 0.97 
a Averaged values of net atomic charges in Li2S04.H20 (Ref 66) 

DV-Xa calculations for an embedded LisSOP cluster (Ref 29) 
DV-Xa calculations for a SO?. cluster (Ref 29) 
Ab initio calculations for a SO4" cluster (Ref 29) 
Hybrid model calculations for a SO?. cluster (Ref 58) 

b 

d 

Summary 

Taking the advantage of present day high intensity, monochromated X-ray sources, 
and the availability of hgh-resolution, small spot spectroscopic technique, new 
X P S  valence band measurements of phosphates and sulphates were performed in 
order to provide high reliability data for rigorous testing of the theoretical cluster 
model MO calculations. These measurements revealed the fine structure of the 
X P S  valence band spectra of N ~ P 2 0 7  and helped us to resolve the lines in the 
valence band spectra of Li2S04. The critical evaluation of the valence band spectra 
of Li2S04 eliminated the discrepancy found earlier [2 11 between the theoretical and 
experimental line intensities. 

Theoretical cluster model MO calculations were used for the interpretation of these 
spectra. The DV-Xa method combined with realistic cluster approach (in which 
the model clusters were set up using available crystal structure information from 
diffraction experiments) proved to be a poweh l  tool to interpret the structural 
changes in the valence band spectrum due to the changes in the superstructure of 
the consisting PO4 tetrahedra. We found noticeable differences in the calculated 
spectra when the cluster geometry was changed, especially in the case of the 
hydrous and anhydrous pyrophosphate and similarly for the ring and spiral forms of 
the tetra-metaphosphate. 
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Abstract 

The discrete variational (DV) Xa method is used to investigate the 
electronic structure of silicate glasses in the embedded cluster model. 
EEects of the cluster size and the size of embedding units on electronic 
states are discussed. The embedding unit greatly improves the 
electronic state description compared with an isolated Si044- cluster, 
which is a structural unit of silicate glasses; e.g., the Fermi energy 
becomes -7.20 eV in the embedded cluster, while that of the isolated 
charged cluster is +23.8 eV. More importantly, both Si and 0 ions 
become more ionic in the embedded clusters. 
embedding units and variational cluster, however, is not very critical to 
electronic states localized around the center of the clusters. 

The size of both 

1 Introduction 

Silicate glasses have a very long tradition as popular materials for 
the application of optical devices. Recently silicate glass has become 
even more attractive, because of the usefulness of optical components in 
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communications. Nowadays our communications, such as telephone, 
fax, Internet and etc., are almost completely dependent on transmission 
by optical fiber, largely replacing copper wire. Optical communication is 
the fastest among the variety of available communication methods; the 
weak point of this method, however, is lack of good amplifiers of the 
optical signals. Since presently the optical signals need t o  be converted 
to electronic signals, then amplified electronically and reconverted, the 
total communication speed becomes slow. When good optical 
amplifiers become available, the communication could become much 
faster and more useful. Thus, many people have been studying optical 
amplification in the past several years. One approach is the 
development of non-linear optical materials.[l] Furthermore, non-linear 
optical devices are expected to  be critical for the application of optical 
switching and optical memory devices in order to construct optical 
computers. 

the pccuDied electronic states but also on the unoccuDied orbitals, 
demanding a theory which can treat both sets of states. The unoccupied 
molecular orbitals are typically diffuse in nature, a "local excitation" 
involving atomic orbitals of a considerable group of neighboring ions. 
So crystal field or highly localized models may seem inappropriate. 
Electronic states of oxide glasses, moreover, are dimcult to study by all 
traditional theoretical methods because of their structural randomness; 
i.e., lack of long-range order. Taking silicate glasses as a typical case, 
the glass structure is defined by SiO4 tetrahedral units which are 
connected by sharing one corner oxygen ion. [ 2 ~  31 This structural unit is 
very similar to that occurring in corresponding silicate crystals; i. e. the 
short-range structure of silicate glasses is similar to that of silicate 
crystals. 

There are several theoretical methods available to study the 
electronic state of oxide materials, including band calculations and 
molecular orbital methods. 14-91 In the band approach, randomness is a 
problem since translational symmetry of the unit cell is required; a 

The non-linear optical properties of a glass depend not only on 
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large super-cell may be chosen, at the cost of increased computer time 
and possible spurious interactions between cells. On the other hand, 
the molecular orbital (MO) approach is usually applied to isolated 
molecules, and can not handle the infinite numbers of atoms found in 
the solid state. Among improvements of the molecular orbital methods 
introduced in order to  study solid state materials is the embedding 
potential method. [lo] Basically, the Hamiltonian of the cluster is 
modified by adding pseudo potentials representing the solid state 
environment, and constraints are applied to  localize cluster orbitals. 
This method has been used in many materials and many useful results 
have been obtained. [1OJ1] In order to apply this embedding method to 
glassy materials, several problems should be clarified, one of the most 
important being size effects of embedding units. To describe the glassy 
state, we need in principle many distinct embedding potentials and 
can't use translational symmetry. Consequently, it is necessary to 
study the appropriate embedding conditions which will give a 
reasonable description of the potential in the glassy state. Therefore 
we need to study size effects of both variational clusters and embedding 
units. 

In this work we will discuss the effects of embedding units and the 
cluster size, using several related clusters. We have already calculated 
the Si-0-Si bond angle dependence of electronic structure of silicate 
clusters. The Si-0-Si bond angle effects, however, are being discussed 
in a more complete report, owing to the limited space. 

2 Computational Details 

We used the discrete variational (DV-Xa) method which uses a linear 
combination of atomic orbitals (LCAO) expansion of molecular orbitals 
to calculate electronic states of silicate clusters. 131 In this 
method the exchange-correlation potentials are approximated by the 
simple Kohn-Sham-Slater form 
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1 

where a is a constant, fked at 0.7, and p is the electronic density of the 
cluster. The basis sets are formed from numerical solutions of the 
Schrtidinger equation for free atomdions in a potential well. 

Mulliken population analysis was used for the evaluation of the net 
charge of each atom and the bond overlap populations of each cluster. 
The Fermi energy EF of each cluster was evaluated as the midpoint of 
the energy gap between the highest occupied molecular orbital (HOMO) 
and the lowest unoccupied molecular orbital (LUMO). In order to 
discuss the bonding nature, we used the familiar chemist's bond order 
which is the sum of the bond overlap populations between each pair of 
atoms in the cluster. 

Five clusters shown in Figure 1 were used to discuss the effects of the 
embedding, the cluster size, and the Si-0-Si bond angles. Basically, the 
silicate random glass structure has a wide distribution of Si-0-Si bond 
angles and a rather restricted range of Si-0 bond lengths. Since it is 
very complex to study both the size effects and Si-0-Si bond angles at 
the same time, we fust used a Si-0-Si bond angle of 180" for both the 
variational cluster and the embedding units to discuss the size effects 
on electronic states. Next, the Si-0-Si bonds were varied from 180" to 
124" in a certain cluster, simulating the observed distribution of Si-0-Si 
bond angles in the Si02 glass. Cluster (a) is an isolated Si044- cluster, 
the smallest possible structural unit ; cluster (b) is a same as (a) with 
the addition of four embedding SiO3' units. We can observe the most 
basic effects of embedding by comparing clusters (a) and (b). Cluster (c) 
includes five SiO4 units (SisO1@-) in the variational space and twelve 
embedding SiO3+ units. There are four bridging oxygens in this cluster. 
In clusters (b) and (c), the charge of each embedding Si ion was fixed at 
+3.4 and that of the 0 ion was -0.8. These charge values were optimized 
by calculations on clusters (a)-(e) and the charge of the 0 anion was 
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decreased in order to make neutral clusters, as discussed in more detail 
below. Cluster (d) has twenty four more embedding SiO3 units than 
cluster (c). In this case, the charges of the embedded Si and 0 ions in 
the fist sheath are +3.4 and -1.8 respectively. The charge of the 0 ions 
in the second sheath was again decreased to make a neutral cluster; 
then the embedding Si and 0 ions in the second sheath have charge +3.4 
and -0.76 respectively. Cluster (e) is a Sil705236- variational unit with 
embedding consisting of twelve SiO21.7+ units which are connected to  
two oxygen ions and twelve Si0g1-3+ units connected to one oxygen ion in 
the cluster. It is possible to  discuss the variational cluster size effects 
and the embedding unit size effects on electronic states by using 
clusters (b)-(e). 

and the Si-0-Si bond angle 
was fixed to 109'28' in clusters (a)-(e). These are average values 
measured by X-ray and neutron diffraction in Si02 glass. [I*] Charges 
of embedded units were fixed in the all clusters. 

We used HP 9000/735 workstation for the calculations. The number 
of sample points were 3000 for clusters (a) and (b), 18000 for clusters (c) 

and (d), and 48000 for the cluster (e). 

The Si-0 bond length was fmed to 1.62 
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Cluster (d) 

Figure 1. Structures of the model clusters: (a) isolated SiO,., (b) embedded 
SiO,", (c) embedded Si,O,,'", (d) embedded Sis01t2- with second sheath of 
embedding units, (el embedded Si1,05236-. 
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Si-0-Si : 180" 
in clusters (b)-(e) Cluster (e) 

(Figure 1. continued) 
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3 Results and Discussion 

Fig. 2 shows the MO energy level structures for valence states in 
clusters (a)-(e). The ordinate shows the energy of each MO in eV. 

For the isolated Si044- unit in cluster (a), occupied MOs are mainly 
constructed by 0 2s and 2p orbitals, while unoccupied MOs are 
dominated by Si 3s-3d orbitals, as could be expected from the nominal 
Si4+, 02- ionic charge states. The Fermi energy of this cluster is +23.8 
eV since the nominal total charge of (a) is -4 and there is no external 
environment. The HOMO- LUMO energy gap is 12.8 eV. As a result 
of the additional four SiO3+ embedding units, cluster (b) becomes 
electrically neutral. Charge neutrality lowers the Fermi energy of this 
cluster to -7.20 eV, and potential effects reduce the HOMO- LUMO gap 

Occupied 
----.I--- Unoccupied 

Figure 2. Valence energy level diagram for clusters (a)-(e). 
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to 11.0 eV. The energy gap in cluster (b) is larger than the 7.7 - 8.2 eV 
value found by experiment in bulk SiO2 glass 1159 161, suggesting that 
the only one SiO4 unit is not enough to represent the quantitative energy 
level structure of the bulk state. Though it is necessary to  use 
transition state calculations and non-local functionals to compare 
precisely the HOMO-LUMO band gap with experimental results, the 
embedding method clearly improves the energy level structure of the 
SiO4 cluster 181. 

There is another notable difference of energy level structure between 
cluster (a) and (b). That is, the occupied "0 2p" band in cluster (b) near 
the HOMO is split into two sub-bands. The top band (near to HOMO) 
is due to lone pair electrons and MOs which have p type interaction with 
the embedding Si ions. The bottom band is due to s type interactions 
with the embedding Si ions, corresponding to the formation of bridging 
oxygens. Except for the Fermi energy shift and the splitting of the 
occupied band, the level structure of cluster (b) is similar to that of 
cluster (a). This result suggests that we can use isolated clusters to 
discuss qualitatively the electronic states of silicate glasses. We need, 
however, to  use the embedding method to  discuss electronic properties 
such as energy gap and absorption spectra to compare with 
experimental measurements. 

which gives a much denser set of MO levels and a presumably better 
description of the energy bands of the solid. In this cluster, occupied 
orbitals are again constituted from 0 2s and 2p orbitals and unoccupied 
orbitals arise primarily from Si 3s-3d orbitals. Basically, the energy 
level structure of cluster (c) is same as that of cluster (b); the Fermi 
energy, however, shifts down to -4.64 eV, and the HOMO-LUMO energy 
gap is further reduced to 8.15 eV, quite close to  that found in the SiO2 
glass. There are several studies about Si02 crystals by the band 
~alculation[~9,20] and the SW-Xa method[211. In these studies, the 
energy gap was 5.7-8.0 eV for Si02 crystals. Cluster (c) has almost the 
same energy gap as the band calculation, though the cluster contains 

Cluster (c) is a larger Si5016~2- variational unit with embedding ions 
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only 21 atoms. The result suggests that the cluster (c) already has 
similar energy level structure to that of the bulk. Cluster (d) has a 
second sheath of embedding units added; this cluster should have 
electronic states still more similar to the silicate bulk, since now second 
and third neighbor interactions are included. The level structure of this 
cluster is very similar to (c) with EF rising, however, to - 0 eV. These 
results now appear quite satisfactory, both in relative and absolute 
energy distribution. Cluster (el is the largest considered in this work; 
here, MO level density in each band is considerably greater than in the 
smaller clusters. The HOMO-LUMO band gap of 7.53 eV is slightly 
smaller than that in cluster (d), with EF of -7.10 eV returning close to 
that of cluster (b). Thus the lesser number of embedding units for this 
cluster has primarily an effect on the absolute position of energies, and 
might be improved by an additional sheath as in cluster (d). 

The effects of embedding units have obviously appeared in energy 
level shiRs and sub-band formation. More subtle changes of net charge 
and bond order are also interesting, since these parameters are very 
important to  understand the ionicity and bonding nature of silicate 
glasses. Fig. 3 (a) and (b) show net ionic charge in clusters (a)-(e). 
There are three kinds of Si and 0 ions in these clusters: every cluster 
has a central silicon shown as Sic in Fig. 3 (a) and four nearest-neighbor 
oxygens, shown as 01 in Fig. 3 (b). Clusters (c) and (d) have four silicon 
and twelve oqgen ions around the central SiO4 uniG these outer ions 
are shown as Sio and 00. Cluster (e) has an additional twelve Si and 
thirty six 0 ions around the Si5016 unit, of which two kinds of oxygen 
ions are distinguished. One (Non-bridging) is connected to SiO~l-3+ 
units and the other (Bridging) is connected to Si021-7+ units by sharing 
that unit by two oxygens. These "third shell" ions are shown as Sio2, 
0 0 ~  and OOB in Fig. 3. 

Net charge of the Si ion in the naked cluster (a) is 2.04 in comparison 
to the nominal +4 value; embedding units drastically change the net Si 
charge. Thus, in cluster (b) the net Sic charge becomes 3.52, which is 
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-1 
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F'igure 3. Net charge of Si (a) and 0 (b) ions in the clusters (a)-(e). 
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much closer to the expected or nominal value. In cluster (c), however, 
the Sic ion charge is not much different from that in cluster (b), and the 
charge of the four Sio is near to that of Sic. This result means that 
these two Si ions are in similar conditions in this cluster. Since one of 
the most important purposes of embedding is to locate the cluster into 
the same environment as in the solid, these results show that the 
embedding units are very effective to improve the electronic state of the 
silicate clusters. Cluster (d) has two sheaths of embedding SiO3 units. 
This increase of embedding units makes net charge of both Sic and Sio 
almost the same, marking an improvement of environment around 
these two ions. In cluster (e) Sic, Sio and Sio2 have almost the same 
charges, though the net charges of Sio and Sio2 are a bit smaller than 
that of Sic. This result suggests that the embedding method is very 
useful to improve the environment around the silicate clusters, while the 
electronic state around the cluster center is not very sensitive to its size. 

Net charges of oxygen ions are shown in Fig. 3 (b). In cluster (a), 01 
has charge of -1.51, and increases to -1.88 with the embedding units in 
cluster (b). This change obviously corresponds to that of Si in Fig. 3 (a). 
In cluster (c), the charges of 01 and 00 ions become -1.77 and -1.88, 
respectively. The charge of 00 is larger than that of 01 here, showing 
the different effect of the embedding units: since cluster electrons are 
attracted toward the "surface" by the positive charge of embedding 
units, the 00 ions become more negative. The net charge of 01 ions, 
however, is almost same as that in cluster (c), so the net balance is 
reasonable. In cluster (e), the 00 ions have almost same charge as the 
01 ions, while the 0 0 ~  and OOB ions have larger negative charge than 
the others. These results suggest that the embedding units make 
drastic changes on net charge of peripheral oxygen ions, while the charge 
of 01 around the cluster center is only weakly affected, similar to the 
case of Si ions. 

and 01 ions (Sio-OI), between Sio and 00 ions (Sio-00). In the case of 
Fig. 4 shows bond orders between Sic and 01 (Sic-011, between Sio 
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-0- Sic-OI -J- - Sioz -0 
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0 0  
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0.4 I I I I I 

245 

Figure 4. Bond order of Si-0 in the clusters (a)-(e). 

cluster (el, there are in addition Si02, Oom and OOB ions.; their bond 
orders are shown as S io2-00~~ and Sio2-00~, respectively. 

decreases with embedding units to 0.614 in cluster (b). This result is 
consistent with the net charge of Si and 0 ions, that is, these charges are 
increased with embedding; i. e., they become more ionic. In cluster (c) 
there are three different kinds of Si-0 bonding, including Sic-01, Sio-01, 
and Sio-00, each with a corresponding bond order. The relative order, 
Sio-00 ( 0.767 ) > Sic-01 ( 0.656 ) > Sio-OI(O.492) is correlated to the 
effects of embedding units. Thus Sio-00 receives the largest 
embedding influence, therefore the bond order of Sio-00 becomes larger; 
on the contrary to this, Sio-01 becomes smaller by that influence. The 

In cluster (a) the bond order between Sic and 01 is 0.655, and 
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Sic-01 bonding, however, has almost the same bond order as that in 
cluster (c), suggesting that the central region Sic-01 bonding has less 
influence fkom embedding than the peripheral structure. This means 
that electronic states near the cluster center are little affected by both 
the cluster size and the embedding units. In other words, electronic 
states localized near the center are stable in silicate clusters, and thus 
suitable for extraction of glass properties. 

is useful to put the isolated cluster into a bulk-like state, but not 
sufficient to give the solid state environment to the "surface-layer" Si 
and 0 ions. After the addition of a second sheath of embedding units, 
the bond orders of Sio-00 are much improved. In cluster (d), the three 
different Si-0 bonding structures have almost the same value of bond 
order. This result shows that variational cluster (d) comes close to the 
bulk-like state and that the second sheath of embedding units is needed 
to discuss quantitative details of the electronic states of solid state 
silicates. Of course we can't regard the cluster (d) as a complete model 
of the solid state, because the variational cluster has 12 negative 
charges and outside oxygen ions have larger negative charge than 
interior oxygen. We can discuss quantitatively, however, the electronic 
state of silicate clusters by using the results around the center of cluster 
(d). 

In cluster (e) the Si-0 bond orders are: Sic-01, Sio-01, Sio-00, and 
Sio2-00 with values 0.635,0.697,0.659, and 0.609, respectively. These 
interior bonding structures are satisfactorily close to each other; 
however, the bonding of terminal groups Sio2-OOB and Sio2-OONB are 
Merent from the others. The Sio2-OOB bond order is 0.827; i. e., much 
larger than interior values, while in contrast, the Sio2-OONB bond order 
is 0.513 and is thus much smaller than interior bonding of cluster (el. 
Analysis of these dzerences reveals combined effects of number of 
bonds shared and embedding unit charges. Since Oom is connected to 
one embedding SiO&3+ unit, it feels less attraction to electrons of the 
variational cluster and makes the S i o 2 - 0 0 ~ ~  bond order smaller. On 

The results for cluster (c) suggest that one sheath of embedding units 
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the other hand, two OOB share one embedding SiO21.7+ unit, which has 
a larger positive charge; consequently, this larger charge causes a larger 
Sio2-OOB bond order. In order to improve the bond order of Sio2-OOB 
and Sio2-00~~3, we could add the second sheath of embedding units or 
optimize the charge of the embedding ions. The observed stability of 
the central region, and the easily separated boundary-condition effects 
on the surface of the variational cluster thus permits quantitative 
discussion of the electronic states of solid state silicate using 
embedding methods. 

Fig. 5 shows the density of states (DOS) in clusters (a)-(e) and an 
experimental ultra-violet photoelectron spectrum (UPS) for Si02 glass 
reported by Distefano et al. [22] The energy scale is normalized to the 
Fermi energy and then shifted by + 3 eV in order to compare with 
experimental UPS. 

These peaks are dominated by 0 2p A 0  and can be divided into two 
groups. The f i s t  group contains the lower energy peaks below -5 eV. 
These peaks are contributed by Si 3s and 3p AOs. The second group 
includes the higher energy peaks above -5 eV. The Si 3p and 3d orbitals 
contribute to these peaks. As seen in Fig. 2, there is no obvious energy 
separation between these two groups. In the case of cluster (b), 
however, the DOS features are drastically changed. As the result of the 
shift to lower energy of the lower energy group, there now appears a clear 
energy gap between two groups. DOS of cluster (c) is similar to that of 
cluster (b), while the density develops extended structure, according to 
the larger number of atoms in the cluster. In this case, there are three 
peaks in the lower energy group, whose number and position are due to 
the increase of the variational cluster size and the lesser number of 
embedding units. This means that the number of embedding units in 
cluster (c) is not enough to put the variational cluster into the desired 
pseudo-solid state environment. In cluster (d), the energy gap between 
the lower energy and the higher energy groups is increased, compared to 

In cluster (a), there are 4 peaks in the energy range fkom -12 to +3 eV. 
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Figure 5. Density of state (DOS) for clusters (a)-(e) and 
experimental UPS spectrum for SiO2 glass. 
All DOS are shifked +3 eV to  compare with 
UPS.  

(c), with the upper group of levels shifting to higher energy. DOS of 
cluster (el is almost the same as that of (d) except for the extended 
structure of both the lower and the higher energy group. In the DOS of 
cluster (el, the peak positions and intensities are very similar to those 
in the experimental UPS of Si02 glass. This result shows that we can  

adequately discuss peak assignments of UPS and local structure of 
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SiO2 glass by comparison of cluster (e) DOS with UPS. However, since 
the DOS of the smaller cluster (d) already reproduces the main features 
of the UPS of Si02 glass, it is also adequate to discuss details of UPS. 
So cluster (d) is the most convenient among clusters (a)-(e) for further 
experimentation on properties such as bond-angle dependence of 
spectra, as the computational time is much shorter. 

atoms in the variational space, is very useful to discuss experimental 
UPS spectra quantitatively and we can get reliable electronic state 
information on silicate clusters with reasonable computational time. 

Thus we find the embedded cluster method, with a modest number of 

4 Conclusion 

We have used the DV-Xa method to analyze a number of silicate 
clusters in order to study effects of the cluster size, embedding units and 
the Si-0-Si bond angles on the electronic structure of silicate glasses. 
Clusters with a single sheath of (SiOdQ embedding units already show 
level structure and Fermi energy compatible with the bulk system. 
Addition of the second sheath of embedding units improves the net 
charge and the bond order in silicate clusters, particularly near the 
cluster surface. 
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Bond Strength and Thermal Stability of Transition Metal 
Nitrides 

Masao Takahashi, Gao-Chao Lai, Katsuhiro Ohta and Fumikazu 
Kanamaru 
The Institute of Scientific and Industrial Research, Osaka University, 8 -1 

Mihogaoka, lbaraki Osaka 567, Japan 

To clarify the origin of thermal stability of transition metal nitrides, an empirical 
approach and the DV-Xu molecular orbital calculation for several transition metal 
nitride have been executed. Thermally stablc crystal phases in MO,-&~N (M =Nb, Zr, 
Ti) solid solution and simple transition metal nitrides are classified using the radius ratio 
of nonmetal to metal atoms and thc number of valence electrons. The relationship of 
the generalized number of valence electrons instead of the average number of valence 
electrons per atom to the thermal stability of transition metal nitride has been discussed. 
It has been found that the bond overlap population of metal-metal bond plays an 
important role on the thermal stability of transition metal nitride. 

1. Introduction 

Metal nitrides, such as Si,N,, AlN, TIN, Fe,N, GaN, ZrN and NbN have 
attracted much interest recently from the practical uses, ie., application to high- 
temperature materials, electronic devices and catalysts. These nitrides show high 
melting points, high hardness and electric properties ranging from metallic 
conductor to insulator. Such properties are mainly due to the diversity of 
chemical bonding in metal nitrides; metal nitrides can take their chemical 
bonding state in which plural bonding character among ionic, covalent and 
metallic bonding co-exist. Several metal nitrides are listed in Table I in order 
of atomic number of the metal. Such alkaline or alkaline earth metal nitrides as 
Li,N, Ca,N2 and Sr,N2 have the ionic bonding between metal and nitrogen, and 
the covalent bonding mainly contributes to the main group nitrides as BN, AlN 
and Si,N,. Transition metal nitrides are so-called interstitial compounds having 
metallic bonding character. The combination of these nitrides with different 
bonding character is expected to yield new functional materials, and preparations 
ADVANCES IN QUANTUM CHEMISTRY. VOLUME 29 
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of new double metal nitrides have been conducted by many researchers. These 
metal nitrides look like a promising practical materials to all appearance, 
however, some controversy arise; simple nitrides of 3d-transition metals between 
Mn to Cu, some of which are attracting an attention as new magnetic materials, 
are not stable at an elevated temperature and metal nitrides such as Li,N, BN, 
AlN and Ca3N2, highly react with water and/or oxygen gas and form 
corresponding metal oxides or metal oxynitrides. It has been attempted to 
stabilize chemical bond in those 3d-transition metal nitrides by forming 
bimetallic nitrides with strong ionic or covalent ones. The addition of another 
metal has succeeded in the improvement of both the durability against oxidation 
for TIN and the water resistance for AlN in the Ti-Al-N system.’-@ 

The thermal stability of compounds is able to be evaluated by discussion 
based on the thermodynamic data and/or the electronic structures. As for the 
search of new materials, one can get information on the electronic structure 
using either the molecular orbital or the band calculations, though the 
thermodynamic data may not be obtainable in some cases. 

In this paper the thermal stability of several metal nitrides is discussed firstly 
with the number of valence electrons based on the information acquired 
experimentally. In the second part, the thermal stability is investigated by the 
electron theory using results of the discrete variational (DV) -Xa  molecular 
orbital calculations for some transition metal nitrides. 

2. Experimental and empirical approach for thermal stability of 
transition metal nitride 

2.1 Thermal stability of NaCI-type M o , - ~ ~ ~  (M=Nb, Zr)?’ 

The NaC1-type MoN prepared by the rf-sputtering remained unchanged after 
annealing in both NH, and N, gases below 773K for 5 hours. A WC-type 
phase was formed by annealing the NaC1-type MoN in both NH, and N, gases 
at 873K. The WC-type phase remained in NH, gas up to 1173K, while it 
converted to y-Mo,N or P-Mo,N phases by an annealing in N, gas above 
1073K. These results indicate that (1) the NaC1-type MoN cannot exist above 
873K in these gases and (2) the WC-type phase is formed easily in the sample 
with stoichiometric composition, ie., N/Mo =1.0. Below 773K, diffusion 
coefficient of molybdenum and nitrogen atoms may be so small that the phase 
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transition cannot take place. Phase transition begins at 873K and becomes fast 
above 1073K because the migration of molybdenum and nitrogen atoms is 
enhanced with an increase in temperature. The formation of y-Mo,N rather than 
the WC-type MoN in N, gas above 1073K can be explained by the release of 
nitrogen from the sample. Theses results are comparable with the relation 
between the lattice parameter of the sputter-deposited MoN film and the 
deposition temperature, reported by both Linker et and Yamamoto et al", 
ie., their findings are as follows: the NaC1-type MoN was formed at the 
substrate temperature around 773K, the lattice constant value decreased with 
increasing the substrate temperature, and the NaC1-type phase did not form at 
all for the substrate temperature above 1073K. 

The relationship between crystal phase of the solid solution and annealing 
temperature is summarized in Fig. 1. The NaC1-type ZrN showed no change in 
both their crystal phase and the lattice parameter after the annealing. The 
annealed NbN films showed no phase transition until 1173K, but only a small 
decrease in lattice parameter was observed above 1073K. The present results are 
consistent with that reported by Talvacchio et al.'") who annealed a NbN single 
crystal with NaC1-structure under a high vacuum (< lo-' Pa) between 1073 and 
1373K. They reported that no phase transition was observed and only nitrogen 
loss was found after the annealing, particularly at the temperature of 1373K. 
This fact that the hexagonal phase was not formed though it is a stable one 
below 1503K may be due to the nitrogen deficiency of the NaC1-type NbN 
induced during the annealing. 

It is obvious that the stability of the NaC1-type phase in these solid-solution 
systems increases with the content of NbN or ZrN, whose number of valence 
electrons is one or two less than that of MoN. That is to say, the stability of the 
NaC1-type phase in these systems decreases with increasing the number of 
valence electrons, NvE. In the higher NvE regions, the NaC1-type phase in the 
MoN-NbN system transforms to the WC-type phase in NH, gas and to y- 

Mo,N-type phase in N, gas. These phase transformations take place in the 
samples with x I 0.5, ie., NvE > 10, of the Mo,-,Zr,N and in the samples with 
x 5 0.38, ie., NvE > 10.38, of the Mo,-,Nb,N system. The annealed Nb-rich 
films showed a small reduction in lattice parameter, although the NaC1-type 
structure was remained until 1173K. 
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Fig. 1. Crystal phases in the Mo,-$fxN (M=Nh, 21) solid solution annealed at 723 - 1173K for 
5 - 24 hours. Closed circle, triangle and open circle indicate NaC1-type, WC-type and y-Mo,N- 
type phase, respectively. 

For the NaC1-type M(C, N), many investigations suggest that they all have 
similar band structure and their properties can be associated with NvE, ie., a rigid 
band model is applicable to the characterization"). Bilz12' proposed first a 
model for the energy band scheme of the NaC1-type M(C, N), which consisted 
of 4 energy bands; s band, p-d band (bonding), d band and (p-d)* band 
(antibonding). The d band overlays slightly with both the p-d and the @-d)* 
bands. It may be explained well by the Bilz's model that the NaC1-type M(C, 
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N) have high melting point and hardness, even though they exhibit metallic 
conductivity. However, the Bilz's model cannot give a good explanation for the 
instability of the NaC1-type phase in the compounds with N ,  > 10 and the 
contribution of d-electrons of metals to these bands is not yet clear, because his 
band model is too simple to discuss the physical and chemical properties. 

hy Ar ion. 

I I I I I I I 

I I I I I I I 
10 EF = 0 

Binding Energy lev 

Valence band region of XPS for (a) MoN, (b) NbN and (c) ZrN films partially etched 

Three typical XPS valence band spectra of MoN (N,=ll), NbN (N,=lO) 
and ZrN (Nw=9), are shown in Fig. 2. The valence bands of XPS in these 
nitrides consist of two main bands; according to several band-structure 
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one is the N2p-M4d band, being denoted as B band and 
the other denoted as A band is the M4d-band in Fig. 2. I t  can be seen that 
N(E,) increases in the order of ZrN, NbN and MoN, or with increasing NvE, 
indicating that the number of electrons occupying d-band or (p-d)* band 
increases with an increase of NVE. The XPS results also show that the energy 
levels of the B band shift to the high binding energy side with increasing NvE. 

This suggests that the rigid band model is also applicable to the present solid- 
solution systems with NvE up to 11. The instability of the NaC1-type phase in 
the solid solution with NvE above 10 implies a partial contribution of the anti- 
bonding (p-d)* band to the chemical bond in these systems. 

2.2 Empirical classification of transition metal nitride 

According to Hagg's rule22), the crystal structure of M(C, N) depends on the 
radius ratio of nonmetal(X) to metal(M) atoms rX/rM. Higg's rule can be 
explained as follows; In M(C, N), metal atoms take cubic or hexagonal close 
packing with nonmetal atoms at the interstitial sites. In order to make the 
bonding between X and M and also between M and M, shorter interatomic 
distance as possible is desirable for both atom pairs. The distance between the 
metal atoms increases as the value of rx/rM increases, so the bonding between 
the metal atoms becomes weaker and the crystal structure with cubic and 
hexagonal packing of metal atoms becomes unstable. Hagg's rule indicates that 
the upper limit of rX/rM for the formation of the simple structures such as NaCl- 
type, WC-type and NiAs-type ones is 0.59, based on a lot of experimental 
results. 

In order to clarify the relation between NvE and rX/rM, the structural type are 
plotted as functions of these two parameters for the present systems together 
with the other related compounds of M(C, N) in Fig. 3. In this figure the data 
for the present systems obtained after the annealing under NH, at 1173K was 
used. It is seen that there are two regions of structural type according to 
sample's NvE and rx/rM; one is the NaC1-type and another is the WC-type 
phase. In the case of NvE less than 10, only the NaC1-type phase with 
stoichiometric composition is formed independently of rx/rM. At N,=10, the 
WC-type phase and the other hexagonal phases are formed in addition to the 
NaC1-type phase. In the case of NvE larger than 10, the WC-type phase, the 
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Fig. 3. Crystal phases of the Mo,_flxN (M=Nb, Zr, Ti) solid solution and the related M(C, N) 
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NaCI-type, WC-type, other-type for MN and other-type for MN,, respectively. 
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NaC1-type phase with nonstoichiometric composition and y-Mo,N-type phase. 
are formed. The WC-type region and the other region can be separated simply 
by rX/rM, eg., in the region of rx/rM larger than 0.53, only the WC-type phase 
is formed, in which there exists not only simple nitrides and carbides, such as 
WN, MoN, OsC and RuC, but also solid-solution compounds, such as MoN- 
NbN, MoN-TiN, TiN-CON and TIN-NiN systems. It is of interest to note that 
Ti,,Co,,N and Ti,,Ni,,N have the WC-structure while the end members, TIN, 
CON and NiN do not take the WC structure. 

The effect of NvE and rX/rM on the crystal structure of M(C, N) can be 
explained as follows. Firstly let us consider the difference between the NaCl 
and WC structures in view of crystal chemistry. In the NaCl structure metal 
atoms take cubic closest packing and MX, octahedra link each other by sharing 
edges, but in the WC structure metal atoms only take a simple hexagonal 
packing and face-sharing is taken between the MX, trigonal prisms. This 
geometrical arrangement may result in that the WC structure has higher lattice 
energy than the NaCl one, thus the NaC1-type phase rather than the WC-type 
one is formed in the condition of lower N,. However, the contribution of 
antibonding in the NaC1-type phase increases with increasing N,, resulting in 
the decrease in the total energy and structural stability in the NaC1-type phase. 
On the other hand, the increase of NvE may have little effect on the total energy 
in the WC structure which has a different band structure as compared with the 
NaCl one. So the WC structure becomes stable compared to the NaCl structure 
when NvE 2 10. The formation of the WC-type MoN will be limited by the 
geometrical factor as well, ie., rx/rM > 0.53. This corresponds well to the fact 
that only the WC-type phase is formed in the region of rX/rM > 0.53, while the 
other structures occur in rx/rM < 0.53. 

2.3 Relation between number of valence electrons and thermal stability 

The definition of the valence electron concentration introduced by Bilz12) has 
been used as NvE in the foregoing discussion, ie., both the valence electron 
concentration and N ,  for simple nitride, MN is defined as the sum of number 
of valence electrons for both metal, M and nitrogen. The number of valence 
electrons, N ,  is hereafter redefined as follows so as to generalize the idea of the 
number of valence electrons not only for simple nitride but for several metal 
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nitride, M1-.$TxNy, 
NvE = number of valence electrons of M x (1-x) 
+ number of valence electrons of M' x x t 5y, 

where 5 is the number of electrons in 2s and 2p orbitals of nitrogen and y is the 
fraction of nitrogen expressed by the proportion of nitrogen content to total metal 
content. According to the present definition of NvE, such alkaline metal nitrides 
as Li,N, Na,N, K,N and Rb,N takes NvE of 2.67, alkaline earth metal nitrides, 
eg., Be3N2, Mg,N, and Ca3N2, have NvE of 5.33, and Mn6N, and Fe,N, kinds 
of transition metal nitrides, takes NvE of 11.17 and 9.25, respectively. As for 
binary metal nitrides, for example, NvE of LiCaN, Fe,NiN, Co,,Ti,,N is 4, 9.75 
and 10.5, respectively. 

Table II Number of valence electrons, NvE and decomposition 
temperature under N, atmosphere, Tdec. 

NyE Tdrc I K 

AIN 8.0 3173' 

Ti,-.&,N (0<x<l .O) 8 - 9  1173 

TiN 9.0 3223 

Ti,-,Cu,N (x=0.25) 10.75 673 

Cu,N 12.67 523 

y'-Fe,N 9.25 953 

<-Fe,N 10.5 723 

y"-FeN 13.0 543 

Ni,N 12.5 463 

FeNiN 11.5 >673 

CaNiN 8.5 >1173 

C a P 2  5.33 1468' 
'Sublimation temperature. 

Na for several metal nitrides are listed in Table I1 together with their 
decomposition temperature under nitrogen gas atmosphere. The temperature of 
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AlN and Ca,N, listed in Table I1 is not the decomposition temperature but the 
sublimation temperature and that of FeNiN and CaNiN in Table I1 is the lowest 
temperature at which those nitrides are synthesized. As found in the previous 
discussion for the thermal stability of Mo,-,M,N and NW, the lower N ,  is, the 
higher the decomposition temperature is, indicating that the idea based on the 
rigid band model may be still applicable to these metal nitrides. As is evident 
from Table 11, the decomposition temperature of iron nitrides decreases with 
increasing nitrogen content, y, and the order is consistent with the above relation 
of NW to the thermal stability whereas such trends for MN, with different y 
cannot be derived by the average number of valence electrons per atom, n,, 
which is used for the investigations on the cohesive properties of transition metal 
carbides and nitrides2”26); the relationship between the thermal stability and N ,  

or n, for MN, with different metal is identical each other but that for MN, with 
different y varies in opposite manner each other, eg., n, of y‘-Fe,N, C-Fe,N, 
and y”-FeN is 7.4, 7.0, and 6.5, respectively. In the system of FeNiN and 
CaNiN, however, the electronic structures might be different each other since 
these nitrides take different crystal structures. Therefore, the information on the 
bonding state for these metal nitrides is necessary to insight the thermal stability 
of metal nitrides. 

3. DV-Xa molecular orbital approach for thermal stability of 
transition metal nitride 

3.1 Computations 

The non-spin polarized DV-Xa molecular orbital calculations were done 
with the self-consistent charge procedure and the basis set generated 
numerically, described by Adachi, et a127-30). The exchange scaling parameter, 
a, in the Xa potential given by Slater’’) was fixed at 0.70 for all atoms 
throughout the present calculation. Figure 4 shows model clusters used in the 
calculations. MTi,,N,, with 0, symmetry(a) represents the model for nitrides 
in the Ti-M-N system (M =Ti, V, Cr, Cu, and Al). NiM,N, with D,, 
symmetry(b) and Ca,Ni,N, with D, symmetry(c) depict the model for both Ni,N 
and FeNiN, and CaNiN, respectively. Each bond length in these model clusters 
is taken from crystal structural data of TiN’,), Ni2N7), FeNiN?’) and C Z ~ N ~ N ? ~ ) ,  
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Fig. 4. Model clusters used for the present DV-Xa calculations. Hatched circles for MTiI2N,,, 
NiM,N, and Ca,Ni,N, depict M ,  M and Ca, respectively. Small and large circles for MTi,,N,, are 
nitrogen and Ti and those for both NiM,N, and Ca,Ni,N, are nitrogen and Ni, respectively. 

respectively. That means both Ti-N and M-N bond lengths are fixed to 
0.2120nm for the Ti-M-N system. The number of basis function used are 
minimal, ie., 1s to 2p orbitals for N, 1s to 3p orbitals for Al, 1s to 4s orbitals for 
Ca and 1s to 4p orbitals for Ti, V, Cr and Cu. 

3.2 Overlap population and thermal stability of transition metal nitrides 

3.2.1 Ti-M-N system. 
The overlap populations and charge obtained by the Mulliken population 

analyses included in the calculation procedure are listed in Table 111. Net charge 
on the central atom, M becomes smaller in the order of the atomic number from 
Ti to Cu, while that on surrounding Ti changes little on altering central atom. 
On the other hand, net charge on nitrogen atom, which is the mean value of all 
nitrogen atoms, is around -1.70 except M=Cu, for which net charge on nitrogen 
is smaller and -1.64. Correspondingly net charge on Cu is rather small as to 
CuTiI2N,, cluster, indicating that such tendency that d-electrons of Cu localize 
on Cu atom is remarkable. The tendency is also notable for CU,N-?~'. It has 
been experimentally found that the width of d band in the valence band region 
of XPS of CuJ is quite sharp as compared with Cu and other metal nitrides. 
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Table 111 Charge and overlap populations for h4Ti12N14 cluster. 

M Al Ti V Cr cu 

M 1.58 1.88 1.73 1.67 1.15 

Charge N -1.72 -1.74 -1.72 -1.70 -1.64 

Ti * 1.71 1.67 1.67 1.67 1.68 
~~ 

Overlap M-N 1.50 0.17 0.63 0.47 0.34 

population M-Ti 0.30 0.27 0.31 0.31 0.10 

'surrounding Ti atoms 

It has also been confirmed by the preliminary calculation") for a comparison of 
valence band structure of Cu,N with that of Cu metal that incorporating nitrogen 
into Cu cluster makes d-electrons of Cu atoms localized more. As for M=Ti, 
ie., TiI3N,, cluster, net charge on central Ti atom differs from that of 
surrounding Ti atoms, which is due to a surface effect, ie., surrounding Ti atoms 
have so-called dangling bonds because no Madelung potential has been used in 
the present calculations. 

Overlap populations between M and N is somewhat small for M=Ti, medium 
value for M=V, Cr and Cu and quite large for M=A1, whilst overlap population 
between M and surrounding Ti atoms is about 0.30 except CuTil2NI4, for which 
the value is only 0.10. These results show the followings. (1) Substitution of 
V or Cr for Ti leads an increment of covalency on metal-nitrogen bond and does 
not affect the bonding character in metal-metal bond. (2) By replacing Ti by 
Al, the covalency in the metal-metal bond increases slightly, while such 
replacement introduces the covalency into metal-nitrogen bond pronouncedly. 
This finding is in agreement with results obtained by means of the band- 
structure calculations for (Ti, A1)N by D. V.-Pawelczak et.a137). (3) Such 
covalency in the metal-nitrogen bond somewhat increases but the bond strength 
of metal-metal bond decreases by substituting Cu for Ti. Considering that the 
thermal stability for the solid solution in the Ti-Cu-N system is lower than in 
the Ti-AI-N system35), it appears that the bond strength, ie., the bond overlap 
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population of metal-metal bond plays an important role for the thermal stability 
of the transition metal nitride. 

3.2.2 Metal nitrides having linear N-Ni-N bond. 
There is some nitrides having linear N-Ni-N bond, eg., Ni,N, FeNiN, 

CaNiN and so on. As listed in Table 11, Ni,N decomposes at around 460K in 
N, gas atmosphere33) while FeNiN and CaNiN does not decompose at least 673 
and 1173K, respectively, ie., FeNiN and CaNiN are synthesized higher than 673 
and 1173K in a nitrogen gas flow, respectively. Overlap populations of model 
clusters for these nitrides are tabulated in Table IV. The M-N bond overlap 

Table IV Overlap populations for nitrides having 
linear N-Ni-N bond 

Ni,N, NiFe,N, Ca8Ni,N, 

Ni-N 0.32 0.10 0.39 

Ni,-N 0.18 - 

Fe-N - 0.10 

Ca-N - - 0.21 

Ni-Ni, 0.06 - - 

Ni,-Fe - 0.10 - 

- - Ni-Ca 0.1 1 

Ca-Ca - - 0.24 

Ni, denotes Ni atoms occupying corner site. 

population is quite large for Ni,N, cluster and Ca,Ni,N, cluster but rather small 
for NiFe,N, cluster. The M-M overlap population is around 0.1 for both Ni-Fe 
and Ni-Ca bonds and 0.24 for Ca-Ca bond though the overlap population for 
Ni-Ni in Ni,N is smaller and only 0.06. These facts indicate that Ni,N with 
weak metal-metal bond can not be thermally stable. Although the thermal 
stability for Mo,-.$IXN (M =Nb, Zr) with NvE > 10, being discussed in the 
section 2.1, has been accounted for the contribution of the antibondign (p-d)* 



Strength and Stability of Transition Metal Nitrides 

band based on the electronic structural the present DV-Xa 
molecular orbital calculations point out that the interaction between metal atoms 
influences the stability of the transition metal nitride rather than the interaction 
between metal and nitrogen atoms. The relative importance of metal-metal 
versus metal-nitrogen bonds on bonding in transition metal carbides and nitrides 
is still controversia1872”7”’f. These indicate that the electronic structural 
investigations for more several nitride systems based on the molecular orbital 
schemes are needed for interpreting the chemical bond in the metal nitride and 
will be described elsewhere. 
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4. Conclusion 
It has been found for examining empirically the thermal properties of the 

metal nitrides that the number of valence electrons is more advantageous than 
the average number of valence electrons per atom. DV-Xa molecular orbital 
calculations for several metal nitrides reveal that the thermal stability of 
transition metal nitride is intensely dominated by the bond overlap population of 
the metal-metal bond. 

A part of computations was carried out at the computation center, Osaka University and the 
computation center, the Institute of Protein Research, Osaka University. XPS measurements were 
conducted with microlab 111, VG scientific, co., at Materials Analysis Center, the Institute of 
Scientific and Industrial Research, Osaka University. 
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Abstract 

Electronic structure calculations were performed to study the effect of 
impurity on material properties by using the DV-Xa molecular orbital method. 
Firstly, calculations were carried out for halogen atoms (cluster) substituted 
for oxygen atoms in a Cu-0 plane in copper oxides. It was found that the 
energies of the orbitals belonging to F atoms make a small contribution to the 
highest occupied orbital, whose energy corresponds to the Fermi energy. A 
small amount of charge carriers therefore can enter F impurity sites. Thus, 
it is expected that F impurities will work effectively as pinning centers and 
enhance the critical current density in superconductors. 

Secondly, we focused on the role of oxygen impurities in element-selective 
corrosion of austenitic stainless steels in liquid sodium. Calculation was carried 
out for an oxygen impurity associated with an Na atom located at the site on 
top of a Cr atom at the Fe(OO1) surface in sodium. The result shows that a 
positively charged Cr atom will be released selectively into sodium by an 0 
anion. 

Thirdly, we examined the ion-implantation effect on the bond between 
composite atoms of Si3N4. When Fe, Mo and Hf atoms are supposed to be 
ion-implanted, d energy levels of these atoms appear in the energy gap or near 
the gap. A transfer of the Mulliken charge between the implanted atoms and 
surrounding atoms occurs due to the mixing between the d orbitals of the 
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implanted atom and sp  orbitals of surrounding atoms. Due to the reduced 
ionicity of Si, the attack on ceramics atoms by 0 (oxygen) in liquid sodium 
becomes weak. At the same time, however, the covalent bond strength be- 
tween Si and N becomes weaker, which may in some cases depress corrosion 
resistance. 

1. Introduction 

Impurities in materials often present important effects on material prop- 
erties. Previous work has demonstrated that calculating electronic structure 
is a useful way to investigate material properties and to synthesize improved 
and advanced materials [l-71. The DV-Xa method [8] is a reliable tool for 
studying local electronic states around impurities and their role in material 
properties. Further, the highly accurate total energy can be catlulated by the 
GQ(Gaussian quadrature)-Xa method [9]. Using this method, we focus here 
on (1) the role of halogen impurities in pinning magnetic flux lines in cop- 
per oxide superconductors to enhance the critical current density in magnetic 
fields, (2) the role of oxygen impurities in element-selective corrosion of stain- 
less steels in liquid metal, and (3) the problem of implanting ions into ceramics 
to improve corrosion resistance. 

The first materials we focus on are high-T, copper oxide superconductors 
which ha.ve the potential to  be used at  high temperatures and in high magnetic 
fields. In order to achieve the application of oxide superconductors under such 
conditions, we need the enhancement of the critical current density, J,. In high 
magnetic fields over 77K, a sufficient J,  has not been obtained. It is necessary 
to introduce the stronger pinning centers for magnetic flux lines to improve 
J,. We expect to use impurities and insulating inclusions for stronger pinning 
centers for magnetic flux lines, because most of the charge carriers do not enter 
impurity sites and insulating inclusions, and superconducting order parameters 
will have small or null values there. It is then expected that impurity atoms and 
insulating inclusions would be effective as strong pinning centers for magnetic 
flux lines. We have also predicted theoretically such candidate impurities to 
pin magnetic flux lines, and an optimal size for the insulating inclusion [5,6,10]. 
In fact, experimental results have been reported supporting the enhancement 
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of J ,  by the impurity addition in high magnetic field at 77K [ll]. By electronic 
structure calculations, we first examine theoretically tlie possibility of applying 
halogen impurities as pinning centers for magnetic flux lines. We selected F 
atoms substituted for 0 (oxygen) atoms as candidate impurities. 

The second materials we focus on are austenitic stainless steels which are 
one of the most useful materials for such as plant piping. Austenitic stain- 
less steels are excellent materials, but they have some defects which need im- 
provement. Experiments indicate that alloying elements such as chromium 
and nickel in the steels are released selectively when the steels are exposed to 
liquid sodium [la]. The element-selective corrosion brings about a change in 
surface compositions, and then tlie surface of austenitic stainless steels loses its 
excellent qualities. The improvement of the corrosion resistance is required for 
the use of inore severe conditions where strong stress is exerted on steels. It is 
suggested in experiments that the corrosion rate of austenitic stainless steels is 
affected by the concentration of oxygen impurities in liquid sodium. A t  the m -  

croscopic level, however, this corrosion mechanism is not yet fully understood. 
The second study was aimed at examining the mechanism of element-selective 
corrosion of austenitic stainless steels in liquid sodium. An understanding of 
the corrosion mechanism makes it easier to synthesize materials with improved 
corrosion resistance. 

The third materials we focus on are ceramics which have excellent char- 
acteristics such as a high degree of hardness at high temperatures, friction 
resistance, low thermal expansion and low density. We expect, therefore, to 
use ceramics as a thermal shield at high temperatures and as a coiitact material 
between structural components which enhance the reliability with mutual coii- 
tact. In order to use ceramics for such materials, they need resistance against 
corrosion such as by liquid metal. In order to improve the corrosion resistance 
of materials, ion-implantation is expected to be a new useful tool. In the third 
study, we calculated the electronic states of simulated ion-implanted atoms 
in ceramics and examined the effect of ion-implantation on the properties of 
ceramics. The material we considered was /3-Si3N4. Since SiAlON is produced 
by replacing some amounts of Si and N in /3-Si3N4 by A1 and 0 (oxygen), the 
essential properties of SiAlON are obtained from calculations for Si3N4. 
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Fig.1 Atomic configuration of the model Cu4016A4 in the ab plane, 
where A is an impurity atom substituted for an 0 (oxygen) 
atom. 

2. Magnetic flux pinning effect of impurities in copper 
oxide superconductors 

The electronic structure calculations in this section were carried out by 
means of the non-spin-polarized molecular orbital method. We adopted the 
model cluster Cu4016A4 (A=F) for which halogen atoms were substituted for 
0 atoms. The model was obtained from Cu4020 by substituting four impurity 
atoms for four 0 atoms. Figure 1 depicts the atomic configuration in the ab 

plane for the cluster Cu4Ol6A4. The cluster is composed of four octahedra 
with a central Cu atom and six 0 ligands. The Cu-0 distance in the ab plane 
and along the c axis are 1.894 A and 2.428 A, respectively, and the values 
are presented in Ref. [13]. The basis set used was numerical atomic orbitals 
consisting of ls-2p for 0 (oxygen) and F, and ls-4p for Cu. The initial charges 
assigned in self-consistent iterations were +2 and -2 for Cu and 0 atoms, 
respectively, a.nd -1 for the F atom. In producing symmetry orbitals, we used 
the point group D4h. The present study deals with the metallic state, so that 
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Fig.2 Energy levels for F atoms substituted for 0 atoms in Cu 
oxides. 

one hole was introduced into the cluster. The long-range electric field produced 
by the ions out of the cluster was included in the Hamiltonian as a form of a 
Madelung potential evaluated in 11x11 x3 unit cells arrayed in the a ,  b, and c 

directions with the K2NiF4 lattice structure. 
Figure 2 shows the energy levels for Cu4016Fj7-. The energy levels from 

13al, to 27e, are for the mixed states between 0 2p and Cu 3d atomic orbitals, 
and these states are occupied by electrons. The orbital 27e, is the highest 
occupied molecular orbital (HOMO). The energy levels from lob2,  to 7bl, a.re 

originated mainly from the F 2p atomic orbitals. These orbitals occupied by 
electrons are lower in energy than the minimum energy of the mixed states 
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Fig.3 Atomic configuration of the model Fe13MONa,5. 

between the 0 2 p  and Cu 3d atomic orbitals. The Mulliken population (141 
of the F atoms in HOMO is less than 1% per atom. The region over the 
sites, where 0 (oxygen) atoms are replaced by F atoms, has a small amount 
of charge carriers and it is rather extended with the superconducting sta.te 
being broken. Accordingly, the F atoms will be effective a.s pinning centers for 
magnetic flux lines in Cu oxide superconductors. In fact, by the F addition, the 
superconducting critical current is observed experimentally to be substantially 
enhanced at 77K in the magnetic field and to be maintained up to 3,5T, which 
is a practical magnetic field in engineering [I l l .  

3. Mechanism of the element-selective corrosion of 
austenitic stainless steels 

Austenitic stainless steels have an fcc crystal structure and they are stabi- 
lized by the addition of some amounts of chromium and nickel to iron. Figure 3 

illustrates the cluster Fe13MONa5, which is a model for the element M (M=Cr 
in the present case) substituted for Fe at the Fe(OO1) surface that is attacked 
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Fig.4 Energy levels for Cr at the (001) surface of the austenitic 
stainless steels exposed to liquid sodium with oxygen impu- 
rities. 

by a.n 0 (oxygen) impurity accompanied by sodiuni atom in liquid sodium. 
The positions of the Fe atoms in the cluster are (./a, a / 2 , 0 ) ,  (-./a, u / 2 ,  O ) ,  

( - a / %  - a / 2 , 0 ) ,  (($4 -./2,0), ( U P ,  0, -./a>, (-./a, 0, - u p ) ,  (0, ./a, -./a>, 
(0, -./a, -./a), (a,O,O), ( -a ,  0, 0), (O,a,O), (0, -a ,  0) and ( O , O ,  -a) .  Here, 
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a is a lattice constant, which ha.s the value of 3.64 A. Taking into account 
the atomic radii [15,16], the positions for the 0 atom and for the N a  atom 
associated with it are set to (O,O, b )  and ( O , O ,  c ) ,  respectively, where b=3.09 
A and c=6.75 A. The other four liquid Na. atonis are positioned at the bridge 
sites, (d ,d , e j ,  (-d,d, e ) ,  (-d, -d , e )  and ( d ,  -d , e ) ,  where d a,nd e are 2.73 

A and 3.19 k ,  respectively. At the beginning of the self-consistent iterations, 
the charges of the atoms were all neutral. The symmetry point group used 
was C4, for the cluster. 

Figure 4 shows the energy level diagram for the cluster Fe13CrONas, whose 
levels are attributed to the orbitals 3 4  4.9, and 4p of the Fe and Cr atoms, the 
0 2p orbitals and the 3s and 3p orbitals of the Na. atoms. Tle energy level 
52e is for HOMO, and its main origin is the Fe 3d orbitals. The orbita,ls 57e, 

28b1, 56al and 2632 are originated mainly from the Cr 3d orbitals, and these 
energies are higher than the Fermi energy. The average energy of Cr 3d is 
0.9 eV higher than the Ferini energy. On the other hand, the orbitals 46al 
and 50e- which are composed mainly of the 0 2p orbitals - are all lower 
than the Fermi energy. The average energy of these orbitals is 0.6 eV lower 
than the Fernii energy. The orbital with the main component of the 3s atomic 
orbital of the Na atom coupled with the 0 atom is 5 4 U 1 ,  with energy higher 
than the Ferini energy. These energy differences cause the charge transfer from 
the Cr atom to the Fe atoms and from the N a  atom to the 0 atom. The net 
charges on the Cr and 0 atoms are $0.40 and -0.90, respectively, and an ionic 
interaction becomes attractive between the positively charged Cr and the 0 
anion. This shows that the selective transfer into liquid sodium of a positively 
charged element Cr at  the (001) surface of the austenitic stainless steel will 
be brought about by the attack of an 0 anion accompanied by a positively 
charged Na atom. 

4. Effect of ion-implanted atoms on the corrosion 
resistance of ceramics 

The material considered in the third study was P-Si3N4. The implanted 
atoms we dealt with here were Fe, Mo and Hf located at an interstitial site. The 
crystal structure of P-Si3N4 is hexagonal phenacite-like, and the unit lengths 
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Fig.5 The atomic configuration of the model Si3N9M, where M 
indicates Fe, Mo and Hf. 

in the dirctions of the a and c axes are 7.606 A and 2.909 A, respectively [17]. 
The model cluster adopted was Si3N9M as shown in Fig. 5, where M indicates 
Fe, Mo and Hf. The initial values of the ionic charges were set to $4 and -3  
with Si and N, respectively. The initial charges for ion-implanted Fe, Mo and 
Hf atoms were set to  neutral values. Calculations were also carried out with 
the initial ionic charge of +2 for the implanted Fe atom. The atomic basis 
functions used were 1s-3p for Si, 1s-2p for N, 1s-3d for Fe, 1s-4d for Mo and 
1s-5d for Hf. The point group adopted in calculations was C,. Calculations 
were performed at  electronic temperatures of 900 K. 

When Fe, Mo and Hf are ion-implanted into P-Si3N4, it is expected that 
the effect of the implanted atoms on ceramic properties are determined from 
the relative positions of the energy levels of the d electrons to the valence 
and conduction levels. Figure 6 shows the energy levels for a neutral Fe ion- 
i m p h t e d  into P-Si3N4. The valence states from 23a‘ to 26a”, occupied by 
electrons, consist mainly of N 2sp orbitals, while the conduction states from 
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Fig.6 Energy levels for an ion-implanted neutral Fe in P-Si3N4. 

47a’ to 33a” comprise Si 3sp  orbitals. The energy levels originated from the 
Fe 3d atomic orbitals (44a’, 27a”, 28a”, 45a’ and 46a’) are all located in the 
energy gap. Since the neutral Fe atom has eight 3d electrons, the orbitals 
up to 45a’ are occupied by electrons. The mixing between Fe 3d and Si 3sp  
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causes a transfer of the Mullilten charge from the Fe a.toms to the Si atom. 
The net charge of Si surrounding Fe is $1.780, which is lower than the corre- 
sponding value of $1.992 for the non-ion-implantation case. (The net charge 
of N surrounding Fe amounts to -2.030, and the change is slight from the 
value of -1 9 9 2  for the non-ion-implantation.) The weakened ionicity due to  
the cha.rge transfer between the Fe and Si atoms will interfere with the attack 
of ceramics by the 0 (oxygen) ions in liquid sodium, and this will enhance 
the corrosion resistance of the ceramics. A problem occurs, however, in the 
covalent bond. The Mulliken overlap population per bond between the Si and 
N atoms surrounding the Fe atom takes the smaller value of 0.387 compa.red to 
the corresponding value of 0.497 in the non-ion implantation case. This weak- 
ened covalent bond between the Si and N atoms is due to the fact that the Fe 
3d orbitals occupied by electrons are mixed with the unoccupied conduction 
states, and the Mulliken charge is transferred from Fe 3d to the antibonding 
conduction states. Furthermore, the avera,ge overlap popula,tioii per bond be- 
tween Fe and N and between Fe and Si is -0.067, indicating the cova.lent bond 
strength between Fe and N a.nd between Fe a.nd Si is weak. This weak cova.lent 
bond between Fe and N and between Fe and Si is partially heca.use both the 
bonding and the antibonding orbitals between Fe 3d and N 2.523 are almost all 
occupied by electrons, and the bond by the bonding orbitals is cancelled by the 
a,ntibonding orbitals. The other reason for the weak covalent bond strength is 
that the Fe 3d orbitals cannot form a bond with the a.ntibonding conductioii 
states. The weakened covalent bond between the Si and N atoms may interfere 
with the improvement of the corrosion resistance by the ionicity suppression. 

As for the Fe2+ case, the energy levels are depicted in Fig. 7. The energy 
levels consisting mainly of the Fe 3d orbitals (44a', 45a', 27a", 28a" and 46a') 
are also cited in  the energy gap, but they are lower in energy than in the neutral 
Fe case. The Si neighboring Fe has a net charge of +1.727 with little difference 
from the neutral Fe case, while the N around Fe has a reduced value of -1.771. 
The covalent bond strength (overlap population) between the Si and N a.toms 
around the Fe atom in the ca,se of Fez+ is 0.391, and little 1a.rger than t1ia.t in 
the case of neutra.1 Fe. The average covalent bond strength between Fe a i d  N 
and between Fe and Si has the almost same value of -0.029 a.s in the neutra.1 
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Fig.7 Energy levels for an ion-implanted Fez+ in P-Si3N4. 

Fe case. Concerning the neutral interstitial Mo, the d energy levels are all in 
the energy gap with higher energies than the neutral Fe. Among the d energy 
levels for Hf, two lower levels for the orbitals occupied by electrons are in the 
energy gap, while the other three levels for the unoccupied orbitals are in the 
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conduction levels. The net charges of the Si neighboring Mo a.nd Hf take the 
reduced values of $1,710 and $1.642, respectively, while those of N for the 
Mo and Hf cases are not so different from the values for the Fe cases and take 
the values of -2.005 and -1.956, respectively. The covalent bond strength 
between the Si and N surrounding Mo and Hf becomes smaller with values of 
0.275 and 0.187, respectively. The average covalent bond strength between the 
ion-implanted atom and neighboring N and Si atoms are -0.137 and -0.089 
for the Mo and Hf cases, respectively, and the covalent bond is not formed 
between the implanted atom and surrounding atoms in these cases. 

As has been indicated in this section, when Fe, Mo and Hf atoms are 
implanted into the P-Si3N4, the ionicity of Si around the implanted atom be- 
comes weaker in the order Hf, Mo and Fe. The weakened ionicity will enhance 
the corrosion resistance of the P-Si3N4 against the ionic 0 (oxygen). At, the 
same time, however, the weakened covalent bond ma.y in some cases interfere 
with the improvement of the corrosion resistance. 

5.  Conclusions 

With the use of the DV-Xcu molecular orbital method, electronic structure 
calculations have been performed to investigate the impurity effect on material 
properties. Firstly, calculations were done for F atoms substituted for 0 (oxy- 
gen) atoms in copper oxide superconductors. It wa.s found that the population 
of the atomic orbitals of F atoms is small in HOMO (highest occupied molec- 
ular orbital) and a small fraction of charge carriers enters the impurity sites. 
The F impurities are therefore expected to be effective for pinning magnetic 
flux lines in Cu oxide superconductors. 

Secondly, we examined the mechanism of element-selective corrosion of 
austenitic stainless steels in liquid sodium. We performed calculations for a 

system where an 0 impurity atom accompanying Na atom approaches Cr atom 
at an Fe(OO1) surface exposed to liquid sodium. The energy levels attributed 
to the Cr 3d orbitals are located above the Fermi level, while the energy levels 
originated from the 0 2 p  orbitals are below the Fermi level. Furthermore, the 
level for the Na 3s orbital is above the Fernii level. By the energy differences 
of these orbitals, the Cr atom is charged positively, while a,n 0 atom accompa,- 
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nying a.n Na atom is ionized negatively. The charging of the Cr and 0 atoms 
causes an attractive ionic interaction between Cr and 0. This shows that an 
a.ttack by an 0 anion accompanied by N a  atom will bring about a selective 
transfer of Cr at the steel surface into the liquid sodium. The model is highly 
consistent with the experimentally obtained results. 

Thirdly, we investigated the effect of an ion-implanted atom on the corro- 
sion resistance of ceramics. We carried this out for the model clusters conipris- 
ing the implanted a.tom and its neighbor atoms in the ceminics, and examined 
the ionicity of these atoms and the covalent bond strength between the atoms 
neighboring the implanted atom. The material considered was P-Si3N4, the 
model of SiAlON. The supposed i m p h t e d  atoms were Fe, Mo and Hf located 
at an interstitial site. The calculated energy levels showed that the material is 
an insulator (semiconductor) having valence states consisting of N 211 atomic 
orbitals and conduction states composed of Si 3sp  orbitals. The valence states 
are all occupied by electrons, while the conduction states are all empty, so that 
N atoms are ionized negatively and Si atoms are ionized positively. From the 
viewpoint of material corrosion in liquid metal, strong ionicity will cause the 
corrosion. When Fe, Mo and Hf atom are ion-implanted into the ceramics, the 
energy levels originated from the d orbitals of the implanted atoms are located 
around the energy gap and the energy of the d orbitals are in the order Fe 
< Mo < Hf. The orbital mixing between the d orbitals of implanted atoms 
and the Si 3 s p  orbitals leads to  the charge transfer from the implanted atoms 
to the Si atoms. The weakened ionicity of Si due to the charge transfer will 
enhance the corrosion resistance against an attack by an 0 anion. At the same 
time, the covalent bond strength between Si and N is weakened, which may in 
some cases interfere with the corrosion resistance. 
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Abstrart 

Regarding molten slags used for iron and steel making, discrete 
anion models, sio44- and SizO+-, coordinating metal ions such as Na+, 
K+, Ca2+ and  Mg2+ were examined by the DV-X Q method. The bond 
order which is a measure of the covalent bond and the ionicity which is 
a measure of the charge transfer were calculated. The bond orders 
between the Si ions and non-bridging oxygen ions were found to  be very 
high. On the other hand, the bond orders between the Si ions and the 
oxygen ions coordinating the metal ions were very low, that is, the 
covalent bonds between them are weak. The metal ions such as Na+, 
K+, Ca2+ and Mgz+ are necessary for the formation of the free oxygen 
ions as well as the decomposition of polymerized structures. As a 
result, the bond orders between the Si ions and the oxygen ions 
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coordinating the metal ions were found to be correlated with reactivity 
such as sulphide capacity of molten slags. The values of ionicity of 
the non-bridging oxygen ions were -1.0--1.4. These values of non- 
bridging oxygen ions are approximately equal to  the valences obtained 
from the statistical thermodynamics studies. 

I 

1. Introduction 

Molten slags are important substances for iron and steel making. 
Thus much effort has been made for clarlfying the nature of molten 
slags. The structures of molten slags were investigated by X-ray 
diffraction analyses(1)-(3) and molecular dynamics  calculation^(^^^), 

The properties such as viscosity(6) surface tension@), activity of oxygen 
ions(7), ~ulphide(8~9), phosphate(lo) and carbonate(ll) capacities, and 
optical basicity(12) were measured by physico-chemical methods. 
Activities of metal oxides were also theoretically calculated by 
statistical thermodynamics(13,14). However, many problems have been 
left unsolved because molten slags are generally high temperature 
liquid. In the previous statistical thermodynamics studies(lg>l4), the 
valences of the bridging (OB), non-bridging (ONB) and free oxygen ions 
were assumed as 0, -1 and -2, respectively, and on the basis of this 
assumption thermodynamic properties such as activities of metal 
oxides were evaluated. The figures, 0, -1  and -2 mean, however, only 
formal charges. We considered that one of the important problems to  
be solved is the change in the valence of oxygen ion a t  local sites near 
metal ions such as Na+, K+, Mg2+ and Ca2+. Thus we undertook to 
clarify the change in the valence of oxygen ion at local sites near metal 
ions by calculating the electronic configuration among 0, Si and metal 
ions. 

Previously we calculated the electronic states of molten chlorides 
of alkali metals, magnesium and zinc(l5) as well as molten SiO~(1647), 
and found that the mechanism of formation of complex ions and their 
polymerization, and also the viscosity can be well explained in terms of 
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the bond order and densitiy dstates  calculated by the DV-X QI molecular 
orbital method(l8J9). Furthermore, the DV-X CX method advantageous 
over the semi-empirical method and the ab initio Hartree-Fock method 
in the termq that empirical parameters are unnecessary and also 
computing time is much shorter not only for simple molecules but also 
for largeclustersmntaining metalatoms. T husweadopted the DV-X a 
molecular orbital method in the present investigation. 

2. Cluster model 

The covalent bonds between Si4+ ions and 0 2 -  ions are very strong 
in molten SiOz. This is the reason for the formation of the highly 
polymerized network structure of the molten SiOz. However, when 
large amount (more than 60mol%) of basic metal oxides such as LizO, 
NazO, Kz0,CaO and MgO are added to  the molten SiOz, the Si4+ ions 
capture the 0 2 -  ions of the metal oxides t o  have a n  electron 
configuration of Ar-like closed she11(14~20), and then the polymerized 
network structure decomposes to discrete anions, sio44-, SizOP, 
Si30la8-, etc. (13~14120) On the other hand, the metal ions such as Na+, K+ 
and Ca2+ coordinate edge-shared sites of the unit cell of tetrahedron 

sib* 

@ Na'. K' and Ca2' 
o o" 0 d- 

@ Ms2* - -  
Fig. 1 Monomer cluster models Fig. 2 Dimer cluster model 
adopted in the calculation. adopted in the calculation. 

Sio44- (21~2z). 

shared sites of the unit cell of tetrahedron Si044- (21,22). 

In the same manner, the Mg2+ ion coordinates corner- 
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Figure l(a) shows the cluster models adopted for the calculation 
for the s i 0 d 4 -  coordinating Na+, K+ and Ca2+) and Fig. l(b) the cluster 
model adopted for the s i 0 d 4 -  coordinating Mg2+. Figure 2 indicates 
the cluster models adopted for the calculation for the SizOP- 
coordinating Na+, K+ and Ca2+. In these cluster models, the 
configurations and interatomic distances obtained fkom the X-ray 
diffraction(l)-(3) are adopted. The basis sets are constructed by ls- 
3d atomic orbitals for Si, 1s-2p for 0, 1s-3d for Na, 1s-4p for K, 1s 
-4p for Ca and 1s-3d for Mg. 

3. Results and discussion 

Figure 3 shows the calculated results of the ionicity of the oxygen 
ions. The ionicity is a kind of effective charge, defined as the 
difference between the calculated electron population on the atom in a 
cluster and the atomic numbedlg). For sio44-, the symbols of 0 
show the ionicities of the oxygen ions coordinating the metal ions (No.3 
in Fig. l(a) and (b)), and the symbols of 0 show the ionicities of ONB 
(No.1 in Fig. l(a) and (b)). For SizOF, the symbols of 0 show the 
ionicities of OB coordinating the metal ions (No.3 in Fig. 2), and the 
symbols of A show the ionicities of ONB (No.1 in Fig. 2). In the case 
of sio44-, the ionicities of the oxygen ions coordinating the metal ions 
(0) were about -1.1--1.3, and the ionicities of ONB (0) were about - 
1.0--1.4. the ionicities Of OB coordinating the 
metal ions (0) were about -1.1--1.3, and the ionicities of ONB (A) were 
about - 1.3- 1.4. 

The previous statistical thermo-dynamics studies(13J4) treated 
the valences of OB, ONB and free oxygen ions as 0, -1 and -2, respectively, 
and succeeded in the estimation of thermodynamic properties such as 
activities of CaO, MnO, PbO and FeO. In the both cases of sio44- 
and SizOF-, the present calculations of the ionicity (0 and A) of ONB 
(No.1 in Fig. l(a)(b) and Fig. 2) support the assumption of the 
statistical thermodynamics studies(13J4). On the other side, the 

In the case of SizO++-, 
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ionicity (0) of OB coordinating the metal ions (No.3 in Fig. 2) of 
S i z 0 7 6 -  were lager than the valence of the bridging oxygen ion(13J4) but 
can be regarded to  be similar to  that of the non-bridging i0n(13J4). 
From the structural studies by X-ray diffra~tion(~)-(~), it has been 
considered that the polymerized structure is decomposed near the 
metal ions. Judging from the calculation of the ionicity and the 
experiments of X-ray diffraction, OB coordinating the metal ion was 
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Fig. 4 Changes in bond order 
between Si ion and oxygen ion 
with local sites in s i 0 d 4 -  and 
si~o7~- clusters coordinating - 

coordinating metal ions. metal ions. 

considered to  becomes a non-bridging oxygen ion after the decomposi- 
tion of the polymerized structure. Therefore, we calculated the bond 
order between the Si ions and the oxygen ions. Further, the ionicities 
(0) of the oxygen ions coordinating the metal ions (No.3 in Fig. 

l(a)(b) ) of Si044- will be discussed later. 
Figure 4 shows the bond orders, that is, the two-centered charges 

called overlap population(19). For sio44-, the symbols of 0 shows the 
bond orders between the Si ions and oxygen ions coordinating the metal 
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ions (No.3 in Fig. l(a) and (b)), and the symbols of 0 show the bond 
orders between the Si ions and ONB (No.1 in Fig. l(a) and (b)). For 
SizO+-, the symbols of 0 show the bond orders between the Si ions 
and OB coordinating the metal ions (No.3 in Fig. 2), and the symbols of 
A show the bond orders between the Si ions and ONB (No.1 in Fig. 2). 
In the both cases of sio44- and Si~07~-,  the bond orders between the Si 
ions and ONB (0 and A) were very high. This means that the 
covalent bond between the Si ions and ONB is very strong. On the 
other hand, the bond orders between the Si ions and OB coordinating 
the metal ions (0) of SizO76- were very small. This means that the 
metal ion weakens the covalent bond between the Si ion and OB to 
which the metal ion attaches, and then the covalent bond between them 
is readily destroyed. Furthermore, the bond orders between the Si 
ions and oxygen ions coordinating the metal ions of sio44- (0) were 
small. Especially, the bond order between the Si ion and ONB which 
coordinate Na+ ion was small. 

For the Sios4- cluster coordinating Na+, the contour map of the 
charge difference, A p ( p (SiO4Na3-)- p (sio44- )), was calculated, in 
order to obtain better understanding of a decrease in the bond order 

Fig. 5 
p (SiO&)), around Si(5) and O(3) ions. 
lines indicate positive, negative and zero contour lines, respectively. 

Contour map of difference charge density, A P ( P (Si04Na3-)) - 
Solid, dotted and dashed 
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between the Si ion and the oxygen ion. Figure 5 shows the contour 
map of the charge difference around the Si and O(3)  ions  fig^ l(a)). 
The solid, dotted and dashed lines indicate positive, negative and zero 
contour lines, respectively. The area between the Si ion and 0 (3) ion 
shows negative difference charge. Therefore, it can be said that Na+ 
ion decreased the charge density in the area between the Si ion and 
O(3) ion. 

Masson(14) considered that, as  the silica content in an oxide melt 
was increased, a series of polycondensation reactions might be 
envisaged in which sio44- ions a t  first dimerize and then further react 
with higher members of the series, and a t  last formed linear and 
branched polyionic chains, with the elimination of an oxygen ion a t  each 
step as shown in eq.(l): 

Sod4- + S o d 4 -  = SizOP + 02- (&,I) 

sio44- + Si~07~-  = s i 3 0 1 o 8 -  + 02- (K1,z) 
s i 0 d 4 -  + Si30108- = Si401310-  + 0 2 -  0(1,3) (1) 

In his calculation, it was assumed that all of the equlibrium constants, 
K1,1, Kl,z, K1,3-, were equal t o  the same value, K. The activities of the 
metal oxides such as CaO and FeO can be evaluated by using the 
equilibrium constant, K. 

Although thermodynamic properties can be evaluated by these 
statistical thermodynamics studies(13J4), effects of metal ions on the 
equilibria among sio44-, Si2076-, Si30108- ,  SiZ0d0- --- have not been 
directly clarified. We tried to interpret our present calculation in 
connection with the statistical thermodynamic studies(13J4). Figure 6 
shows the schematic models of the equilibrium between SiOd- and 
SizOP-. We considered that the mechanisms of polymerization and 
depolymerization were as shown in models I (a), (b) and models II (c), 
(d), respectively. Model I (a) shows interaction between a monomer 
of f?~io4~- and a metal ion. As described above (Fig. 4 and 5), it was 
found that the metal ions decrease the electron densities between the 
Si and oxygen ions of sio44-. Therefore, we consider that the oxygen 
ion (Mark A in Fig. 6(a)) coordinating the metal ion can easily 
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dissociate. 
the Si ion to form polymerized Si~07~-, as shown in Model I 03). 

As a result, the oxygen ion (Mark B in Fig. 6(a)) combines 

I I 

I 

Model I Model I 

Fig.6 Schematic models of polymerization. Model I shows the 
polymerization of sio44- to SizOP and Model 11 shows the 
depolymerization of S iz076-  to Si(h4-. 

Model II (c) shows the interaction between a dimer of SizO+ and a 
metal ion, The metal ion decreases the electron densitiy of Si-OB of 
S i z 0 7 6 -  as shown in Fig. 4. Therefore, the covalent bond of Si-OB 
(Mark C in Fig. 6 (c)) is readily destroyed. As a result, two SiOa4- are 
formed by cooridinating a free oxygen ion (Mark D in Fig. 6(d)), as  
shown in Model II (d). Further the equilibrium constants, K in eq.(l) 
of Masson's statistical thermodynamics study was very small(14). For 
example, for SiOz-CaO binary system, K is 0.003(14). This is the 
reason why, when metal oxides are added, the depolymerization 
proceeds more than the ploymerization. The bond orders between the 
Si ions and OB coordinating the metal ions of SizOP- (Model II , 0 in 
Fig.4) were smaller than those between the Si ions and oxygen ions 
coordinating the metal ions of Sio& ( Model I , 0 in Fig.4). 
Furthermore, the ionicities (0) of the oxygen ions coordinating the 
metal ions (No.3 in Fig. l(a)(b) ) of s i 0 d 4 -  does not yet reach to  -2.0 of 
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the free oxygen ions. These calculated results support the fact that 
the decomposition proceeds more than the polymerization. 

Further, concerning in our present study, Kowada et.al. 
investigated the optical properties of the solid states of silicate 
glassses from the energy level structures calculated by the DV- X a 
method(23)-(26). Besides the optical properties, the ionicity of ONB was  
found to  be from -1.4 to -1.5 and that of OB was found to  be fiom -1.2 to 
-1.3(=). Furthermore, it was found that Na+ ion decreased the bond 
order between the Si ion and O~(24). Therefore, the ionicities of ONB 
and OB, and the effect of Na+ ion on the bond order between the Si ion 
and O B ( ~ ~ )  obtained in the present study were similar t o  those of the 
pioneer studies for the silicate glasses(23)-(%). However, the 
characteristics of the liquid states such as the dynamic equilibrium 
among the discrete anions and free oxygen ions have not yet been 
discussed(23)-(26). We found that the metal ions were necessary for the 
formation of the free oxygen ions as well as the decomposition of 
polymerized structures as above described. 

Finally, we will consider the relation between the sulphide 
capasity of molten slags and the present calculation. The sulphide 
capacity is the solubility of sulphur atoms into molten slags from 
molten irons. Sulphur make irons brittle. Therefore, it is 
necessary for molten slags to  have the high sulphide capacity in order 
to produce high performance irons. 

During iron making, sulphur atoms in molten irons react with free 
oxygen ions in molten slags and then dissolve into the molten slags@) as 
shown in eq.(2). 

- S (molten iron) + 0 2 -  (molten slag) = S2- (slag) + 112 0 2  (2) 
Therefore, when oxygen ions are dissociated easily &om si044- during 
the polymerization (Mark A in Fig.G(a)), sulphur atoms in molten irons 
can readily react with oxygen ions in molten slags, and then readily 
dissolve into the molten slags. The dissociation of oxygen ions from 
s i 0 d 4 -  should be governed by the strength of the covalent bond between 
the Si and 0 ( 3 )  ions. Hence, when the bond orders of Si-0(3) in 
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SiO& are small, sulphur atoms in molten irons should readily react 
with oxygen ions in molten slags and readily dissolve into the molten 
slags. Thus we tried to  evaluate experimental data of the sulphide 
capacities in terms of the bond order of Si- O(3) in sio44- (the symbols 
of 0 in Fig.4). Figure 7 shows correlation of the sulphde capacities 
of the molten SiOz- 55mol%NazO, Si02 -55mol%CaO and SiOz - 
55mol%MgO@) with bond order for Si-O(3). I t  is found that the 
molten slag has higher sulphide capacity as the bond order 
decreases. The DV-X a molecular orbital calculation is expected to be 
a useful method for process design. 

-2.0 

Na 
-2.5 1 

-4.5 
0.60 0.62 0.64 0.66 

Bond order 

Fig.7 Correlation of sulphide capasities of SiO - 55mol%Naz0, SiOz- 
55mol%CaO and Si0~-55mol%MgO@) with bond order for Si-0(3) in 
monomer cluster in Fig. 1. 

4.Conclusion 

In order to  clarlfy the electronic states of molten slags used for 
iron and steel making, discrete anion models, sio44- and SizO+, 
coordinating metal ions such as Na+, K+, Ca2+ and Mgz+ were calculated 
by the DV-X Ck! method. The bond orders between the Si ions and non- 
bridging oxygen ions were found to be very high. On the other hand, 
the bond orders between the Si ions and the oxygen ions coordinating 
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the metal ions were very low, that is, the covalent bonds between them 
are weak, indicating that these oxygen ions appear to  librated as free 
oxygen ions during the polymerization of the discrete anions. The 
metal ions such as Na+, K+, Ca2+ and Mg2+ are necessary for the 
formation of the free oxygen ions as well as the decomposition of 
polymerized structures. As a result, the bond orders between the Si 
ions and the oxygen ions coordinating the metal ions were found to be 
correlated with reactivity such as sulphide capacity of molten slags. 
The values of ionicity of the non-bridging oxygen ions were -1.0--1.4. 

These values of non-bridging oxygen ions are approximately equal to  
the valences obtained from the statistical thermodynamics studies. 
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Abstract 

The I<-shell x-ray emission rates of molecules have been calculated 
with the DV-Xa method. The x-ray transition probahilites are eval- 
uated in the dipole approximation by the DV-integration method 
using molecular wave functions. The validity of the DV-integration 
method is t,ested. The calculated values in the relaxed-orbital ap- 
proximation are compared with those of the frozen-orbital approx- 
imation and the transition-state method. The contributions from 
the interatomic transitions are estimated. The chemical effect on 
the I<P/I<cx ratios for 3d elements is calculated and compared with 
the experimental data. The excitation mode dependence on the 
I<p/I<a ratios for 3d eleinentjs is discussed. 
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1. Introduction 

For long time the x-ray emission spectroscopy has been widely used 
to investigate electronic structures of materials. The x-ray emission 
spectrum is couventionally considered as a characteristic quantity 
of elements and most theoretical calculations of x-ray transition 
probabilities have so far been made for free at,oms. 

On the other hand, the chemical effect on x-ray spectrum has 
been known since early days of the x-ray spectroscopy. Ext,ensive 
studies on transition energies and line profiles have been reported 
[I], butr quantitative investigations on x-ray emission rates and rel- 
ative x-ray intensities for various compounds are rather scarce. 

With development of solid-state detectors, relative x-ray inten- 
sities, such as, I<P/I<a ratios, have been measured and compiled 
in the tabulated or graphical forms [2-41. However, these values 
are still considered as an atomic property and compared with the 
theoretical calculations for free atoms [5]. This is because for calcu- 
lation of x-ray emission rates in molecules it is necessary to perform 
multi-center integration for molecular wave function. Such calcula- 
tions are tedious and require a lot, of cornputration time and large 
memory capacity. 

The experimental study on the chemical effect, has been greatly 
promoted by the recent development of high-energy-resolution x-ray 
spectrometers. On the other hand, theoretical calculations of x-ray 
emission rates for molecules become possible by the use of mod- 
ern high-speed large-memory computers. The x-ray spect,roscopy 
for molecules is now a powerful tool t o  study molecular electronic 
structures. 

For theoretical calculations of molecular x-ray emission rates, it 
is usual to neglect the contributioiis from int,eratomic transitions, 
sometimes called crussu'uer trunsitiun,~, and t80 use t<he single-center 
approximation [6]. This approximation is useful and can often re- 
produces the experimental spectra quite well. Using a simple molec- 
ular orbital (MO) approach, Urch [7,8] showed the validity of the 
single-center approximatmion for metal I{ x-ray emission rates in 
MX4 and MXG molecules. On the other hand, Adachi and Taniguchi 
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[9] found that contributions from the crossover transitions are ap- 
preciable in their MO calculations for L2,3 x-ray intensities of S in 
Li2SO4. 

X-ray emission rates in simple molecules have been extensively 
studied by Larkins and his group [10,11]. Larkins and Rowlaiids [12] 
made the MO calculations with the complete-neglect-of-differential- 
overlap (CND0/2) method and point,ed out, that there are signifi- 
cant contributions of interatomic transitions to the C I{ x-ray emis- 
sion rates in CO, HCN, and C 0 2  molecules, but relative intJensitries 
are less sensitive to inclusion of crossover transitions. Applying the 
ab initio MO method to CO, they also examined [13] various factors 
influencing the molecular x-ray emission rate, such as choice of basis 
set, choice of length and velocity forms, electronic relaxation effect, 
and interatomic contributions. Phillips and Larkins extended their 
calculations to other simple molecules [14,15]. 

Recently we have estimated [ 161 the interatcomic contributions to 
molecular x-ray emission rates by the use of the discrek-variational 
(DV) Xa MO method [17]. For GO molecule, the C I{ x-ray emis- 
sion rate increases significantly by taking into account the inter- 
atomic transitions. On the other hand, t,he interat>omic transit,ions 
play a minor role for I< x-ray emission process in the compounds 
of 3d elements. 

Experimental studies on the I<p/I<a x-ray intensity ratio for 3d 
elements have shown [ 18-23] that t,liis ratio changes under influence 
of the chemical environment of the 3d atom. Brunner et al. [22] 
explained their experimental results due t,o the change in screening 
of 3p electrons by 3d valence electrons as well as the polarizat,ion 
effect. Band et al. [24] used the scatt(ered-wave (SW) Xa MO 
method [25] and calculated the chemical effect on the I<p/I<a ra- 
tios for 3d elements. They performed the SW-Xcr MO calculations 
for different chemical compounds of Cr and Mn. The spherically 
averaged self-consistent-field (SCF) potential and the total charge 
of valence electrons in the central atom, obtained by the MO calcu- 
lations, were used to solve the Dirac equation for the central at80m 
and the x-ray transition probabilities were calculated. 

We have studied the chemical effect on the I<p/I<a x-ray intjen- 



300 T. Mukoyama, K.Taniguchi. and H. Adachi 

sity ratios for several Cr and Mn compounds both theoretically and 
experimentally [26,27]. The I< x-ray spectra were measured with 
a double crystal spectrometer and the theoretical calculations were 
performed with the DV-Xa MO method. The calculated results 
indicate that the I<p/I<a ratio depends on the crystal symmetry 
and the ratio for compound with the tetrahedral symmetry is larger 
than that with the octahedral symmetry. This tendency is qualita- 
tively in agreement with the experimental data. 

On the other hand, Hansen et al. [28] measured ]<-x-ray in- 
tensity ratios for various elements following I<-capture decay of 
radioactive nuclides and pointed out that the I<@/I<a ratios by 
electron capture (EC) decay are considerably different from those 
by photon and electron impact ionization. Paii: and PeCar [29] found 
that the I<p/I<a ratios for Ti, V, Cr, and Fe by EC are smaller 
by almost 10% than those by photoionization (PI), but no appre- 
ciable difference was observed for Cu and Zn. A similar excitation 
mode dependence was measured for Mn by Arndt et al. [30]. They 
stated that the reason for the difference is due to the excess 3d 
electron in EC and the large shakeoff probability in PI. Rao et al. 
[31] also observed smaller I<p/I<a intensity ratios by EC for Mn 
and Fe. Since no appreciable difference was found for high-2 ele- 
ments, they concluded that the difference observed for 3d elements 
can be ascribed to the chemical effect. It is usual that the chemical 
forms of the samples for EC measurements are different from those 
for PI. In order to  elucidate the excitation mode dependence on the 
I ip/I<a ratios in 3cl elements, it is necessary to perform theoretical 
calculations which takes into account the chemical effect as well as 
the difference in the electron configurations. 

In the present paper, we calculated the x-ray emission rates in 
molecules with the DV-Xa method. We examine several factors 
affecting on the x-ray emission rates, estimate the chemical effect 
on the I<p/I<a ratios for 3d transition elements, and discuss the 
effect of the excitation modes on the I<p/I<a ratios. 
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2. X-Ray Transition Probability 
The MO calculations are made with the DV-Xa! method, which 
has been described in detail elsewhere [17]. First the Hartree-Fock- 
Slater (HFS or Xa) calculations are performed for each constituent 
atom in the molecule and the atomic wave functions obtained in the 
numerical form are used as the basis functions for the MO calcu- 
lation. The molecular wave function for the A-th MO is expressed 
as 

$A = c C i A h  (1) 
i 

where 4; is the i-th atomic orbital as a basis function and C ~ A  is the 
eigenvector corresponding to the expansion coefficient for the i-th 
atomic orbital in the A-th MO. 

In the MO calculations, the matrix elements in the secular equa- 
tion are evaluated numerically with the DV-integration method [32] 
and this equation is then diagonalized to  solve the generalized eigen- 
value problem giving the MO energy eigenvalues and eigenfunctions. 

Within the framework of the dipole approximation, the x-ray 
emission rate in sec-l is given by [33] 

T = 0.8888 x log N, Ei Di 

where N; is the number of electron in the initial state, Ex is the 
x-ray transition energy in Rydberg, and DA is the dipole matrix 
element in atomic units. 

For K-shell x-ray emission, the dipole matrix element from the 
A-th MO is expressed as 

where ( b ~  is the K-shell wave function and T is the position vector. 
In the DV method, the integration in Eq. (3) is carried out as 
the weighted sum of the integrand values at the discrete points 
according to  a certain sampling function [32]. 
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3. Calculations of X-Ray Emission Rates 

In the calculations of x-ray emission rates in molecules with the 
DV-Xa method, we have used various approximations and numer- 
ical techniques. We examine several factors which influence the 
theoretical calculations of molecular x-ray emission rates, i.e. the 
accuracy of the DV integration, the electronic relaxation effect, and 
the contributions from the interatomic transitions. The examina- 
tion of other factors, such as the choice of dipole operators, basis- 
set dependence, and the vibrational effect, has been reported by 
Larkins [10,11] wit,li the ub initio method. 

3.1. Validity of the DV-Integration Met hod 

In the present work, the calculations of the dipole matrix element 
in the x-ray emission rate, Eq. (3), have been performed with the 
DV-integration method [32]. In this method, the integral is eval- 
uated as the weighted sum of the integrand values at the discrete 
points distributed randomly according to an appropriate sampling 
function. The advantsage of the DV method consists in the fact 
that we can avoid the difficulties encountered in multi-center inte- 
gration. The validitmy of the DV-integration method has been tested 
by calculating the overlap integrals and dipole matrix elements for 
single free atoms [34]. 

For this purpose, the wave functions were obtained with the 
computer program for the DV-Xa method. Using these wave func- 
tions, the overlap intlegrals between two orbitals were evaluated 
with the DV-int,egration method. For the wave functions given in 
Eq. (l), the overlap integral can be expressed as 

In the case of a single free atom, the molecular wave function re- 
duces to the atomic wave function (A  = i ,  p = j )  and SAP = 1 for 
X = p and 0 for X # p. 

The calculated results of the square of the overlap integral for 
C1 atom indicate that, ISxPI2 is equal to unity for X = p within the 



X-Ray Emission in Molecules 303 

Table 1: Comparison of squares of dipole matrix elements (a.u.) 
between the values obtained by t8he DV integration method and 
numerical integration of HS wave function. 

c 1  ( x  Mn ( x  
HS DV HS DV 

2p --f 1s 0.417 0.417 2.181 2.197 
2p --f 2s 17.50 17.52 66.37 66.15 
3s + 2p 1.316 1.328 3.681 3.687 
3p + 1s 0.025 0.025 0.194 0.195 
3p t 2s 1.150 1.169 8.701 8.684 

accuracy better than lop3 and becomes less than for X # p 
for all possible combinations of atomic orbitals [34]. From this fact), 
it, can be said that the DV-int,egration method can well reproduce 
the orthonormality of the at80mic wave funct,ions. 

In the next st8ep, the dipole matrix element, Eq. (3), for C1 
(2 =17) and Mn (2 = 25) at,oms were calculated with the DV- 
integration method for all possible dipole transit,ions. The obtained 
results for the square of tjhe mat,rix element are shown in Table 1. 
For comparison, the nonrelativistic atomic HFS calculations were 
carried out, by the use of the computer code of Herman and Slrillman 
(HS) [35] and the dipole matrix element,s correspondiiig to Eq. (3) 
were evaluated by the conventional numerical intfegratioii met,hod. 
The calculated values are also listfed in Table 1 and compared with 
the DV values. 

I t  should be noted t8hat the exchange scaling parameter in the 
original HS code is set to be Q = 1. On the other hand, it is 
usual to adopt a, = 0.7 in the DV-Xa method. In addition, the 
Latt,er tail correction for t,he atomic potential [36] is included in 
the HS code. However, in order t,o compare with the DV value, we 
modified the HS code and the calculations were made with Q = 0.7 
and without the Latter correction. Accordingly, the x-ray emission 
rates obtained from the HS values in Table 1 are different, from t,he 
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tabulated values of Manson and Kennedy [37]. 
It is clear from the table that the numerical values obtained with 

the present method are in good agreement with those calculated 
with the direct numerical integration of the HS wave functions. 
This means that the DV-integration method is useful to calculate 
the transition matrix elements between two wave functions. 

3.2 Electronic Relaxation Effect 

The x-ray emission process in atoms and molecules is considered in 
three steps. In the first step (t = -m), all the electrons are in their 
lowest energy states, the ground state (GS). Then an inner-shell 
vacancy is created at t = 0 in the second step. This state can be 
called the initial state (Init). After a certain period between this 
step and the next step, the vacancy in the inner shell moves to 
an outer shell accompanying x-ray emission. In the final step, the 
vacancy is assumed to remain in the outer shell (t = m). Let us 
call this state the final state (Fin). 

In the Xct method, the dipole matrix element is often calculated 
using the Slater’s transztzon state (TS) concept [38]. The TS for x- 
ray emission corresponds to the state where the electron concerned 
with the transition stays half in the initial state and half in the final 
state. The electron configurations for the ground state, the initial 
state, the transition state, and the final state are shown in Fig. 1. 

Most theoretical calculations of x-ray emission rates in atoms 
and molecules have been performed in the frozen-orbztal (FR) ap- 
proximation, where the same atomic or molecular potential is used 
before and after the transition. It is usual to use the ground state 
configuration for this purpose. This approximation is convenient 
because we need only one atomic or molecular calculations and the 
wave functions for the initial and final states are orthogonal. How- 
ever, the presence of vacancy is not taken into consideration. On 
the other hand, we have shown that the TS method is useful to 
predict x-ray transition energies, but is not so good approximation 
to the absolute x-ray transition probabilities [39]. 

It is more realistic to calculate transition matrix elements be- 
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G S  lnit 

Figure 1: Electron configurations for the ground state (GS), initial 
state (Init), transition state (TS), and final state (Fin). 

tween the initial and final states, taking into account the electron 
relaxation. In this case, called relaxed-orbital (RX) approximation, 
we must calculate wave functions separately for the initial state 
with an inner-shell vacancy and for the final sates with a vacancy 
in an outer shell. We have compared the I<-x-ray emission rates of 
CO molecule for the FR approximation with GS, the TS method, 
and the RX approximation [40]. 

The x-ray emission rates with a 1s vacancy in 0 atom (la) 
were calculated with the DV-Xa method in the FR, TS, and RX 
approximations. The obtained results for all possible MO states by 
three approximations are listed in Table 2 and compared with each 
other. The x-ray transition energies were calculat,ed with the TS 
method, because the energy eigenvalues in the Xa method do not 
correspond to the binding energy of the electron [38]. It can be seen 
that the FR gives the largest values for the transitions from 30 and 
40, while the RX values arelargest for 157 and 5 0 .  The TS gives 
always the smallest transition probabilities. 

In Table 3, the similar results for 1s vacancy in C (20) are 
given. In this case, the FR values are largest except for the 40 + 
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Table 2: X-ray energies (eV) and emission rates (arbitrary units) 
for 0 1s vacancy in CO. 

Emission rate 
Level Energy F R  TS RX 

30 512 30.63 22.09 26.60 
40  529 174.9 144.6 168.7 
1T 531 472.5 423.7 490.4 
5a 534 52.23 37.74 64.66 

Table 3: X-ray energies (eV) and emission rates (arbitrary units) 
for C 1s vacancy in CO. 

Emission rate 
Level Energv F R  TS RX 

30 265 10.71 8.04 8.45 
40  281 1.08 1.35 3.44 
1T 283 52.69 48.11 44.03 
5 0  287 51.30 31.26 39.37 
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Table 4: Comparison of relative I< x-ray intensity ratios for oxygen 
atom in CO. 

DV-Xa" Ab initiob A b  in,itio' 

30 0.06 0.05 0.05 0.06 0.08 0.05 0.04 
4 0  0.37 0.34 0.34 0.37 0.51 0.42 0.20 0.38 
l7r 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
50 0.11 0.09 0.13 0.08 0.00 0.11 0.06 0.28 

Level F R  TS RX FRd RX ' FR RX Experiment' 

"R.ef. 40. 
bR.ef. 41. 
'Ref. 14. 
dla-l state. 
"R.ef. 42. 

20 transition. The TS gives the smallest values except, for the 
transition from 40. The RX value for 40  is largest, aiid others 
are between the F R  and the TS values. 

In order to compare with other theoretical calculations aid the 
experimental data, the relative iiit,ensit,y ratios of x-ray emission 
rat8es with respect to tlie st,roiigest component, from the 17r orbital 
are estimated. The present result,s for 0 Is vacancy (la) are listed 
in Table 4 and compared with the theoretical values of Phillips 
and Larkins [14] and of Agren and Nordgren [41] and with the ex- 
perimental data by Werine et al. [42]. Agreii aiid Nordgren [41] 
performed the ab znitio calculations in the FR and the RX approx- 
imations, but their FR calculations were made for tlie state with 
the la  vacancy. Theoretical values of Phillips and Larkins [14] were 
also calculated in the ab rnztao method. It, should be noted, how- 
ever, that their RX calculations include tlie effect of exchange aiid 
overlap due to noiiorthogonality of the initial aiid final wave func- 
tions. The similar comparison is made for the case of C Is vacancy 
(20) in Table 5. 
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Table 5: Comparison of relative K x-ray intensity ratios for carbon 
atom in CO. 

DV-Xa" Ab initiob Ab initio' 
Level FR TS RX FRd RX FR RX Experimente 

3a 0.20 0.17 0.19 0.25 0.24 0.34 0.13 
40 0.02 0.03 0.08 0.04 0.03 0.10 0.00 
17r 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
50 0.97 0.65 0.89 0.91 0.84 1.11 0.91 0.59 

"Ref. 40. 
bRef. 41. 
'Ref. 14. 
dla-l state. 
'Ref. 42. 

It can be seen from Tables 4 and 5 that, although the absolute x- 
ray emission rates depend on the approximations used, the relative 
intensity ratios are almost same for all theoretical calculations. The 
reason for the discrepancy between the theoretical and experimental 
values can be ascribed to the satellites due to multiple ionization 
which are included in the theoretical values [41]. 

It can be said that, when we are interested only in relative in- 
tensities for major transitions or shapes of x-ray spectra, all the 
theoretical models can give similar results. 

3.3 Contributions from Interatomic Transitions 

Most of old theoretical calculations for molecular x-ray emission 
rates have been performed in the single-center approximation and 
the contributions from the interatomic transitions have been ne- 
glected. On the other hand, Taniguchi and Adachi [9] and Larlcins 
[10,11] pointed out that in some cases the contributions from the 
interatomic transitions are appreciable. In the present work, the 
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contributions of the interatomic transitions to the molecular x-ray 
emission rates have been estimated with the DV-Xa method. 

The x-ray emission rate with the interatomic contributions is 
given by Eq. (2). On the other hand, the rate without the in- 
teratomic transitions can be obtained as follows. We calculate the 
x-ray emission rate by Eq. (2), but the summation over i in the 
dipole matrix element, Eq. (3), is restricted only for the atomic or- 
bitals that belong to the same atom as the initial I<-shell vacancy. 
This method may be different, from the conventional single-center 
model, in which the square of DX is expressed as 

where j denotes the atomic orbital in the same atom as 4Ii. 
The calculations were made for I<-x-ray emission rates of C and 

0 atoms in the CO molecule. The results with and without, the 
interatomic transitions and the relative change in the emission rate 
due to interatomic transitions are listed in Table 6. In general, the 
I<-x-ray emission rate increase by taking into account the exist,ence 
of the interatomic transitions. Only one exceptional case is the 
50 + la transition for the Ii-shell vacancy in 0 atom. The de- 
crease in this transition rate due t,o the two-center effect has already 
been pointed out by Rowlands and Larlcins [13] in their CND0/2 
calculations. 

The increase in the x-ray emission rates is significant for C I< x 
rays. In this case, the single-center approximation is inadequate to 
predict, the C I<-x-ray emission process in CO. On the other hand, 
the interatomic transitions play less important role for 0 I<-x-ray 
emission. 

We have also studied the interatomic contributions to  the I<- 
x-ray emission rates for chemical compounds of 3d elements [lG]. 
For the compounds with octahedral symmetry, such as CrC13 and 
MnCl2, the interatomic transitions play a minor role. On the other 
hand, in the case of the compounds with tetrahedral symmetry, such 
as Cr03 and IiMn04, the int,eratomic transitions increase x-ray in- 
tensities of 4t2, 5t2,  and 6t2 components of 3d transition metals. The 
422 component corresponds to the I<P” peak and G t z  to the I<,82,5 
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Table 6: I< x-ray emission rates for carbon and oxygen of CO in 
the single-center approximation (I) and two-center calculation (11) 
(arbitrary units). 

C 0 
MO Iu IIb AC I I1 A 
30 3.218 8.157 153.5 21.44 25.56 19.2 
40 0.484 0.834 70.4 132.9 145.0 9.1 
IT 33.04 40.86 23.6 390.8 394.5 3.3 
5a 31.83 38.54 21.2 43.47 43.14 -0.8 

total 68.57 88.43 29.0 588.6 608.2 3.3 

Without interatomic contributions. 
bWith interatomic contribut,ions. 
‘A = (I1 - I) / I x 100. 

peak, while the 5t2 component has not yet, been observed experi- 
mentally. These components are generally very weak in comparison 
with the strong diagrain lines. When we measure the 1</3/I<a ratios 
for the chemical compounds of 3d elements, the coiitrihutions from 
the int#eratomic transitions are less than 0.3% and almost negligible. 

4. Chemical Effect on the KP/Ka  Ra- 
tios of 3d Elements 

The chemical effect on the 1<,”3/1<cr x-ray intensity ratios has been 
studied experimentally for various chemical compounds of 3d transi- 
tion metals [18-23,26,27]. We choose several simple chemical com- 
pounds of Cr and Mn and calculate the 1</3/I<a ratios with the 
DV-Xa method. For simplicit,y, we assume that all compounds are 
expressed as clusters with the tetrahedral (Td) or octahedral (Oh) 
symmetry, in which the central metlal atom is surrounded by four 
or six ligand atoms, respectively. The compounds and clusters used 
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Table 7: Compounds and clusters used in the calculations. 

Compound Symmetry Clust,er Bond length (A) 
K2Cr04 Td CrOi- 1.65 
K2Cr207 Td CrOi- 1.70 
Cr03  Td 1.80 
Cr02 Oh CrOg- 1.90 
Cr203 Oh CrOi- 2.00 
CrC13-6H2 0 0 11 CrC1;- 2.38 
CrClz Oh CrC$ 2.55 

I<Mn04 Td MnO, 1.59 
Ii2Mn04 Td MnOi- 1.81 
MnO2 Oh MnOg- 1.89 
MnO 0 11 MiiOio- 2.22 
MnC12-2H2 0 Oh MiiClt- 2.51 
MnS Oh MnS’O- 2.61 

in the calculations are listed in Table 7 together with the crystal 
symmetry and the bond length between t2he nietjal and ligand atoms. 

For metal atoms, the 1s-4p atomic orbitals are used as the basis 
functions, while the l s - 2 ~  orbit,als are used for oxygen and the 
1s-3p orbitals for sulfur and chlorine. In all cases, the Slater’s 
stmatistical exchange parameter was chosen to be 01 = 0.7. The 
calculations were made for the FR approximation with the GS. 
The x-ray transition energies were obtained with the TS method. 

In Fig. 2(a), the experimental I<,Ll spectrum of Cr in Ii2Cr04 
[26] is compared with the calculated one. The energy scale is nor- 
malized to the experiment,al data at, the J<p1,3 line. The theoretical 
shape is assumed to be a Lorentzian function. There are two satel- 
litre lines in the high-energy side of trhe I<pI,3 diagram line, which 
originates from the 3p + 1s transition in Cr atom. These satellite 
lines can be ascribed to the transitions from the MO levels. The 
I<@’’ line corresponds to the 4t2 --f 1s transition and the I<p2,5 line 
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*. K01.3 

E (ev) 
Figure 2: The experimental and calculated 1</3 x-ray emission spec- 
tra of Cr in K2Cr04 and Mn in KMnO,. The assignments of the 
molecular states to the measured spectra are shown. The energy 
scale is adjusted t o  the experimental data at the I<p1,3 line. 
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is due to the transition from the 6t2 orbital. This assignment is 
the same as that proposed by Best [43]. There is another line from 
the 5t2 orbital in the theoretical calculation, but this line is too 
weak to be observed experimentally. Figure 2(b) shows the similar 
experimental and theoretical spectra for Mn in KMnO4 [26]. It can 
be seen from the figure that the experimental spectra are in good 
agreement with the theoretical ones. 

In the present work, we used the FR approximation with the 
GS, where the exchange and overlap effect is not taken into account. 
The I<p/I<a ratio calculated for a single atom is 0.1144 for Cr and 
0.1184 for Mn. These values are slightly smaller than the HS values 
of Manson and Kennedy [37] obtained with the model similar to the 
present one. This difference is attributed to  the difference in the 
choice of the Slater’s statistical scaling parameter. In the present 
work, we used Q = 0.7, while Manson and Kennedy used the original 
HS wave functions with a = 1.0. 

On the other hand, according to the relativistic calculations by 
Scofield [5] with exchange and overlap effect, the I<p/I<a ratio for 
Cr atom is 0.1337 and for Mn 0.1385. His values are considerably 
larger than the present ones and are in good agreement with many 
experimental data for at,oms. Scofield pointed out [5] that neglec- 
tion of the exchange and overlap effect underestimates the I<,!~/I<Q 
ratios for 3d elements. Considering this fact, it, is not favorable 
to compare the present theoretical values for chemical compounds 
directly with the experimental results. 

In order to compare with the measured values, we calculated 
the relative I ip/I<a ratios with respect to a standard compound. 
As for the standard, we chose K2Cr04 for Cr and I i M n 0 4  for Mn. 
The theoretical values for other compounds were divided by the 
theoretical value for the standard compound, while the experimen- 
tal values were also expressed as the ratio to the measured value 
for the corresponding standard compound. 

In Table 8, the calculated relative I<p/I<a ratios are compared 
with the relative measured values. For comparison, the theoretical 
values calculated by Band et al. with the MS-XQ method [24] are 
also shown. 
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Table 8: Comparison of calculated and measured relative I<,l3/I<a 
r a t8i 0s . 

Theory Experiment 
Conipound DV-Xa" M S - X a b  MTA" 
Cr (Relative to Ii2Cr04) 
I<2 Cr2 0 7  1.020 1.039 1.022f0.021' 
Cr03 0.980 1.040 1 .029f0.021' 
CrO2 0.949 
Cr203 0.952 0.975 0.978f0.020" 
CrC13-6H20 0.942 0.964 0.994 0.978f0.020" 
CrC12 0.934 

Mn (Relative to KMnO4) 
K2Mn04 0.978 0.933f0.021" 
M1102 0.960 0.973 1.007f0.021' 
Mi l0  0.944 
MllC12-2H20 0.937 0.971f0.020' 
MnS 0.935 0.966 0.950f0.007d 

0.953f0.003" 

"Ref. 26. 
bRef. 24. 
"Ref. 18. 
dPIXE, Ref. 22. 
eF1uorescence, Ref. 22. 
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The calculated results are qualitatively in agreement with the 
experiniental data, except for Cr03. The experimental value for 
Cr03 is larger than unity, while the calculated one is smaller. In 
the case of MnO2, the theoretical value agrees with the measured 
value of Mukoyama et al. [26], but smaller than the experimental 
value of Tamaki et al. [18]. It should be noted that the experimental 
studies of Tamaki et al. [18] and Brunner et al. [22] were performed 
with poor-energy-resolution Si( Li) detectors. On the other hand, a 
double crystal spectrometer with high energy resolution was used by 
Mukoyania et  al. [2G]. In the latter experiment, the KP” and K&,5 

peaks were observed separately from the KP1,S peak, as shown in 
Fig. 2. The MS-Xa! values of Band e t  al. [24] are larger than the 
present results, but only two values are available for the chemical 
compounds listed in Table 8. 

From Tables 7 and 8, it is clear that the KP/Ka! ratios of the 
compounds with the Td symmetry are in general larger than those 
with the Oh symmetry. This trend can be explained in the following 
reason. As can be seen in Fig. 2, for the compounds with the 
Td symmetry the satellite lines due to  4t2 and Gtz  orbitals have 
considerable contributions to  the KP x-ray intensity, while in the 
Oh symmetry the intensity of the corresponding satellite line from 
the 5t1,& orbital in oxides and from the 8t1, orbital in sulfides and 
chlorides is weak. 

The results in Table 8 indicate that the chemical effect on the 
KP/Ka  ratios is in order of several %. This means that the ex- 
perimental studies on this effect should be made very carefully. In 
all experiments except for two, Paci-Mazzilli and Urch [ZO] and 
Mukoyama e t  al. [26], Si(Li) detectors were used to  observe x-ray 
spectra. Owing t o  poor energy resolution of the solid-state detec- 
tors, KP satellite peaks cannot be resolved from the KP1.3 diagram 
line and the presence of these peaks should be taken into account 
in the data analysis of the experimental spectra. However, a single 
Gaussian shape has often been used for the KP composite peak in 
most experiments. In order to  compare with the present theoretical 
values, it is hoped that more systematic studies for the chemical ef- 
fect on the KP/Ka! ratios for 3d elements be performed with high 
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Table 9: KP/Ka ratios of Cr as a function of the number of 3d 
electrons . 

Number of 3d electrons K p / K a  ratio 
Cr 5 0.1144 
Cr+l 4 0.1164 
Cr+2 3 0.1203 
Cr+3 2 0.1256 
Cr+4 1 0.1303 
Cr+5 0 0.1398 

energy resolution spectrometers, which can observe the KP" and 
K&,5 lines separately. 

5. Effect of Excitation Modes on KP/Ka 
Ratios 

For 3d elements, it was experimentally observed [28-311 that the 
K p / K a  x-ray intensity ratios by EC are systematically smaller 
than those by PI. The difference amounts to almost 10% at the 
largest case. The excitation mode dependence has been explained 
due to  the excess 3d electron in EC and larger shakeoff probability 
in PI [30]. This conclusion was drawn based on the single-atom 
picture. 

In order to  examine the effect of the number of 3d electrons on 
the x-ray intensity ratios, we have calculated the K p / K a  ratios for 
Cr atom as a function of the number of 3d electrons with the HS 
code. The calculations were made by removing the 3d electron one 
by one from the valence electron configuration of the Cr atom in 
the ground state, (3d)5(4~)1. The results are given in Table 9 and 
it is found that the decrease in the number of 3d electrons increases 
the KP/Ka ratio. This fact indicates that the KP/Ka ratio by 
EC is smaller than that by PI if the parent Mn atom in EC and the 
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Cr atom in PI are a single free atom. 
However, the atom of the 3d elements in the radioactive sources 

and the targets used for PI is usually not a free atom, but in the 
chemical compounds. As has been shown in the previous section, 
the I<@/I<a ratios for 3d elements depend on the chemical envi- 
ronment of the x-ray emitting atom. In I<-x-ray emission following 
EC, it can be assumed that the chemical form of the parent atom 
is preserved until x rays are emitt,ed. In this case, the daughter 
atom is considered as an impurity atom embedded in the chemical 
compound of the parelit, atom and its chemical state is different 
from the state of the ordinary chemical compound of the parent 
atom as well as from that of the daughter atom. In addition, since 
the daughter atom is produced by EC of the parent atom, there 
is an extra electron in the valence shell of the daughter atom in 
comparison with the ordinary neutral atom. These facts suggest 
that the I<p/I<a ratios by EC should be estimated by taking into 
account, both the chemical environment of the daughter atom and 
the presence of an additioiial electron. 

In the present work, we calculate the I</3/I<a ratio by EC for 3d 
elements in different chemical compounds and compare them with 
the values by PI in the corresponding chemical compounds. In the 
chemical effect, the I<p/I<a ratios depend on the symmetric prop- 
erty of the compounds. Taking into account this fact, we choose the 
V and Cr compounds with the Td and Oh symmetry and calculate 
the A-/3/I<a ratios by EC and PI. In the case of EC, the chemical 
cornpounds of the parent atoni are used, but the atomic number of 
the central atom is decreased by one. The electron configuration of 
the parent atom is used for the daughter atom and the bond length 
is assumed not to change during EC. 

For Cr I< x rays after 54Mn decay in Kz54Mn04, we used the 
cluster Cr[MnOi-], where the symbol Cr[MnOi-] means that, the 
central Mn atom in MnOi- cluster is replaced by Cr. The cor- 
responding chemical compound of Cr for PI  is Ii2Cr04 and the 
I<p/I<a ratio is calculated with the cluster CrOi-. The pairs of 
the chemical compounds and clust>ers used for the calculations of 
the I<@/I<a ratios by EC and by PI are shown in Table 10. All the 
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Table 10: Pairs of the compounds axid clusters used in the calcula- 
tions. 

Compound' Syininetry Clust8er Bond length (A) 
I i 2  54Mn04 Td Cr[MnOi-] 1.81 
Ii2C1-0~ Td CrO:- 1.65 

I(2 51Cr04 Td v[c~o,~-] 1-65 
Na3V04 Td voi- 1.74 

5 4 ~ n 0 2  Oh Cr[MnOt-] 1.89 
CrO2 0 11 CrOE- 1.90 

51 Cr02 0 11 v[c~o;-] 1.90 
vo2 0 11 v0:- 1.93 

54 M&12 0 11 Cr [ MnClt-] 2.51 
CrC12 0 11 CrClt- 2.55 

51 CrC13 Oh v[c~c~;-] 2.38 
VC13 0 11 vc1;- 2.45 
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Table 11 : Calculatted results for I<p/I<a ratios. 

EC I<p/I<a PI I<p/Ka 
v[c~o~-] 0.1210 VOi- 0.1201 
V[CrO:-] 0.1149 VOt- 0.1154 
V[CrCl;-] 0.1125 VCli- 0.1133 

Cr[MnOi-] 0.1201 CrOi- 0.1227 
Cr[MnO;-] 0.1171 CrOi- 0.1172 
Cr[MnCl;-] 0.1127 CrC1:- 0.1146 

calculations were made in the nianner similar to the case for the 
chemical effect in the previous section. 

The calculat,ed values of t,lie Iib/I<a ratios for EC and PI are 
listed in Table 11. It  is clear that, the I<j’3/I<a ratio by EC is 
smaller than that by PI  for all chemical compounds, except, for 
the case of the V[CrOi-] and V0:- pair. This is consistent, with 
the experimental results of Haiiseii et ul. [28], Paii and PeCar [as], 
Arndt, et ul. [30], and Rao et al. [31]. For only one exceptional case 
of v[c~o~-],  it, is interest,ing tjo note that, its equivalent, cluster for 
PI is not VOq-, but VOi-, whose cryst,al stxuctnre is not, found in 
literat,ure. The formal oxidation number of V atom in the former 
cluster is 5, while that in t,lie latker is 6. It, is point,ed out [23] that 
the I<[j/I<a ratlio for the compounds of 3cl elements increases with 
the formal oxidation number. From these facts it, is expected that, 
t,he I<~/ I<CI  ratio for v in vO:- is smaller than that, in V O ~ -  and 
also in v[c~o:-]. 

As has been described above, the direct comparison of tjhe calcu- 
lated results with the experimental values is not, favorable because 
the exchange and overlap effect, is neglected in the present calcula- 
tions. In order t,o compare with the experiment,al data, we calcu- 
lated the theoretical I<p/I<a ratio by EC relative to t,hat, by PI, 
( I < p / l < a ) ~ c / ( I < p / I < ~ ) ~ , ,  for different chemical compounds. The 
obtained results are listed in Table 12. The value for the Ii251Cr04 
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Table 12: Comparison of calculated and measured relative ratios, 
(Il-p/I<a)Ec/( I<p/I<a)pI. 

Element Compound Calculated Measured Reference 
V vo2 0.996 

VC13 0.993 
not, specified 0.903 f 0.020 29 

Cr IC2Cr04 0.979 

CrC12 0.983 
CrO2 0,999 

not specified 0.948 f 0.021 29 

and Na3V04 pair is not included in the table because of the differ- 
ence in the formal oxidation number. 

The relative I<p/I<a ratios, ( I l - ~ / I ~ a ) ~ ~ / ( I < p / ~ < ~ ) ~ , ,  are less 
than unity for all chemical compounds in the table. It can be said 
from the table that the I<p/I<a ratios depend on the excitation 
modes. However, these relative values are very close to unity and 
the difference is less than a few %. This fact indicates that when 
the Iip/Il-a ratios by EC and by PI are measured in the similar 
chemical states, it is very difficult, to observe the excitation mode 
dependence. 

In Table 12, the experimental results of Paik and PeEar [29] are 
also listed for comparison. They observed almost 10% decrease for 
V and about 5% decrease for Cr. These results are much larger than 
the present theoretical values. Unfortunately there is no description 
about the chemical forms of the samples they used. It is possible 
that the chemical forms of their radioactive sources are different 
from those of the targets for PI. If the chemical forms of the samples 
are different, the relative ratios become a sum of two effects, the 
chemical effect and the effect of excitation modes, and can be larger 
values than those for the latter effect alone. For example, if we 
choose the smallest value for EC and the largest value for PI  from 
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Table 12, the relative ratio is 0.937 for V aiid 0.917 for Cr. These 
values are in better agreement, with the values of Paik and PeEar. 
From these facts, it can be said that the experimental results of 
Paik and PeEar be ascribed t,o the sum of the chemical effect and 
the effect of t,he excitation modes. 

Arndt et al. [30] proposed another reason for smaller I<P/I<cy 
ratios by EC, i.e. larger shakeoff probability in PI. They demon- 
strated that, if the number of 3d electrons in PI is assumed to be 
by two less than that in EC, the experimental results of Paik and 
PeEar and their own data for Mn can be explained. Smaller shake 
probabilities for EC than for PI have already been pointed out, by 
Crasemann et al. [44]. It is important to compare the effect of the 
shake process on the 1</3/I<a ratios by EC and by PI for V and Cr 
atoms. 

When the nuclear charge changes due t80 radioactive decay and/or 
an inner-shell vacancy is produced, the bouiid electrons in the same 
atom or molecule experience t,he sudden change in the central po- 
tential and have a small but. finite probabilit,y to be excited to  
an unoccupied bound state (shakeup) or ejected to the continuum 
(shalieoff). We calculated the sliakeup-plus-shakeoff probabilities 
accompanying PI and EC using the method of Carlson and Nest,or 

According to the sudden approximation, the shalieup-plus-shake 
-off probability for an atomic electron with the principal quantum 
number n. and orbit,al angular momentum quantum number Z is 
given by [45] 

1451 - 

where $nl represents the electron wave function of the orbital nt 
in the initial atom in the ground state, $kl is that in the daughter 
atom with an inner-shell vacancy, and N is the number of electrons 
in the n,Z orbital. The quantit,y PF represents the probability for 
the transition to occupied bound states, which is forbidden by the 
Pauli principle. When the principal quantum iiumber of the highest, 
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Table 13: Shalieup-plus-shakeoff probabilities for I<-shell photoion- 
ization and I<-electron capt#ure. 

V Cr 
Shell PI  EC PI EC 

IS 4.91(-5)" 5.15(-4) 4.55(-5) 4.70(-4) 
2.5 1.59(-3) 1.13(-3) 1.52(-3) 1.03(-3) 
2p 8.16(-3) l.Gl(-4) 7.51(-3) 1.50(-4) 
3s  6.79( -3) 1.16( -3) 6.59( -3) 9.54( -4) 
32, 5.43(-2) l.lO(-4) 4.15(-2) 9.81(-5) 
3d 8.45(-2) 5.17(-4) 1.49(-1) 3.75(-4) 
4s  1.24(-1) 7.87(-4) 7.86(-2) 9.44(-4) 

"4.91(-5) means 4.91 x 

occupied state is z, this probability is written by 
2 NN' 

pF = n'=l c 2(21+ 1) ( 7 )  

where n. # n.' and N' is the number of electrons in t8he n'1 orbital. 
In the case of PI, the calculat,ions were made with the HS wave 

funct,ions in the manner similar to  that of Mukoyama and Taiiiguchi 
[46]. On the other hand, for EC the change in the nuclear charge 
was taken into account in additioii t,o the creation of a I<-shell 
vacancy. In this case, the parelit, at,om, i.e. Cr for V and Mn for 
Cr, was used as the initial stat,e. The valence electron configurat,ions 
of the ground state for V, Cr, and Mn were t8alten t80 lie (3d)3(4s)2, 
(3d)5 (4s)', ( ~ c Z ) ~ (  4 ~ ) ~ ,  respectively. 

The calculated shakeup-plus-sliakeoff probabilities for V and Cr 
following PI and EC are listed in Table 13. It, is clear that the 
probabilities for EC are negligibly small and those for PI  are about 
5% for 31, electrons and about 10% for 3d electrons. Using the 
values of Table 13, we ohtaiiied t,he effective numbers of 3p, 3 4  and 
4s  electrons after EC and PI and calculated the I<,O/I<a ratios for 
atoms. There is no influence of the shake process on the I<,O/I<a 
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ratios by EC. On the ot,her hand, tlie increase in the ratios due 
to the shake process for PI is less than 0.5% for V and less than 
0.4% for Cr. This fact shows t,hat the shalie process plays a minor 
role in the excitation mode dcpeiideiice of the Ii/l/Iia! rat.ios for 3cZ 
elements. Tlie dominant8 factor for t8he effect of excitation niodes 
can be ascribed to the sum of the effect of the excess 3d electrons 
in EC and tlie effect, of the difference in the chemical environment’s. 

I t  should be notred, however, t8hat in actual sit,uations the fi- 
lial states of the shalieup process are molecular Rydberg s taks  and 
should be described liy tjlie MO wave functions. We estiiiiated the 
contribut,ions from the shakeup probabilities for atoms accompa- 
nying I<-shell PI to the t,ot,al (shakeup-plus-shakeoff ) probabilities. 
Tlie shalieup probabilities were calculat,ed with the HS wave func- 
tions as the overlap integrals by the method used in our previ- 
ous work [47]. The shalieup probabilities in PI  were found to be 
aboutl 30-40% of t,he taot,al probaliilit,ies for 3p electrons and about 
40-50% for 3d elect,rons. These large slialieup prolmbilities suggest 
tliat, the cliemical effect on t,lie shakeup process would be large if tlie 
slialieup probabilities are ca1culat)t.d with tlie MO wave functions 
and the contributions of t,lie sliake process in PI to  the I<@/I<a 
ratios for 3cl elements would lie appreciable. 

6. Summary 

The main difficu1t)y in MO calculations consists in evaluat.ion of the 
multi-cent<er int(egra1s. Tlie DV-int(egratioii method is one of the 
powerful met,liods t,o avoid such difficult,y and has been successfully 
used in the MO Inetahod. Wlieii this technique is applied to the cal- 
culations of the t,raiisition matrix elements, it niakes the evaluations 
of x-ray emission rates in complex molecules easier. 

In the present work, the x-ray emission rates in molecules have 
been calculated with the DV-Xcu MO method. Tlie dipole matrix 
elernelits for x-ray einissioii are evaluat,ed by t,he use of the DV- 
integrat,ioii method. The validity of this procedure was tested and 
the DV-integrat,ioii nietliod was found to be useful to calculate the 
dipole matrix eleirients in x-ray emission. Comparison of the FR, 
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TS, and RX methods for x-ray transition probabilities was made 
and it is demonstrated that relative intensity ratios and shapes of 
x-ray emission spectra are not so sensitive to  the method used. The 
contributions of the interatomic transitions was estimated for CO 
and compounds of 3d transition metals. For C K-x-ray emission 
rates in CO the multi-center effect is found to  be important, but 
in the case of the Icp/Kcr ratios for the 3d transition elements the 
interatomic transitions are almost negligible. 

The chemical effect on the KP/Ka ratios for 3d elements have 
been calculated for compounds with Td and Oh symmetry and are 
in qualitative agreement with the experimental data. It is found 
that the ratios for compounds with Td symmetry are larger than 
those with Oh symmetry. The excitation mode dependence on the 
KP/Ka ratios for 3d elements was studied. For the same chemical 
compounds the K@/Ka ratios by EC are smaller than those by 
PI due to the excess 3d electron in EC, but the difference is too 
small to  explain the experimental results. It was pointed out that 
the large experimental values may be due to  the sum of the effect 
of the excess 3d electron and the chemical effect. The larger shake 
process in PI plays a minor role for the excitation mode dependence. 

From these studies, it can be concluded that the DV-Xa method 
is quite efficient to  calculate x-ray emission rates in molecules. 
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DV-Xa Calculation of X-Ray Emission Spectra 

Jun Kawai 

Department of Materials Science and Engineering, 
Kyoto University, Sakyo-k u, Kyoto 606-01, Japan 

Abstract It is demonstrated that the profile changes of x-ray 
emission spectra of various molecules and solids are successfully 
reproduced by the local and partial electron density of states 
calculated by the DV-Xa molecular orbital method. Some 
successful examples of the materials characterization by way of 
comparing the measured x-ray spectra and the DV-Xa calculations 
are also demonstrated. 

1. Introduction 
X-ray emission spectra of solids and molecules are methods of 

measuring electronic structure of matter [l-51. The x-ray emission 
spectra reflect the occupied electronic structure as shown in Fig. 1, 
while the x-ray absorption spectra reflect the unoccupied molecular 
orbitals N O ) .  These x-ray spectra represent local (L) and partial 
CP) electron density of states (DOS) because of the electric dipole 
selection rule, and thus the x-ray spectroscopy is a powerful tool to 
study the electronic structure of matter. The development of 
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synchrotron radiation facilities makes i t  possible to measure the x- 
ray emission spectra more easily with using a resonance condition [6, 
71, and we can get information on the detailed electronic structure of 
matter using the characteristics of synchrotron radiation such as 
resonance and polarization. 

. . . .  .: ' *  '. . . .  . .  
KB1.3 

S3p-- 
I 
I 
I 
\ 
I 

\ 
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\ 
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L 

KB I .: 
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Fig. 1 Measured sulfur Kp (K-M2.3) x-ray emission spectrum of 
N a ~ S 0 4  and the assignment of x-ray transitions for the so42. 
cluster. The x-ray intensity reflects the S 3 p  atomic orbital 
component in the molecular orbitals. (Taken and mohfied from 
Kawai et al. [l].) 
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The calculation of x-ray emission spectra of molecules or solids 
are one of the most successful applications of the discrete variational 
(DV) Hartree-Fock-Slater (Xa) MO method using cluster 
approximation [8-lo], which was originally coded by Ellis and his 
coworkers [ll-141 based on Slater’s X a  exchange potential [15]. 
The DV-Xa method has several advantages for the calculation of x- 
ray transition process as follows. 

Firstly, it can calculate the inner-shell hole state. The atomic 
orbitals as well as the molecular orbitals are relaxed by the inner- 
shell or valence shell hole in the self-consistent field (SCF) 
calculation. This is because the DV-Xa method uses SCF numerical 
atomic orbitals as the basis set in an atomic potential in a cluster 
and thus the orbitals contract or expand according to the hole 
potential. They also self-consistently contract or expand due to the 
formation of chemical bonds. Figure 2 shows the Fe 3 d  atomic 
orbital used as one of the basis functions in the DV-Xa method for 
the ground state or the 1s-1 hole state. It is found that the 3d 
wavefunction contracts due to the core hole potential. The 
Gaussian type orbital (GTO) basis sets are usually fixed and thus the 
relaxation effect due to the core hole is included either by the change 
of MO coefficients or by the configuration interaction. Thus the 
expression of core hole state by the fixed basis function requires a 
large basis set. On the other hand, the numerical atomic basis 
functions are self-consistent themselves, and thus are good 
eigenfunctions of the Hamiltonian. Therefore the DV-Xa method 
usually needs only the minimal basis set for the MO calculations. 

Figure 3 shows the electron density of states of mn06]10- for the 
ground state and the 1s -1 core hole state [16]. This cluster is a 
model cluster of MnO. In the ground state, the Mn 3dand 0 2p are 
separated in energy and the hybridization is week. Thus MnO is an 
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Fig. 2 
basis function. 
state. 

Iron 3d atomic orbital used in the DV-Xa method as  a 
Solid line: ground state, and dotted line: Is-' hole 

UP DO" 

UP OONN 

Fig. 3 Electron densities of states of [MnOs]"J- cluster for the 
ground state ('left) and the Is T - I  hole state (right) calculated by 
the spin-included DV-Xa method. The shadowed area inhcates 
oxygen 2pcomponent. (Taken from Suzulu [16].) 
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ionic solid. In the Is-’ core hole state, however, the Mn 3dorbital 
energy becomes as  deep as that of the 0 Zp and they hybridize 
strongly each other. Thus we can know, using the DV-Xa method, 
that the initial state of x-ray emission (or final state of 
photoionization) of MnO is no longer ionic but covalent. 

The second advantage of the DV-Xa method is that the basis 
functions of the DV-Xa method are atomic orbitals. Thus the 
number of nodes is exact as shown in Fig. 4, where Si 2s GTO in 
GAUSSIAN method is compared with the numerical basis function 
used in the DV-Xa method [17]. The use of the atomic orbital 
wavefunction makes it possible to perform the direct calculation of 
the electric dipole matrix elements, e.g. <Is1 rl2p>, using the DV-Xa 
MO, yielding better result than when using a GTO basis MO. 

r - )  
Fig. 4 
DV-Xa (solid line) and GAUSSIAN 6-31G* (broken line). 
and modified from Nakamatsu [17].) 

Comparison of atomic basis functions of Si 2s used in the 
(Taken 
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The third advantage of the DV-Xa method is in the cluster 
approximation. The core hole state as the initial state of x-ray 
emission or final state of x-ray absorption is treated as an impurity 
atom in solid when using the band theory. However, since the core 
hole potential usually affects the next nearest neighbor atoms at 
most, it is enough for the calculation of x-ray emission spectra to use 
the clusters which include the second nearest neighbor atoms to the 
x-ray emitting atom as is described below. 

The fourth advantage is that the precision of the DV calculation 
is comparable to the experimental precision. The energy resolution 
of x-ray optics is a t  most 0.01 eV, which is the comparable value to 
the DV-Xa precision. Thus the infrared spectra cannot be 
reproduced by the DV-Xa method. 

We have calculated for these several years the x-ray emission 
spectra of solids and molecules and we have found that the 
calculation of x-ray emission spectra is one of the most successful 
applications of the DV-Xa method. In the present paper, results of 
our ongoing research, as well as published results are described. 

2. 
Fullerene The most successful examples of the application of 
the DV-Xa method to the calculation of x-ray spectra are fullerenes. 
At the stage we have calculated the valence electron DOS of C ~ O ,  
carbon 2p partial DOS was not measured or if it was measured [IS], 
the reliability of the experiment was not sufficient [19]. We could 
suggest, based on our DV-Xa calculation of c60, that the measured 
c60 Ka (K-L) x-ray emission spectrum in Ref. [18] was not correct 
and it contained some artifact because of the spectrometer fault [ 191. 

Moreover, I calculated the electronic structure of c60 and c70 
independently of the measurements of Ka x-ray emission spectra by 

X-ray emission spectra and DOS 
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Motoyama, and he and I finally compared the spectrum each other 
and the satisfactory agreement was published [20] as shown in Fig. 5. 
There were no adjustable parameters which affect the calculated 
results seriously. 

260  2 7 0  280 

X-ray energy (eV) 

Fig. 5 Measured x-ray emission spectrum of c60 (heavy solid line) 
compared with carbon 2 p  DOS calculated by the DV-Xa method 
(thin solid line). Vertical line: net 2p atomic orbital population 
calculated by the DV-Xa method. The thin solid line is the result 
of the convolution of 0.5-eV FWHM Lorentzian function and the 
net atomic orbital population. The peak a t  270 eV is a substrate 
signal. (Taken from Kawai and Motoyama [ZO].) 

The method of calculation of the x-ray emission spectra is as 
follows after Manne [21] and Urch [ZZ]. One-electron wavefunction 
q j  of the j-th valence MO in the ground state of a molecule is 
expressed by a linear combination of atomic orbitals (LCAO), 
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p, = C,l xi , where C,. is the MO coefficient and xi the i-th atomic 

orbital. The electric dipole transition moment of the j-th transition 
is then expressed as q. =< lslez,lpj > , where e a  is the electric 

dipole transition operator on electron 1. Here the z coordinate 
means that the emitted x-rays are apolarized and I 1s > is a carbon 
1s atomic orbital in the x-ray emitting atom. Because the one- 
center term is dominant, we can get an expression 

q. = < lslez, 12pz Sji, where the sum is run within the same 
atom. Since the term, <Is1 ea 1 2 ~ 2 ,  is common in all the x-ray 
transitions, the x-ray emission spectrum of Cso may be written as 

i 

a m p .  

F(hv) = C(Cji(2 S(E,  - hv) 
lE2P 

where Ej is the relative energy of the j-th MO, hv the x-ray energy, S 

the delta function, and occup. indicates occupied orbitals. We do 
not need to include the polarization of photons when the sample is 
homogeneous or randomly oriented. The height of the vertical lines 
in Fig. 5 represents IC,,12, i.e. the carbon 2p net atomic orbital 

population. The thin solid line is the convoluted result with 0.5-eV- 
FWHM (full width a t  the half maximum) Lorentzian function to 
mimic the x-ray hole lifetime width. The agreement between the 
calculation and the experiment is satisfactory as is shown in Fig. 5. 
The IC,,Iz was calculated here for the ground state of CSO. The 

satisfactory agreement between the x-ray emission spectrum and the 
ground state DOS indicates that the x-ray emission spectra 
represent the ground state 2p DOS of CSO. Usually, the x-ray 
emission spectra of those compounds which have not partially filled 
valence shells can be satisfactorily reproduced by the ground state 
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local and partial electron density of states. The x-ray emission 
spectra of transition-metal compounds, rare-earth compounds, and 
multiply ionized species are treated differently as is described below. 

3. X-ray emission spectra and atomic site determination 
Boron suboxide The second successful example of the 
application of the DV-Xa method is the atomic site determination of 
boron suboxide (€31202) [23]. We could determine the place of two 

1.2 I 
I(b) r(0-0)=1.20TA 2eu 

0.0 1 
510 520 530 540 

X-ray photon energy (eV) Relative energy (eV) 

1.21 I t  1 

I 

I e6 

-10 0 
Relalive energy (eV) Relative energy (eV) 

Fig. 6 (a) Measured oxygen Ka x-ray emission spectrum ef BlzOz. 
Calculated oxygen 2p DOS with 0-0 distances being 1.2 A (b), 2.0 
A (c), and 3.3 A (d). flaken and modified from Kawai eta]. [23].) 
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oxygen atoms in the rhombohedra1 boron unit cell by comparing the 
measured 0 Ka (K-L,3) spectrum (Fig. 6a) with the DV-Xa 
calculation where the adjustable parameter was the oxygen 
Cartesian coordinates. The calculated 0 2p DOS was very sensitive 
to the oxygen coordinate as shown in Figs. 6b-d. When the 0-0 
distance was shorter than 3 A, the agreement between calculation 
and experiment was not satisfactory. When the 0-0 distance was 
3.0-3.5 A, then the agreement was satisfactory. This 0-0 distance 
indicated that the oxygen is situated a t  the center of gravity of boron 
triangle as is shown in Fig. 7. A small cluster (B30-&0) was used 
in this calculation where B3 forms a triangle as is shown in Fig. 7 

(small solid spheres in Fig. 7). I t  is well known that the boron 
triangle forms a three-center bond. 

Fig. 7 Determined crystal structure of BizOz. (Taken from 
Kawai eta]. [23].) 
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a 
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w 2 1.0- (c) ,’ One of the P 
sites is vacant. I\?, 

i 

30 20 10 0 

Relative binding energy (eV) 

Fig. 8 
line) with the calculation (solid line). 

Comparison of the measured P 3p DOS of BMPZ (dotted 
(Taken from Maeda et al. 

1241.) 

B13pZ The crystal structure of B13P2 has determined to be the a- 
rhombohedra1 boron structure with two phosphorus atoms (partly 
replaced by boron) in a unit cell from x-ray diffraction. Maeda et al. 
[24] measured P 3p DOS of B13P2 by P Kp (K-M2,3) x-ray emission 
spectroscopy. They also calculated the P 3p DOS using three 
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models of B13P2: (a) the two P sites were fully occupied by P atoms, 
(b) one of the P sites was replaced by B, and (c) one of the P sites was 
vacant. The calculated P 3p DOS were compared with the 
measured P 3p DOS as is shown in Fig. 8. It is found from Fig. 8 
that the experimental DOS has been reproduced by the model (c). 
Neither the models (a) nor (b) gave satisfactory agreement with the 
measured x-ray spectrum. Consequently i t  was concluded that one 
of the P sites was vacant and was not replaced by B atom, and that 
the crystal structure of B13P2 was that shown in Fig. 9. 

Fig. 9 
circle, vacant. 

Structure of B13P2: open circle, B; solid circle, P; dotted 

4. Resonant x-ray spectra and dangling bond density 
Hexagonal boron nitride Resonant x-ray emission or resonance 
x-ray Raman scattering has recently been often studied using 
synchrotron radiation facilities. A successful example of the 
application of the DV-Xa method to the x-ray spectra is this 
resonance x-ray emission spectra of hexagonal boron nitride (h-BN). 
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150 160 170 180 190 200 210 220 
Photon energy lev 

Fig. 10 Boron Ka and resonance scattering spectrum of h-BN. 
Hatched: x* peak, dotted: n" peak. K* and n" orbitals are 
schematically shown. (Taken from Kawai et al. [25].) 

Fig. 11 Model cluster of h-BN for the DV-Xa calculation. 
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-20 -10 0 10 20 
Energy JeV 

Fig. 12 
boron and (b) two-fold coordmation boron. 
orbital, and dashed line: unoccupied orbital. 
et al. [25].) 

Calculated boron 2p DOS of (a) three-fold coordination 
Solid line: occupied 
(Taken from Kawai 

Figure 10 shows the measured resonant x-ray fluorescence 
spectra of h-BN [25, 261. The excitation energy was 193 eV using 
an undulator beam line a t  the Photon Factory, National Laboratory 
for High Energy Physics, Tsukuba, Japan. The peaks at  170 and 
182 eV are ordinary Ka x-ray emission, and peak at  193 eV is the 
resonance x-ray emission. The difference of the two measurements 
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in Fig. 10 was the milling time of the h-BN powders. The powder 
crystal size of h-BN as received was 1000 A. I t  became 100 A after 
the powder was ground in a ball mill for 0.5 h. When the cluster 
size was small, the scattering peak intensity was strong, and when 
the cluster was large, the scattering peak was weak as is shown in 
Fig. 10. 

The electronic structure of h-BN was calculated using a model 
cluster shown in Fig. 11 by the DV-Xa method. In this cluster, 
boron atoms are classified into two kinds: one is three-fold 
coordination and the other is two-fold coordination. The three-fold 
coordination boron represents the bulk boron, and the two-fold 
represents the boron at  the end of a cluster. Calculated 2p DOS of 
these two kinds of boron are plotted in Fig. 12, where we find the 
change of n* and CT* orbitals (three-fold coordinat.ion) into n* orbitals 
(two-fold coordination). Here the n* represents a non-bonding 
orbital or a dangling bond. The schematic illustration of these 
orbitals is shown in the inset of Fig. 10. The energy of the 
resonance peak in Fig. 10 is identical to that of the n* peak in Fig. 12. 
As the cluster size becomes small, the ratio of the two-fold 
coordination relative to the three-fold coordination in a cluster 
becomes large. Consequently the ratio of the number of n* orbitals 
relative to the number of ~l* and (J* orbitals becomes large. Thus 
the increase of intensity due to the decrease of cluster size has been 
rationalized using the electronic structure calculation of h-BN 
cluster. The resonance peak intensity has been quantitatively 
related to the cluster size by Muramatsu et al. [26]. 

5. Comaprison between GAUSIAN and DV-Xa 
s8 Figure 13 shows the calculated sulfur 3p DOS of St3 molecule 
compared with measured S Kp (K-M2,3) x-ray emission spectrum[27]. 
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(b) STC-3G. Zlczp.12. Ym-0.46 

Energy (eV) 

Fig. 13 (a) Calculated sulfur 3p  DOS by STO-3G using 
GAUSSIAN 90, (b) Zp DOS by STO-3G, and (c) 3 p  DOS using the 
DV-Xa method. ymar indicates the maximum hight of the 3p  or Zp 
net atomic orbital population. (Taken and modlfied from Kawai 
and Hashimoto [27].) 

Strictly speaking, the 3p and 2p net atomic orbital populations 
calculated by the STO-3G basis using the GAUSSIAN 90 are plotted 
in Figs. 13a and b, respectively. The maximum values of I for 
3p and 2p net atomic populations are also indicated in Figs. 13a and 
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b. The maximum for 2p population is 0.46 whereas that for 3p 
population is 0.27. This indicates that the mixing of 2p orbital into 
the valence MO is too strong for STO-3G basis, and thus we can not 
directly estimate the electric dipole matrix element <Is1 en I3p> 
using the STO-3G basis functions. On the other hand, the 
calculated maximum values of 3p and Zp net atomic populations 
using the DV-Xa method was 0.26 (Fig. 13c) and 0.00 (not shown in 
Fig. 13), respectively. This indicates that our physical consensus 
of the mixing of 3p and 2p atomic orbitals into the valence orbitals 
agrees with the DV-Xa calculation. The FORTRAN program 
named SXS is provided for the calculation of electric dipole matrix 
elements. Though I have not used SXS subroutine (to calculate the 
electric dipole matrix element <Is1 en  I 3p>) of the DV-Xa method in 
the present paper because of simplicity, the x-ray intensity is able to 
be more quantitatively calculated with the use of SXS. 

I t  should be noted here that I <Is1 em I 2p> 12  is two orders of 
magnitude greater than I -4s I em I 3p> I 2, thus very small mixing of 
2p into 3p dominant valence levels is a source of numerical error for 
the estimation of dipole matrix element. 

6. Core hole effect 
s8 It is found from the comparison of the calculated 3p DOS 
(ground state 3p DOS) with the measured S KPx-ray emission in Fig. 
13c, that the low-energy structure (2461-2466 eV, bonding orbitals) 
seems to be too weak for the calculation, or the structure a t  2467 eV 
(non-bonding orbital) seems to be too strong. To clarify the origin of 
this discrepancy, Uda [28] calculated the 3p DOS of sulfur for the 
ground state (Fig. 13c) and the 1s -1 core hole state (Fig. 14). 



346 J. Kawai 

X-ray energy (ev) 

2440 2450 2460 2470 2480 
I I 1 I 1 I I 

(A) 
1.0 - 

G 

E 
e 0.5 - - 
e % 

(0 
- 
m c - 

I 

-40 -30 -20 -1 0 
Molecular-orbHal energy (ev) 

1 I I I I I I 

- 1.0 

s 
3 % - 41 s 

E 8 

s 

m n 

e 0.5 - - 0.5 3 

- - 
- - z 
.D 

a 
c c 

.- 
P 0 

z - 
0.0 

-30 -20 -1 0 0 
Molecularorbital energy (ev) 

Fig. 14 
1s 
DOS of the neighbor S site in Se molecule. 
P81.) 

Calculated sulfur 3 p  DOS using the DV-Xa method for 
(a) S 3p DOS of the hole atom site, and (b) S 3p 

(Taken from Uda 
hole state. 

The 3p DOS in Fig. 14A is the local DOS of the sulfur atom 
which has the 1s -1 hole. Comparing Fig. 13c and 14A, the bonding 
electrons are attracted by the core hole, and the low-energy 
structure (2461-2466 eV) becomes stronger in the core hole state. If 
the core hole is 0.5 (Slater’s transition state), interpolation of Figs. 
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13c and 14A gives the close intensity of the low energy structure to 
the experiment. The 3p DOS in Fig. 14B is the local DOS of the 
neighbor sulfur atoms to the core-hole-having sulfur atom. I t  is 
found from Fig. 14B that the number of bonding electrons of the 
neighbor atoms are smaller than the ground state because they are 
attracted by the core-hole atom. 

It is true that, strictly speaking, the ground state DOS does not 
represent the x-ray emission spectra because of the relaxation and 
correlation effects by the holes included in the x-ray transition, but 
the ground state DOS is the first approximation and a good 
approximation for the x-ray emission spectra. This is chiefly 
because the correlation and t,he relaxation energies are opposite but 
similar values with respect to the x-ray transition holes. 

7. Cluster size for the calculation of infinite solids 
C u d  The cluster size, when we calculate an infinite solid, is an 
important parameter using the cluster approximation. The size of 
the cluster or the termination method of the cluster (the charge of a 
cluster) has the largest effect on the accuracy of the DV-Xa 
calculation. 

Figure 15 is the results of cluster choice for the calculation of 
oxygen 2p DOS of Cu20 solid by Sakai [29]. Figure 15A is the 0 2p 

DOS of (OCU~)~+ cluster (center oxygen and the nearest neighbor 
copper atoms); the agreement between the calculation and the 
experiment is not satisfactory. Figure 15B is the 0 2p DOS of the 
center oxygen of the cluster (OE~CU~)~.; the agreement between the 
calculation and the experiment is satisfactory. The oxygen is anion 
and thus the electron clouds expand as far as the nearest neighbor 
anion, and they strongly hybridize each other. Thus we have found 
in our experience that the calculation of anion DOS requires a 
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cluster which includes the next nearest neighbor atoms (usually 
they are nearest neighbor anions), and cation DOS calculation 
requires only the nearest neighbor atoms (usually they are anions). 
The DOS calculated using such a cluster always agrees satisfactorily 
with experiment in our experience. 
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cn z w 
b- 
z 
I 

0.0 

CUlO (Orcur)" 
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X-RAY ENERGY ( t 506.3 eV 1 

Fig. 15 Effect of cluster choice on the calculation of oxygen 2 p  
DOS (oxygen Ka x-ray emission spectrum) of Cu20. The 2p net 
atomic orbital population i s  broadened by 2.0-eV-FWHM 
Lorentzian function. (Taken from Sakai [29].) 

8. Avoided crossing 
One of the largest problem in x-ray emission spectroscopy was in 

the Cu Ka1.2 (K-L3,2) x-ray spectra. The high resolution measure- 
ment of Cu Kal (K-L3) indicated that the line width was not 
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significantly different between CuO and Cu20 [30]. The valence 
electron configurations of CuO and Cu20 are 3d 9 and 3d 10, 

respectively. Thus the x-ray emission spectral line shape of CuO 
should be broadened by the multiplet structure due to 1s 2 p  6 3d 

( lJ3D) -+ 1s 22p 53d 9 (1r3PDF). The calculated line width of CuO 
was twice as large as that of Cu20. However the line width was 
identical as is described above. The Cu Kai line shape is important 
because the wavelength of Cu Kai is the standard measure of x-ray 
crystallography [31].  

The solution of this problem was in the charge transfer 
mechanism of Cu 2 p  x-ray photoelectron spectra (XI’S) proposed by 
Kotani and Toyozawa [32], Asada and Sugano [33], Larsson [34], and 
van der Laan et  al. [35].  They explained the strong “shake-up” 
satellite of Cu 2p XPS by the charge transfer. 

It is very interesting to note that a similar idea to the charge 
transfer of the transition-metal compounds was independently 
proposed by Benka et al. [36], Urch [37], and Hartmann [38] for the 
interpretation of the chemical effect of shake-off satellites (transition 
between multiply ionized states) [39] in x-ray emission spectroscopy. 

We have applied the charge transfer for the interpretation of 
shake-off satellites [40, 411, where the intensity modifications due to 
the chemical bonding was quantitatively reproduced by the Fock 
matrix elements calculated by the DV-Xa method. 

CUO 
cu20 

Nominal electron Ground state 1s hole state 
configuration 
3d 9 cu+ 1.40 Cu+0.79 
3dlo cu+0.89 Cu+0.62 
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We also applied the charge-transfer effect to the interpretation 
of the identical line width of Cu Kai [42]. Table 1 is the calculated 
results of valence (3d and 4s) charges of CuO and Cu2O for the 
ground state and the Cu 1s -1 hole state; Cu in CuO solid is charged 
+1.40, while Cu in CunO charged +0.89. These charges are 
reasonable values from a chemical point of view; nominally Cu2+ and 
Cu+ are effectively Cu+1.40 and Cu+O.89, respectively, in solids. 
However, these effective charges become +0.79 (CuO) and +0.62 
(Cu20) in the 1s -1 core hole states. This is because, for CuO, one 3d 
hole is filled by the electron which is transferred from the oxygen 
site because it is attracted by the Cu 1s -1 hole potential. On the 
other hand, Cu20 electrons do not move because the Cu 3d orbitals 
are filled. Thus the effective charge of Cu20 does not change 
remarkably, but the effective charge of CuO reduces as half as that 
of the ground state, when the core electron is photoionized from the 
Cu atom. Consequently, the Cu charge of CuO is similar to that of 
Cu2O in the core hole state. This is the reason that the Cu Kai does 
not show the multiplet splitting in experiment. 

The charge-transfer effect can be schematically illustrated as  
Fig. 16, where one of the 2p electrons of CuO is photoionized and the 
Cu 3d orbital becomes deeper than ligand (oxygen) 2p orbital 
because of core hole potential. The center Cu 3d orbital and 
surrounding oxygen Zp orbitals (a linear combination of oxygen 2p 

orbitals) do not cross each other when they have a same symmetry 
(avoided crossing). This avoided crossing will transfer the valence 
3d hole into the oxygen 2p. The degree of avoidance can be 
estimated by the transfer matrix element (p). Thus the probability 
of hole transfer from Cu to 0 can be calculated by the DV-Xi method. 
Table 2 shows the calculated MO coefficients and overlap integrals 
for the ground state and the 1s -1 hole state. 
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Fig. 16 Charge-transfer mechanism of CuO 2p electron 
photoionization. When the Cu 3d and the ligand (oxygen) 2p 
orbitals are strongly the hybridized, the same symmetry orbitals 
repulsive each other with twice their transfer integral ( 2 p )  , and 
the 3d hole is transferred to oxygen site after the photoionization 
of 2p electron. The order of molecular orbitals are changed before 
and after the photoionization. (Taken from Kawai et aJ. [44].) 

It is found that the orbital character of 3hg and 4hg exchanges 
each other going from the ground state to the Is-’ hole state. But it 
is also found that the hybridization between d and p is very strong 
for both the ground state and the 1s -1 hole state. This character 
exchange should be considered, in fact, by the total wavefunctions 
[33, 341 as is schematically shown in Fig. 17. Here the core-hole- 
state wavefunctions (& and @J, which are orthogonal each other, 
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d 2 -y* 

are the rotation of the ground state wavefunctions (01 and 0 2 ) ;  the 
rotation angle is larger than 45". In other words, the core-hole- 
state wavefunctions are expressed by the configuration interactions 
(GI) of the ground state wavefunctions. The rotation angle, which 
can be converted into the CI coefficients can also be calculated by the 
DV-Xa method. Charge-transfer effect on the line shape of x-ray 
emission spectra has been published for Ni [43], Cu [42, 44, 451, and 
Fe [46]. 

Ground state Is -1 hole state 

Table 2. Molecular orbital coefficients of planar [CuO4]6. cluster 
calculated by the DV-Xa method (d= I Cu3&, p = I 02p). 

3h.e 

4&7 

0.52d + 0 . 8 2 ~  0.90d + 0 . 3 4 ~  

0.89d - 0 . 7 2 ~  0.46d- 1 . 0 3 ~  
I I 

<dl p> I 0.17 I 0.14 

@z (3d9  
t am (3d9+3d10) 

Fig. 17 
dus t ra ted  by the rotation of total wavefunctions. 

The exchange of molecular orbitals is schematically 
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9. Concluding remarks 
The calculation of the x-ray emission spectra are now not a 

difficult target for the DV-Xa method. The development of 
experimental method using the synchrotron radiation now provides 
circularly and linearly polarized x-ray spectra, spin-selective x-ray 
spectra, and resonance x-ray spectra. These x-ray spectra will be 
calculated by the present DV-Xa method without any revision of the 
FORTRAN code. When the agreement between the experiment and 
the calculation is not satisfactory in the x-ray spectra, the only thing 
we must do is to check the experiment or to check the cluster model 
we used in the calculation. 
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Abstract 

The electronic states of copper(I1) ions containing the square-planar tetraaza or 

diazadioxa macrocyclic copper(I1) complexes abbreviated as Cu(N4-Paen), Cu(N4-[ 14]-ph-N02), 

Cu(N4-[14]-Me,-NO2), Cu(N4-[14]-Me), Cu(N202-ph), Cu(N2Oz-ph-Me), Cu(N202-Me,-ph- 

NO2), Cu(N202-Me), where Pa, [ 141, ph, and Me represent pyrrolemethylamine, 14-membered 

macrocycle, phenyl, and methyl groups, respectively, were investigated in the solid state by 

means of X-ray absorption near edge structure (XANES). The peaks in the measured XANES 

spectra shifted to the lower energy side with increasing the electron density of a central 

copper(I1) ion. The molecular orbital calculations for the tetraaza copper(I1) complexes were 

carried out by the DV-Xa method, and their theoretical XANES spectra, atomic-charges, and 

bond-charges were estimated. The peaks of the measured XANES spectra could be assigned to 

the electron transition mainly from Cul s orbital to Cu4p and/or Cu4s orbitals from comparison 

with the theoretical spectra. The values of the atomic-charge of the copper atoms and the 

bond-charge of the Cu-N bonds in the complexes are consistent with their peak positions in the 

measured XANES spectra. 
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1. Introduction 

Metal complexes with a large organic ligand such as phthalocyanines and porphyrins 
are interesting for their characteristic, spectroscopic, and electronic properties, and numerous 
analogous compounds have been prepared and investigated on their chemical properties such as 
selectivity for metal ions or models of metal enzymes. Especially, the macrocyclic ligands 
have the complexing aflinity for a particular transition metal ion; secondly, the structure change 

before and after the complex formation may be small; thirdly, the coordination bond in the 

complex is very stable and inert and hence many of the complexes keep firmly the coordination 

structure of square-planar for each central metal ion. For example, it was reported that the 

macrocyclic copper(I1) complexes studied in this paper(Fig.1) have fouraordinated, stable 

square-planar structure in both crystal and solution.’) In addition, the macrocyclic ligand 
complex differs from the corresponding uncyclic ligand complex on the electronic state and 

molecular structure because the former has the cyclic conjugated system around the central 
metal ion. It will be possible to know the nature of the complex molecules and to design the 

novel complexes and ligands having the superior properties, if both the electronic state and the 

local structure of their central metal ions can be determined under the same conditions. 

XAS(X-ray absorption spectroscopy) is known as an X-ray analytical technique to 
determine the local structure of a desired atom under any sample condition such as in qstal,  

amorphous, and solution. On the characteristics of this technique, XAS has been well 
employed to characterize the state around the metal atom in metal complex molecules and thus 
includes the analytical ability to get information mentioned above. An X-Ray absorption 
specuum obtained from XAS measurements is divided into two regions; the XANESW-ray 

absorption near edge structure) region at the near X-ray absorption edge and the XAFS(X-ray 

absorption fine structure) region over the absorption edge. By the XAFS method, the 
structural information is obtained. Many XAFS studies have been reported because the XAFS 
structure analysis has become a routine work. However, on the analysis of the spectrum in the 
XANES region, there are only a few recent works on the extraction of the stereochemical 

information using the multiple scattering thee$ and the assignment of peaks in the spectnun 

using the polarized XANES spectrum measurement3). Unfortunately, there is no perfect 
XANES theory, so that recent research objects were limited the analysis of the X-ray absorption 

spectra of light elements and of small simple  molecule^.^) 

At the rising part of the absorption edge, X-ray absorption spectrum is known to be 
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affected by the electronic state of the absorption atom in the macrocyclic copper(1I) 

complexes(shown in Fig.1) which have four-coordinated and square-planar structures. In the 
present report the correlation between the XANES spectra of the complexes and the electron- 

donating abilities of the macrocyclic ligands in the complexes is studied. In addition, some 
peaks in the XANES spectra are assigned on the basis of the results of the molecular orbital 

calculation using the DV-Xa method.5' 

2. Experimental 

2.1. Sample Preparation 

A series of macrocyclic copper@) complexes (Fig.l) were prepared according to 
The prepared complexes were r e q s t a k d  ' and methods described in the literature'). 

identified by 'H- and '3C-NMR and IR spectrometries. 

2.. 2. X-Ray Absorption Measurements 

X-Ray absorption measurements were performed at the BL-7C station of the Synchrotron 

Radiation Research Facili lty(the Photon Factory) in the National Laboratory for High Energy 

Physics(KEK). X-Ray absorption data were collected in the range from ca.8970eV to 
ca.9020eV around copper K-edge(8981.83eV). The time to collect X-ray photons was 2 
seconds at each measuring point. Crystalline samples of the complexes were measured in a 
pellet form after powdering crystals with an agate mortar. 

2.3. Molecular Orbital Calculations 

Molecular ohital calculation by using the DV-Xa method for the tetraaza macrocyclic 
copper@) complexes were performed with an FACOM-780110s computer. The reliable 

crystal parameters of the molecular structures of the copper(II) complexes have not yet been 
reported. Therefore, their atomic positions of the macrocyclic ligands were estimated from 

similar structures in reported analogous complexes. 
For the Cu-N bond distances within the copper(II) complexes was used an average 

value(l.98fi) obtained from XAFS analysis for the macrocyclic copperm complexes. The 
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n 

Fig. 1. Molecular structures of the macrocyclic copper(I1) complexes investigated. 

Table 1. The Reduction Half-wave Potential of the Macrocyclic 
Copper(I1) Complexes shown in Fig.1 

Cow I ex E,,,” / V 

A [Cu (N,-Paen) 1 -0 .74  
C [Cu (N4-[141-Me. -NO,) I -1. 23 
D [Cu (N4- 11 41 -Me) 1 -2.26 

H [Cu (N,O,-Me) 1 -1. 50 
E [Cu (N,O,-ph) I -1. 21 

1)  u n i t  vs. S. C. E. 

Table 2. Position and Shape of the XANES Peaks in the Macrocyclic 
Copper(I1) Complexes 

Energy / eV 

Peak 1 Peak 2 Peak 3 
I_--- - Comp I ex 

~~~~ ~~~~~ ~ 

A Cu (N,-Paen) 
B Cu (N4- [141 -ph-NOJ 
C Cu (N4- 11 41 -Me, -NO,) 
D Cu (N4- [141 -Me) 
E Cu (N,O,-ph) 
F Cu (N,O,-Ph-Me) 
G Cu (N,O,-Me, -Ph-NO,) 
H Cu (N,O,-Me) 

~~~~ ~~ 

8977. 4 SP” 
8978. 6 SP 
8978.3 SP 
8977. 7 SP 
8977.1 SP 
8978.0 SP 
8977.4 SP 
8977.4 SP 

~~ ~~~~ 

8981. 9 SS” 8986. 2 LS3’ 
8981. 9 SS 8984.4 LP4’ 

8983.4 LP 
8982.8 LP 
8985.0 ss 
8984.7 LS 
8983.4 LP 
8983.4 LP 

__- 

~ - -  
---- 

-___- 

1)  small peak, 2) small shoulder, 3) large shoulder, 4) large 
peak. 
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point group symmetries are CzV for complexes A and B, and DZh for complexes C and D(Fig. 1). 

Numerical atomic orbitals taken into account in the calculations are 1s to 4p orbitals for Cu 

atom, 1s to 2p orbitals for C, N, and 0 atoms, and 1s orbital for H atom. The DV-Xa 

calculations were repeated until the difference of charges became less than 0.01 electron, where 

the charges were calculated from the Mulliken population analysis. The values of the 

ionization energies of 2p orbitals for N and Cu atoms were calculated from the DV-Xa 

calculation and compared with those measured by XPS measurements. The measured values 

were estimated as each ground state orbital energy, the calculated values agreed well with the 

estimated values to estimated at ground state orbital energy. 

D 
I 

Energy I eV 
Energy I ev 

Fig. 2. XANES spectra of the macrocyclic copper(II) complexes. 

3. Results 

3. 1. XANES Analysis 

For the tetraazacopper(I1) complexes, the reduction potentials6' of complexes A, C, and 

D are given in Tablel. These values were obtained in Dh4F at 25'C by the polarographic 

method with a dropping mercury electrode and a mercury pool as the working and counter 
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electrodes, respectively. As is seen in Tablel, all values are negative and become to more 

negative in order of A>C>D; these results indicate that the electron donating ability of the 

ligands to a central copper(I1) ion is stronger in order of A<C<D. The XANES spectra of 

complexes A, B, C, and D are shown in Fig.2, and the positions and shapes of peaks in the 

spectra are listed in Table2. Three peaks are recognized in all spectra, where they are called 

the first peak at 8978eV, the second one at 8981eV, and the third one in the region from 8983 to 

8986eV. The energy values of the first peak are almost the same. For the second peak, 

however, the peak intensities become smaller in order of A<B<C and the peak positions of A, B, 

and C shift(cal1ed the XANES shift in this paper) to the lower energy side from A to C. The 

third peak of A, B, C, and D shifts to lower energy from A to D and the peaks become sharper. 

This tendency corresponds to the result of the electron donating ability of the ligand to its 

central copper in complexes A, C, and D. 

For the diazadioxacopper(I1) complexes(Fig. l), the reduction potentials6’ of complexes E 

and H are listed in Tablel. As is seen in Tablel, the electron donating ability of ligand H is 

stronger than that of E. The XANES spectra of complexes E, F, G, and H are shown in Fig.2, 

and the energy values and shapes of the peaks in the spectra are listed in Table2. The energy 

values of the first peaks in the four spectra are almost the same as the case of those of 

tetraazacopper(I1) complexes. The third peaks have only a little shift in complexes E and F, 

but its shape for complex H is sharper than that for complex G. The energy value of the third 

peak for E(or F) is lower than that of G(or H). Therefore, the electron donating ability of each 

ligand to a central copper ion in the diazadioxacopper(I1) complexes may be similar with each 

other for complexes E and F, for complexes G and H, but a little weaker for complex F than that 

for complex G. 

For both diazadioxa and tetraaza complexes, the third peaks in the XANES spectra 

shift to the lower energy region with increasing electron donating ability of the ligands, that is, 

with increasing the electron density of a central copper(I1) ion. In addition, for the tetraaza 

complex C and diazadioxa complex E, though their reduction potentials are nearly equal, the 

third XANES peak of complex C has sharper shape and lower energy value than complex E. 

This result indicates that the XANES spectrum may be affected by not only the electron density 

of a central copper(I1) ion but also other factors such as the type of donor sets coordinating to a 

central copper(I1) ion. 

3.2. Molecular Orbital Calculations 
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Table 3. Atomic Position of the Macrocyclic Copper(I1) Complexes 

Using the DV-Xa Calculations 
Complex C 

______-----_________------------ Canplex A 
_---__________--________________ 

Posit ion / A  

X Y Z  

Atom 
Posit ion / A 

X Y Z  

Atm ___-________________ 

_-------______----______________ 
1 cu 0.00 0.00 0.00 1 cu 0.00 0.00 0.00 
2 N 1.40 1.40 0.00 2 N 1.40 1.40 0.00 

3 N  1 . 4 0 - 1 . 4 0  0.00 3 N 1.40 -1.40 0.00 
4 N -1.40 1.40 0.00 4 N -1.40 1.40 0.00 

5 N -1.40 -1.40 0.00 5 N -1.40 -1.40 0.00 
6 C 2.60 0.70 0.00 6 C 2.70 1.24 0.00 

7 C -2.60 0.70 0.00 7 C 3.40 0.00 0.00 
8 C 2. 70 -1.24 0.00 8 C 0.70 2.60 0.00 
9 C -2.70 1.24 0.00 9 C -0.70 2.60 0.00 

10 C 2.60 -0.70 0.00 10 C -3.40 0.00 0.00 
11 C 3.65 -1.60 0.00 11 C -2.70 -1.24 0.00 

12 C 0.70 2.60 0.00 12 C 3.10 -2.85 0.00 
13 C 0.70 -2.60 0.00 13 C 1.70 -2.75 0.00 

14 C -2. M) -0.70 0.00 14 C -0.70 2.60 0.00 
1 5 C  - 3 . 6 5 - 1 . 6 0  0.00 15 C -0.70 -2.60 0.00 
16 C -3.10 -2.85 0.00 16 C 3.56 2.44 0.00 
17 C -1.70 -2. 75 0.00 17 C 3.56 -2.44 0.00 

_-______________________________ 18 C -3.56 2.44 0.00 
19 C -3.56 -2.44 0.00 

Complex B 20 N 4.88 0.00 0.00 

21 0 5.32 1.12 0.00 
Posit ion / A 22 0 5.32 -1.12 0.00 

23 N -4.88 0.00 0.00 
X Y Z  2 4 0  -5.32 1.12 0.00 

25 0 -5.32 -1.12 0.00 

Atm ___--_______-_____-- 

_---____________________________ 
1 cu 0.00 0.00 0.00 --^____---------____------------ 

2 N 1.40 1.40 0.00 
3 N 1.40 -1.40 0.00 
4 N -1.40 1.40 0.00 
5 N  - 1 . 4 0 - 1 . 4 0  0.00 
6 C 2.70 1.24 0.00 
7 C 3.40 0.00 0.00 
8 C 2 .70  -1.24 0.00 
9 C -2.70 1.24 0.00 

10 C -3.40 0.00 0.00 
11 C -2.70 -1.24 0.00 
12 C 0.70 2.60 0.00 
13 C 0 .70  -2.60 0.00 
14 C -0.70 2.60 0.00 
15 C -0.70 -2.60 0.00 
16 C 3.40 -2.48 0.00 
17 C 4. 91 -2.48 0. 00 
18 C 5.61 -1.24 0.00 
19 c 4.91 0.00 0.00 
20 C -3.40 -2.48 0.00 
21 C -4.91 -2.48 0.00 
22 C -5.61 -1.24 0.00 
23 C -4.91 0.00 0.00 
24 N 7.12 -1.24 0.00 
25 N -7.12 -1.24 0.00 
26 0 7.56 -0.12 0.00 
27 0 -7.56 -0.12 0.00 
28 0 7.56 -2.36 0.00 
29 0 -7.56 -2.36 0.00 

Cmplex D 

1 cu 0.00 0.00 0.00 
2 N 1.40 1.40 0.00 
3 N  1 . 4 0 - 1 . 4 0  0.00 
4 N -1.40 1.40 0.00 
5 N -1.40 -1.40 0.00 
6 C 2 .70  1.24 0.00 
7 C 3.40 0.00 0. 00 
8 C  2 . 7 0 - 1 . 2 4  0.00 
9 C -2.70 1.24 0.00 

10 C -3.40 0.00 0.00 
11 C -2.70 -1.24 0.00 
12 C 0.70 2.60 0.00 
13 C 0.70 -2.60 0.00 
14 C -0.70 2.60 0.00 
15 C -0.70 -2. 60 0.00 
16 C 3.56 2.44 0.00 
17 C 3.56 -2.44 0. 00 
18 C -3.56 2.44 0.00 
19 C -3.56 -2.44 0.00 

_____-_________-_-_-______I____ 
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To perform more detailed investigation for the XANES peaks, molecular orbital 
calculations of the complex molecules were carried out, and the first, second and third peaks in 

the XANES spectra were assigned by comparing them with the corresponding calculated 

XANESspectra. 

The XANES peaks of the tetr;iazacopper(II) complexes in Fig.2 are sharper than those of 
the diazadioxacopper(II) complexes, so that it is convenient to compare the obsewed spectra 

with the calculated ones. For these reasons, molecular orbital calculations of the complexes A, 

B, C, and D were carried out by the DV-Xa method. The atomic positions used on each 
molecular model of the macrocyclic copper@) complexes in these calculations are given in 

Table3. The electron density distribution maps were calculated and are shown in Fig.3. 

In Fig.3, the tetraazacopper(II) complexes have cyclic conjugated systems and each 
central copper(II) ion is surrounded by a doughnut-type and overlapping electron clouds formed 
by its macrocyclic ligand. In addition, for the N donor atoms of the ligand in each complex, 

the electron density distribution of the N atoms are not spherical but a symmetrical. For 
example, as for the complex A, the electron distributions of N atom at an ethylene chain side 
and N atom in a pyrrole ring are different from each other. This may reflect the fact that the 

latter N atom belongs to a pyrrole ring. For the coordinating N atoms in complexes B, C, and 
D, the electron distributions of these N atoms lie to the part of a propylene chain rather than to 

the part of a conjugated ethylene chain. This result indicates that the chemical bond between 

the Coordinating N atom and C atom in the propylene moiety is stronger than that between the N 

atom with the C atom in the ethylene moiety. This seems reasonable from chemical structures 
of the ligands. For the nitro groups in complexes B and C, it is also recognized that the N and 0 
atoms of the nitro group form a highly conjugated system from the result of electron density 
distribution around the group. 

The charges of all atoms except for hydrogen atoms and of bonds in the copper@) 

complexes were calculated by the DV-Xu method. The resulting charge maps are shown in 
Fig.4. The atomic-charge values in Fig.4 are the sum of the atomic orbital populations for 

each atom, and the bondcharge values are the sum of the overlap populations of molecular 
orbitals for each bond. A large atomic-charge value indicates high electron density on itself, 
and also a large bond-charge value indicates high covalency of its chemical bond. As is seen 

in the charge map, an atomic-charge value of the central copper atom increase in the order of 

A<B<C<D. In addition, for the N donor atoms in four copper(II) complexes, the bondcharge 
value of the N-C bond between the N donor atom and C atom in the ethylene chain is smaller 

than that of another N-C bond between the N donor atom and C atom in the propylene chain. 
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Fig. 3. Electron density distribution maps of the tetraazacopper(I1) complexes. 

5.23 

A C 

5.54 
4.48 5.13 

c2- 

B D 

Fig. 4. Charge maps of the tetraazacopper(I1) complexes. Numerical values near 

circles and element symbols represent atomic- and bond-charge values, respectively. 

Circles give the ratio of the atomic-charge (normalized at 40 for a copper atom and 10 

for other atom). 
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This result indicates that the covalency of the latter bond is higher than the former one, In 

other word, the bond order of the latter one is higher than that of the former one. For the 
complexes B and C, the atomiccharge values of N and 0 atoms of the nitro group in complex B 

are 5.7 and 8.1, and those in complex C are 5.6 and 7.9, respectively. These indicate that the 
polarizability of the N-O bond in complex C is smaller than that in complex B. The atomic- 
charge values of C1 atom of the ethylene chain in complexes B, C, and D increase in the order 

of B>C>D. This order also shows about ones of C3 atom in complex B and of C2 atom in 

complexes C and D. This results indicate a flow of electron from the carbon atoms to the 
copper atom through the coordinated N atoms. 

3.3. Assignments of XANES Peaks 

It is well known that the fine structure of the K absorption edge arises from the 

photoelectric effect of a 1s orbital electron of an absorption atom. It is obvious that the peaks 
in the rising part on XANES spectra are ascribed to the electron transition from an inner shell 

orbital to higher molecular orbitals (called as 1s electron transition in this report). Therefore, 
to estimate the probabilities of the 1s electron transition by an electronic dipole theory, 
theore.tid XANES specttum can be calculated using molecular orbital calculations!) 

From the results of DV-Xa calculations of the tetraazacopper(II) complexes, some 

energy levels of calculated molecular orbitals and their atomic orbital components are listed in 

Table4. The 1s molecular orbitals are lal, lal, lbl, and lbl, for complexes A, B, C, and D, 
respectively. The d u e s  of probability of the 1s electron transition were estimated from these 
1s molecular orbitals and their main atomic orbitals(over 10%). All molecular orbitals of the 
four copper@) complexes below ca.-SeV include a C 3 d  atomic orbital as a main component; 

while almost a l l  ones over ca.3eV include a Cu4p atomic orbital as a main component. For 

each molecular orbital, the probability of the electron transition was calculated according to 

the electronic dipole theory.4’ The peak positions of the absorption spectra were estimated 
from the transition energies. Each peak was replaced by a Gaussian with half-width of 1.2eV, is 
shown in Fig.5 with the measured XANES curves. 

On the basis of the results in Fig3 and Tables, the first peak at ca.-8eV in the measured 
XANES curve of complex A can be assigned to 1s electron transition mainly to 28q orbital. 

This orbital is composed mainly of Cu3d atomic orbital. The second peak at ca.-5eV can be 
assigned to the mixture of 1s electron transitions mainly to 26a2 and 9bl orbitals. Each orbital 

is composed mainly of 2N2p and 4C2p atomic orbitals, respectively. The third peak at ca.-lev 
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Table 4. Atomic Core Levels of Various Copper Complexes for Ground State 

Complex El’ Atomic o r b i t a l  ( rate” / !4 ) 
~~ 

A -a744.67 

B - a m 0 3  
-1043. a2 

c -ai45.92 

D -ai42.a5 

-1046.65 

-1042. 77 

-1045. 70 

cu 1s 
cu 2s 
cu 1s 
cu 2s 

cu 1s 
cu 2s 
cu 1s 
cu 2s 

( 100.0 
( 100.0 1 
( 100.0 1 
( 100.0 ) 
( 100.0 f 
( 100.0 1 
( 100.0 1 
( 100.0 1 

1) average energy level o f  molecular orb i ta l  a t  up- 
and down-spins, 2) r a t e  o f  composition o f  molecular 
orbi t a  I. 

I 

A 

3 

i -10 -5 0 5 10 15- 
E, / eV 

D 

- 
n 

m 5  0 5 10 15 
E, / eV 

Fig. 5. Theoretical and measured XANES curves of the tetraazacopper(I1) complexes. 

Bar chart represents the electron transition probability. Ep; relative energy value 

calculated from the Fermi level of each complex, solid line; measured XANES curve, 

chain line; theoretical XANES curve. 
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can be assigned to the mixture of transitions mainly to lobl and llbl orbitals. Both orbitals 

are composed mainly of Cu4p atomic orbital. For complex B, the first peak in the measured 
XANES curve is assignable to a mixture of transitions to 46al and 48a1 orbitals consisting of 

Cu3d atomic orbitals, the second peak to 1s electron transition to 15bl orbital composed mainly 
of Cu4p atomic orbital, and the third peak to 17bl and 50al orbitals including Curls and Cu4p 

atomic orbitals. For complex C, the first peak in the measured XANES curve can be assigned 
to transitions to 22bl, 23bl, and 24bl, orbitals including with C 3 d  and 014s atomic orbitals; 
the third peak can be assigned to 1s electron transition to 9a., orbital composed mainly of Cu4p 

atomic orbital. For complex D, the first peak can be assigned to transitions to some orbitals 

composed of Cu3d and Cu4s orbitals and 2p atomic orbitals of light atoms, and the third peak 
can be assigned to 1s electron transition transmitted to 7a, orbital composed mainly of Cu4p 
atomic orbital. 

4. Discussion 

For the diazadioxa and tetraazacopper(II) complexes, fiom the reduction potential values 

in Tablel, the XANES spectra in Fig.2, and the XANES peak positions in Table2, the third 

XANES peaks at 8983-8986eV shift to the lower energy side as the reduction potential values 

become mote negative. This XANES shifts for the tetraaza complexes are more remarkable 
than those for the diazadioxa complexes. In general, the coordinating ability of N donor 
atom to a transition metal ion is larger than that of 0 donor atom, and the electron-attracting 

effect of 0 atom is stronger than that of N atom. Therefore, the electron donating ability of N 

donor atom in the ligand to a central copper(II) atom is affected more strongly by the presence of 
substituent groups in the ligands than that of 0 atom. From the probability of 1s electron 

transition for the tetraaza complexes given in TableS, it is evident that the XANES shift of the 
third peak arises h m  the change of the probability of the Is electron transition to some 

molecular orbitals rather than from the energy shift. For reasonable assignments of XANES 

peaks the above mentioned careful discussions should be needed. The peak shifts in XANES 
spectra give information on the electronic transfer from ligand to central metal in metal 
complexes. 

As is seen in Fig.1, the Ntro group within complex C is attached to the conjugated 

propylene chain, but that within complex B is not. There is a aromatic ring among them. 
Complex C has four methyl groups as an electron-releasing group. Thus, concerning the 
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Table 5. Electron Transition Probability from 1s Orbital and Component Ratio of 

Atomic Orbital Buildup a Molecular Orbital 
Complex A (Sym C,,) 

- 7 . 7 5 1  1.05 2 8 r , i  
- 7 . 8 7 7  0 . 9 2  28a,  r 
- 4 . 8 4 8  0.  (IS 2 6 a 2 1  

- 4 . 6 4 8  0 . 7 4  2 6 a , f  

- 4 . 3 3 5  1 .  40 06, 1 
-4. 270 1 .  51 Qb,  T 
-1 .430 3 . 7 0  1 0 b , I  
-1 .312 4 . 0 8  l O b , r  
- 0 .  180 8 . 4 1  l l b ,  1 
- 0 , 1 1 0  8 . 3 0  l l b , f  

0 .387 0 .42  321,  I 
0 . 4 8 2  0 . 4 0  321,  t 

3 d  (66)  
3d ( 5 5 )  
3d (10 )  

- 6 . 5 1 4  2 . 4 7  
- 6 . 2 1 2  2. 12 

- 6 .  158 3 . 2 0  
-2.  107 8. 80 
-2. 107 8. 79 
- 0 . 4 2 0  2 . 7 8  
-0.315 2 . 9 3  

0 . 2 8 8  0.05 
0 . 4 1 0  0 . 0 3  

3d (42)  
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electron donating abilities of each ligand to each central copper0 ion the electron-attracting 

effect of the nitro group in complex B is probably weakened by the presence of the aromatic ring, 

but that of the nitro group in complex C is weakened by the electron donating effect of the four 

methyl groups. As an aromatic ring in general has electron-attracting ability, the electron 

donating ability of the ligand in complex C is expected to be stronger than that in complex B. 

This is supported from the result of the present molecular orbital calculations, that is, the 

calculated atomic-charge values of the central copper(I1) ion suggest that the electron donating 

ability for complex B is stronger than that of complex C. 

For four tetraazacopper(I1) complexes, the atomic-charge values on the central 

copper(I1) ion obtained from the results of the molecular orbital calculations indicate that the 

electron donating ability of each ligand to each central copper(I1) ion increases in the order of 

A<B<C<D, and the electron attracting ability of Cu-N bonds increases in the order of 
A<B-C<D. Nevertheless, the atomic-charge values on the coordinating N donor atoms are 

similar for four complexes. The results of the calculations indicate that desirous electrons are 

supplied to the coordinating N donor atoms from the conjugated chelate system in the 

complexes. Resultingly, the X A N E S  shift of the third peaks in the XANES spectra are 

correlated not with the atomic-charge of the coordinating N donor atoms immediately but with 

both atomic-charge on the central copper(I1) ion and the Cu-N bond-charge. A similar 

correlation can be expected for the second XANES peak assignable to the 1s electron transition 

to molecular orbitals composed mainly of 2p atomic orbital of the ligand, and the third XANES 

peak due to the some transitions from 1s orbital to molecular orbitals composed mainly of 4s and 

4p atomic orbitals of the central copper atom. The fact that the second peak does not shift 
more sigryficantly than the third peak can be explained in term of the electron transition to the 

coordinating N donor atom. 

When copper(I1) complexes of a certain ligand with and without a mbstituent group 

are formed, it is clear that their electron structures rearrange. The difference of the electronic 

structures between these complexes, thus, can be detected as the changes of the energy positions 

and/or the shapes of the second and/or third peaks in their XANES spectra. 

The assignments of the XANES spectra in this report give very useful idormation to 

discuss these XANES spectra and also others. The discussion on the electronic state and 

structure of macrocyclic copper(LI) complex has been done from the point of organoelectronic 

theory. It is very important for the studies on the macrocyclic complexes to determine the 

electronic state of the complex by X-ray absorption spectroscopy. 
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Scattered-wave description of inner-shell processes 
in small molecules and clusters 
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Abstract 

Due to the muffin-tin approximation of the local multi-centre potential, the appli- 
cability of the scattered-wave (Sw) method is limited to relatively small and high- 
symmetry clusters and molecules. On the other hand, it is the prerequisite for gen- 
eralizing the in-out integration scheme of atomic one-electron wavefunctions to the 
multi-centre case. This approach furnishes the multi-centre electronic structure in a 
particular atom sphere in its single-centre representation. Thus atomic transition- 
matrix elements can be readily rescaled in terms of near-nucleus electron ampli- 
tudes. 
The potential of the SW approach to systematize inneratomic properties and pro- 
cesses can be easily illustrated by reconsidering chemically induced nuclear lifetime 
variations which, among others, are of relevance to the calibration problem of 
Moessbauer isomer shifts. Highly excited atom states carrying single or multiple 
vacancies in inner shells form another promising subject of SW simulations. In the 
latter case the results of a DV-Xa study of the K-shell x-ray satellite intensities of 
metal fluorides can be used for a comparative assessment of both methods. 
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1 Application of the scattered-wave method in inner-shell physics 

In view of numerous advanced approaches to the electronic structure, with the 
discrete-variational (DV) method as a prominent representative, the question inevi- 
tably arises about the actual assessment of customary descriptions as they are pro- 
vided, among others, by the X~MT-SW calculations [l]. With regard to the latter 
method, it is particularly the muffin-tin (MT) approximation of the local potential 
which limits the applicability of the SW codes to relatively small and high- 
symmetry molecules and clusters. On the other hand, this locally increased symme- 
try is the necessary prerequisite for the functioning of the scattered-wave method: 
In each particular atom sphere, the determination of a one-electron wavefunction 
starts with a radial outward integration from the nucleus to the sphere boundary. 
Then, with the aid of analytical partial solutions in the intersphere region (where 
the potential is assumed to be a constant average), an attempt is made to match all 
the partial waves at the given test energy. Thus, the multiple-scattering approach is 
highly reminiscent of Hartree's atomic in-out integration scheme where the "partial 
waves" are matched at the classical turning point. Therefore the SW description 
can be considered the most obvious multi-centre generalization of the aforemen- 
tioned atomic single-centre approach. 
The single-centre representation of the multi-centre one-electron wavefunctions in 
each atom sphere is of particular advantage in a study of properties or processes 
where the investigator's attention is focused on the near-nucleus region of the 
atom under consideration: A particular atom in its environment - such emphasis is 
made either if vacancies are accommodated in localized states of inner shell, or if 
short-range nucleus-electron interactions govern the processes under considera- 
tion. Thanks to the universal radial shape of both atomic single-centre and molecu- 
lar multi-centre electron wavefunctions in the near-nucleus formation region of the 
relevant interaction integrals, all that has to be done is to rescale atomic matrix 
elements in terms of these nucleus-near amplitudes. This empirical approach has 
been verified both for nucleus-electron interactions [2] and vacancy-rearranging 
processes [3]. From the very beginning, this rescaling procedure comprises inter- 
atomic contributions which in LCAO studies originate from those orbitals which 
are centered at neighbouring atoms. These interatomic contributions efficiently 
compete with intraatomic transition probabilities [4] and, hence, considerably 
complicate the treatment. In order to maintain the same description level as in 
LCAO treatments, the angular-momentum expansion in SW studies must be ex- 
tended to higher 1 values, which suggests the use of a symmetry-adapted basis set 
of partial waves. At first sight, this seems to require too much effort but it is 
largely repaid by the resulting clearness both in the problem formulation and the 
analysis of results. Moreover, thanks to this extended basis of 1-type partial waves, 
polarizational charge fractions such as d- or even f-type valence charge fractions 
on main-group atoms are taken into consideration from the onset. Admittedly, SW 
treatment also involves a disadvantage: The one-electron energies are searched as 
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the zeroes of the scattering-matrix determinant and tremendous complications can 
arise with sign change through poles or with nearly degenerate energy levels. 
Furthermore, vacancies can be easily introduced by just choosing appropriate oc- 
cupation numbers. An early analysis of satellite and hypersatellite x-ray transitions 
[5] has shown that transition states, midway between initial and final states with 
averaged occupation numbers, make it possible to account for electron relaxation. 
This physical phenomenon occurs above all in configurations carrying multiple 
vacancies, irrespective of the way in which the latter have been produced: either 
directly in the strongly ionizing ion-atom collisions or in the course of the vacancy- 
multiplying deexcitation cascade following single-vacancy creation by e.g. inner- 
shell photoionization. 
Naturally, the localization of the formation region of the interaction integrals in the 
vicinity of the nucleus brings relativity into play. As the atomic treatment of the 
interactions is carried out at a relativistic level, and rescaling of the matrix elements 
is done non-relativistically, a comparison of near-nucleus relativistic wavefunctions 
with non-relativistic ones enables the investigator to account for relativity in a 
fashion reminding of the Shirley-factor technique. This technique, however, does 
not comprise direct relativistic effects on chemical binding [6]. Fully relativistic SW 
variants exist (e.g., see [7] and refs. cited therein) but semirelativistic (SR) pre- 
scriptions (e.g., see /8/) do not only direct the computational effort towards the 
most essential effects but, moreover, provide a clearer and denser idea of the sub- 
ject under consideration. 
Further extension of methodological discussion seems quite pointless here. Instead, 
the usefulness of the SW method should be exemplified by a brief review of some 
of its applications to environmental effects on nucleus-shell interactions and the 
processes of creation and decay of inner-shell vacancies. 

2 Environmental effects on the nucleus - electron interactions 

In the seventies, investigations of the chemically induced variations of nuclear de- 
cay rates were established as a fruitful field of experimental research [9]. The main 
deficiency, however, was the insufficient theoretical understanding of experimental 
findings, precluding their efficient use in solving the Moessbauer isomer-shift (IS) 
calibration problem and deriving full information on higher-order nuclear proc- 
esses. At that time pertinent modelling was mainly done within atomic single-centre 
descriptions in tenns of effective charges or effective configurations. Thus, consid- 
erable effort has been invested in inferring effective occupancies from a great block 
of experimental data. But this approach of "configuration trajectories" [ 101 must 
inevitably fail if minor polarization of the valence electron cloud dominates the 
environmental effect considered. 
For illustration, let us consider the internal conversion (IC) of 99mT~: In this atomic 
transition, by the E2 symmetry of the nuclear deexcitation, p-type electrons are 
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much more efficiently involved than d electrons. Therefore, a polarization of the 4d 
valence band, leading to a stabilization of a minor p-type valence charge fraction, 
could prevail over the more obvious effect of a d-type valence charge delocaliza- 
tion. With the aid of the SW method we have been able to devise the first, to our 
knowledge, explicit multi-centre picture of the lifetime variations of the IC (99Tc), 
with this particular IC nuclide being embedded in tetrahedral oxy-complex and 
octahedral halogen-complex ions as well as in the metallic state ([2], cf. also [ 111). 
Indeed partial contributions to the IC lifetime variations were found which stem 
ftom valence-shell polarization (pVd), valence charge delocalization (d,A) and reor- 
ganization of the upper core (3p, 3d, 4p). Fortunately, in [2] we did not confine 
ourselves to publishing the largely integral lifetime variations but, in addition, we 
reported the spectroscopic data which were amenable to experimental verification 
by conversion electron spectroscopy. The satisfymg agreement of experimentally 
recorded conversion electron spectra with our SW predictions encouraged the 
spectroscopists to employ the SW method (SR variant) in further interpretation of 
their measured spectra as well [ 121. 
An analogous SW analysis of chemically induced lifetime variations has been car- 
ried out for the nuclear electron capture (EC) for 54,51Cr [ 131. The small collection 
of theoretical and experimental data in table 1 discloses the urgent need for further 
experimental research. 

Table 1: Composite of our own SW data [ 141 on the chemically induced variations 
of the EC decay constant h of "Cr'with the corresponding SR-SW results 
[ 131 (in parentheses, the Bahcall correction factors have been introduced 
by us, for the sake of comparability). 

sval total 

CrzO3 /CrCG 1.5 1 .o 2.5 
cfl2- /c&l3 1.9 (.9x1.23) 3.3 (2.6x1.34) 5.2 (4.6) / 5.3k2. [15] 

Theoretically derived nucleus-near electron densities are of great relevance to the 
calibration problem of Moessbauer IS which provide a measure of the product of 
the relative change AR/R of the nuclear charge radius and the electron contact 
densities. To facilitate a conversion of IS data to density units, inferring contact 
densities from other experimental sources still represents the unrivalled calibration 
scheme. Among these experimental approaches, the measurements of EC lifetime 
variations seem to yield the most direct information on contact densities. However, 
EC lifetime could be potentially altered, in addition to changes in electron contact 
densities, through varying electron binding energies as well as exchange and over- 
lap factors [15, 161. SW simulations of various clusters carrying Sn, Te and I 
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atoms, enabled systematization of all relevant experimental EC, IC and IS data. For 
a more detailed illustration of the latter I case, fig. 1 shows the calculated relative 
differences of the I electron contact densities p (second scale) together with meas- 
ured Moessbauer isomer shifts IS (top). The correlation between these values fur- 
nishes the alteration A[?] of the mean-square nuclear charge radius occurring in 
the isomeric transition of Iz9I. The lower part of fig. 1 likewise reveals a rather satis- 
fying agreement between the SW predictions for the EC decay constant variations 
AAJh and the ratio of conversion electron emission aVdla, which have been meas- 
ured for the nuclides lZ3I, 1z51 and '"I, respectively. 

IQ:- 10; I- 10, Icl; 
1 1 1 1 1 

1 0  

0 2 

I A[r2] = (20 O+ 3) 

1 
I I I  I I I I I I I  I 

0 04 O8 15 
A p ~ p  m 4  

I I 
I I I I I  I I I I I I I I I I I I I I  

0 05 10 A h / h  x l o 4  20 

1 141 1 14 f 0.08 EC (1231) 

A h  / h  x l o 4  
169 I 1.84 f 0.36* EC 112511 

I I I I I I I ( 5s25p5) 

V, Fe, Pb, W, Au, Pt 

---a 

0.1 2 0.13 0.114 av;,'a4s I 0.1 55 
IC (129~) 

Fig. 1: Systematics of electron contact densities and pertinent properties; as for 
details, cf. [17]. 
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In this systematization the contributions to EC lifetime variations through electron 
binding energies AEi and exchange and overlap corrections ABi were ignored. The 
results did not only encourage a proposal of new "best values" AFUR for the 
Moessbauer nuclides 'I9Sn, '25Te and '27*'291 [ 171 but, moreover, led to a reconsid- 
eration of the presumable environmental effects on EC lifetime through binding- 
energy shifts and varying exchange and overlap: For instance, the improved analy- 
sis of the Bahcall factors Bi [ 181 directs the attention to shake which, admittedly, 
is small in the main K capture channel [19]. Electron capture from outer shells, 
however, is connected with a higher shake probability, and the AB, effect has been 
successfully correlated with shake. Thus, the SW treatment of IC and EC decay 
variations has proved its systematizing potential and, in order to devise a first pic- 
ture of qualitatively new phenomena, application of the simple SW method still 
remains recommendable. For instance, nuclear excitation by electron transition 
(NEET) has recently gained some practical relevance [20], and the potentially pro- 
nounced environmental effects on this particular atomic transition might represent 
a promising subject of further SW studies. Discussion of the nucleus-electron in- 
teractions, however, is now dominated by more sophisticated methods: augmented 
plane wave (APW) [21] for crystalline samples and DV-Xa calculations for mole- 
cules; in our context the self-consistent charge (SCC-Xa) routine is worth men- 
tioning as a strongly simplified and very efficient derivative of the DV description 
[22]. Obviously, introduction of empirical parameters into schemes devised on the 
basis of first principles seems to represent a widespread recipe for extending the 
applicability to larger systems (e.g., as for density functional schemes cf. [23]). 

3 Creation and decay of highly excited atom states carrying 
inner-shell vacancies 

3.1 Effect of excitation mode and chemical surroundings on single-hole filling 

Although forming a homogeneous scattering process, the fate of highly excited 
atom states can be approximately described in the consecutive phases of ionization, 
relaxation and decay. Chemical surroundings and the special mode of excitation 
can jointly cooperate to affect the atom considered in each of these three stages, 
thus bringing on pronounced differences in the measured deexcitation spectra. 
There are numerous x-ray and electron spectroscopic methods with single or, at the 
utmost, two vacancies in the pertinent initial and h a 1  states: XES, XAS 
(XANES), AES, etc. Here, due to the relatively small inneratomic positive charge, 
the relaxation phenomena are less pronounced and, consequently, application of 
the SW method appears less fruitful than in the discussion of (satellite) transitions 
occurring in configurations carrying several vacancies. Nevertheless, some 
interesting results have been obtained: (i) The pronounced difference m the x-ray 
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intensity ratio R,,, as it has been measured for 3d emitter atoms after 
photoionization and EC, could mainly be traced back to the excess 3d electron of 
the EC mother atom and, in addition, to different shake probabilities [24] (cf. [ 191 
for the latter aspect). (ii) As for the chemical effects on the K x-ray deexcitation we 
found a pattern which is highly reminiscent of the variations of IC (99mT~) as 
discussed above: Polarization of the upper valence states of prevailing d-type 
character leads to varying admixtures of p character and a resulting direct 
enhancement of the KP line (KP5, enlisted as p d  in table 2). Varying delocalization 
of d-type valence charge leads to contraction of the upper core (particularly 3p). 

Table 2: Variations (percentages) of the K x-ray intensity ratio R, for some Cr and 
Mn compounds ([14], with the SR-SW results [25] again in parentheses). 

3P P v d  total 

~ r 2 0 3 / ~ % 2 -  -0 (--I) -.8 (-1.1) -23 (-1.2) -2 .2s .  [26] -11.6f1.8 [27] 
CrCls/ Cr0,Z- 

Cr(CO)dCrO?- - 3.8 1.8 -1.9 
MnO/Mn04- 1.1 (.2) -3.7 (-2.6) -2.7 (-2.4) 
MnSlMnOi .6 ( -S)  -3.7 (-2.9) -3.2 (-3.4) 
MnCl2MnOi .7 -3.1 -3.7 -2.2f2. [26] 

- 1 .O (-2.0) -2.5 (- 1.6) -3.5 (-3.6) -2.7e.  [28] 
Cr(CN)Q-/CrO?- -3.1 2.1 -.9 

Although this picture was found to be in a satisfying agreement with SR-SW 
calculations, further extension of these studies appears quite pointless now because 
more accurate DV-Xa modelling of this topic has been carried out in the mean 
time (e.g., see [29]). The application of the latter method could lead to a final 
decision as to the extent of cooperation between polarization (pVd) and core 
reorganisation (3p) in shifting the ratio RBa, and as to whether the interpretation of 
these variations as pure valency effects I271 is on safe grounds. 
The SW method could also make a valuable contribution to an understanding of 
XANES spectra (e.g., the symmetry effects in high-symmetry molecules. [30]), and 
more specialized versions are still within the pertinent methodical standard [31]. 
Our simple dense SW approach, however, is at present only efficient in devising 
some group addidivity concepts for the photoabsorption spectra of complex 
compounds [32]. In view of the high precision of ab inirio calculations for 
relatively small molecules [33] and the DV-Xa method for molecules and solids 
[34], further application of the standard SW method requires special justification. 
An analogous assessment of methods also applies to the interpretation of Auger 
spectra [35]. 
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3.2 Vacancy-induced variation of valence-electron structure 

3.2.1 Covalent systems 

Satellite and hypersatellite spectra were expected to contain enhanced chemical 
information because in the pertinent KL" and K2L" vacancy configurations the valence 
electrons, thanks to reduced electronic screening, could have a particularly strong effect 
on energies and intensities of the satellite lines. For Si emitter atom in prevailing 
tetrahedral coordination, for instame, the valence states form three separate bands, VI (lal, ltz), 
Vp (2al, 2t2) and V3 (le, 3t2, It&) which reveal a pronounced atomic-orbital mixture in 
the ground state. If Si K- and L-shell vacancies increase electron binding on the central 
Si atom, a marked purification of the electron orbitals takes place: la, and It2 attain 
pure Si 3s and 3p character, respectively (see fig. 2). 

SiF4 

T 
la1 

\ -  

SiH, - 
It2+Si 3p 

1 a p S i  3s 
'11 - T 

Fig. 2: Schematic illustration of the valence electron structure of light and heavy 
Si-bearing molecules (a) and the Si 1-type valence charge fractions in 
dependence on inner-shell vacancy configuration (b); cf. [36]. 

The Vz states transform into ligand states (lig. p,) and, finally, the lower two V3 states 
(le and 3t2) are converted into Si 3d states. In retrospect, this finding seem quite 
evident: The valence electrons, under joint binding force of the atomic charge Z and the 
n, vacancies, attain a valence electron structure of a correspondingly heavier (Z+n,) 
atom. These pseudo-alchemical features in the interatomic relaxation obviously blur the 
chemical differences occurring in the ground state of the covalent target system and 
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thus inevitably the question arises about the reasons for the chemical effects on heavy- 
ion induced x-ray satellite spectra. This leads one to reconsider dynamic screening of 
the projectile which, in dependence on the electron density of the target, alters the 
charge state of the propctile and, hence, its ionizing potential. Furthermore, in a recent 
atomic generalization [37] of the multi-centre case studies, an empirical approach [38] 
has been verified according to which single-hole standard K x-ray fluorescence yields 
were used to infer ionization cross sections or elemental abundance fiom heavy-ion- 
induced x-ray satellite spectra. The differences found between the electron structures of 
atoms (C, Si), light molecules (Ch, SiI&) and many-electron systems (CF4, SiF4) 
comprise the aspect of the si cantly ddferent distribution of the valence electrons 

This should have consequences for non-radiative filling through the C KLL Auger two- 
electron transitions: One-centre estimates [39] furnished the Auger probabilities (C 1s 
linewidths) 56, 96 and 63 meV for the sequence C, Ch, and CF4. respectively, thus 
reflecting the electronegativity aspect. However, the corresponding multi-centre results 
(53, 75, 88 meV [40]) reflect the statistical distribution effect in a more accentuated 
way. In experimental determinations of the 1s linewidths tremendous difficulties are 
encountered. Therefore, further theoretical analysis should be done, using more 
accurate methods (e.g. DV-Xa). However, it should be mentioned that the 
experimental Si 2p linewidths in the S;X,  molecules (X=H, F) [41] speak in favour of 
the multi-centre results “3. 
Modelling the vacancy-multiplying deexcitation cascade following Ar K-shell 
photoionization, we obtained the charge stage spectra with slight improvements as 
compared with the literature standard (cf. [42] and refs. cited therein). However, a 
much more detailed validation of the theoretical data becomes feasible if consecutive 
decay channels are investigated by spectroscopic means. Indeed, Ar L23W Auger 
spectra recorded after K-shell photoionization [43,44], revealed a complicated satellite 
structure which, both by energy and intensity, could be labelled according to the 
pertinent spectator-vacancy configurations [42, 441. An extension of these L 2 3 W  
Auger satellite studies to S, H2S and SF6 could provide an assessment of the 
environmental effects on these Auger satellite spectra [42]: A growing broadening of 
the satellite structures was obtained by the convolution of a growing number of valence 
states and, in case of sF6, participation of d-type valence electrons leads to increased 
intensities of higher-energy satellite structures. These chemical effects were found to 
reveal poor specific information on the chemical state so that they provide only a weak 
basis for chemical speciation. 

over the valence states: 2s22p P , laI21t26 and laI21t26 2aI22t26 le43t261t16 , respectively. 

3.2.2 Ionic systems 

Despite the strong environmental effects on satellite spectra of covalent systems, SW 
calculations on next-neighbour clusters of ionic alkaline and alkaline earth fluorides 
have been carried out with rather modest expectation. Then, we were surprised to be 
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faced with strong covalent effects which occurred when the ionic F levels came to cross 
the cationic levels (cf. fig. 3). 

F 

\ I pseudo-crossing 1 

A; Creation of 
t L-shell vacancy 

Time (number of iterations in the SCF process) - 
Fig. 3: Schematic illustration of adiabatic pseudocrossing with character exchange 

(occurring between anionic (F) and cationic (X) levels; cf. [36]). 

Having in mind that two levels of the same symmetry, when driven by a single- 
parameter force under adiabatic conditions, are not allowed to cross in their approach 
(see basic sources, e.g. [45]), various types of level-crossing effects appear conceivable: 
(i) A growing nuclear charge Z of a live emitter atom can act as such a single- 
parameter drive, (ii) for an atom which is embedded in an ionic solid, in a series of 
either central atoms or ligands, resonant level-crossing conditions can be adjusted 
through a suitable combination of atomic numbers (&.&,, ag ), and (iii) for a given 
(La,, &ig ) combination, level matching can be achieved by increasing electron binding 
at the central atom through a suitable number of vacancies. 
As an example of resonance effects (i) the resonant sharp intensity peaking 
can be quoted which occurs at 2 5 3  where the pertinent two-hole levels come to cross 
[MI. Resonant effects (iii) were addressed in terms of resonant electron transfer [47], 
temporary covalency [48], pseudo-crossing [49] and avoided crossing [50]. In the SW 
simulation [49] of the multiple-vacancy states F XU" in ionic compounds, a transitory 
covalency was found to achieve the same pseudo-alchemical transmutation as it is 
produced in covalent systems by charge flows via covalent bonds. This transmutation 
even leads to an F M-shell population which even gives rise to a satellite (KL" ) Kp x- 
ray emission [51]. The strong effects of the multiple vacancies produced in ion-atom 
collisions, encouraged re-consideration of the effect of the common "methodical" (non- 
spectator) vacancies occurring in the initial andor final states of single-hole filling. In 
ionic fluorides we found resonant effects on the F K x-ray f l u o m m e  yield and F KLL 
Auger spectra [3], with the latter being experienced in covalent satellites observed in 
KF and SrF2 [52]. In the context of the effect of active vacancies on the valence- 
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electron structure, a DV-Xa study [53] is of particular interest: Even spin-unrestricted 
calculations had to be carried out in order to trace the violation of the Van Vleck 
theorem by the Kal linewidths of octahedrally coordinated Fe atoms back to an 
influence of the Fe K-shell vacancy on valence-electron structure. 
In the context of creation and decay of inner-shell vacancies no explicit evidence has 
been given so far in literature for the possibitity (i) to achieve resonant level matching. 
A recent DV-Xa analysis of the F KL" x-ray satellite emission from various metal 
fluorides X F 2  (X = Mg. Fe, Co, Ni, Zn) [54], however, seems to contain this aspect: 
For a methodological comparison we reconsidered this matter with the aid of the SW 
approach and represented these metal fluorides by clusters which were further 
simplified as compared with [54] O;X,(DJ&cluster instead of CZ,). As a result of this 
slight modification, the F 2p, (strongly interacting with X 3d, in the FX3 plane) and the 
weakly interacting F 2p, electrons now transform according to different irreducible 
representations (e' and az", respectively), and the 0-type resonance effects between the 
upper e' state of the Zn 3d band and the e' fiom F 2p become visible in the ground 
state (left-hand side in Fig. 4). 

Mg Fe Co Ni Zn 

=\ 

3 (Za',, a;, 3e', a';, a';. 2e") x3d I 

1.03 1.02 1.01 .97 .%% 
2 

R;O 

F M-shell filling (3s 3p) 
* 

(e', e", all, a'; , a;. a'; ) 

S 
p. 

p 1m t 

s 
a 
a 

I I , I  I 1  I , -  

0 1 2 3 4 5 5 7 8  
n (KL") 

Fig. 4 Valence electron structure of various metal fluorides )(F2, represented by 
(FX3)5'@~h)-clusters (on the left) and of 2 h F z  in dependence on growing 
number of F K- and L-shell vacancies. 
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In contrast to the DV-Xa ground-state discussion, outer-shell vacancies are now 
created through a two-step mechanism: In a first step they are accommodated with 
approximately equal probabilities in both e' resonance levels of a mixed F and Zn 
character. Then, in the course of the relaxation occurring in response to stronger 
binding due to vacancies, the two resonance states again separate and are transformed 
back into F 2p and Zn 3d (cf. left part of Fig. 4) and, in effect, the e' vacancies are 
transferred either to F or Zn (fiom lowest and highest e', respectively). 
Thus, the SW treatment furnishes an idea of the F KL" x-ray emission, in which 
resonance effects (ii) in the ground state cooperate with relaxation in the K-shell 
ionized state to reduce the K'/IUo x-ray intensity ratio RIO in the series of metal 
fluorides. It would be interesting to fit the SW and the DV-Xa results into a 
convergent idea of the environmental e k t s  considered. By the way, an increasing 
number of vacancies produces resonance effects (iii) between F 3.5, 3p and Zn 3d, 
leading to a considerable F M-shell population (cf. right part of Fig. 4). Note that this 
M-shell population, thanks to more weakly bound X 3d for the lighter cations, would 
occur in a more pronounced way and already at a lower satellite order n, thus giving 
rise to stronger effects on satellite intensity distribution recorded after the impact of 
more strongly ionizing heavy-ion projectiles. 

4 Methodological conclusion 

Thanks to its unambiguous single-centre representation of the electron wavefunc- 
tions in the sphere of the atom considered, the simple and dense SW approach al- 
lows the application of matrix-rescaling techniques and evades the difficulties of 
interatomic contributions. Moreover, owing to the physical transparency and sim- 
plicity, the SW method can easily be applied by experimentalists at a relatively low 
level of specialization, thus ensuring close proximity between theory and experi- 
ment. Therefore, in the past the SW method has shown special usefulness in sys- 
tematizing environmental effects on localized inner-shell processes. As the com- 
parative DV-Xa and SW treatments of the metal fluorides XF2 show, the SW 
method can well compete even with advanced approaches in an initial stage of re- 
search where the basic features of qualitatively new inner-shell phenomena are to 
be delineated. In a more profound discussion of refined details, either with respect 
to small and complicated chemical differences between measuring samples or to 
spectral details such as multiplett-coupling or multielectron effects, it is increas- 
ingly dominated by more elaborate methods such as DV-Xa and, for small sys- 
tems, by a b  inirio calculations. 

The authors thankfully acknowledge financial support by Deursche Forschungsge- 
meinschaft through Bonn SFB 334 and stimulating discussions with many col- 
leagues. 
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ABSTMCT 
A new concept, a resonant orbital rearrangement ROR, has been 

introduced to explain an anomalously weak intensity of F K a  X-ray emitted from a 
K'L' doubly ionized state and an unassigned M peak in KVV Auger spectra of KF. 
ROR has been used for explaining resonance between HOMO at KoLo and LUMO 

at K'LO states during F 1s ionization or X-ray and Auger decay processes, where 
KmLn denotes m and n vacancies on K and L shells, respectively. Molecular orbitals 
describing the KmLn state were calculated by the DV-Xa method. Ionization cross 
sections, F Ka X-ray energies and X-ray transition probabilities were calculated 
using the semi-classical approximations (SCA), the Slater's transition state method 
and the dipole approximation, respectively. In the present study we found excellent 
linearities between ROR probabilities and the M line intensities, and between 
fluorescence yields for a K'L' doubly ionized state and relative X-ray intensities of 
(K'L' / KILO). Here X-ray and Auger emission spectra were studied, whch were 
emitted from the alkali-metal fluorides, i.e. NaF, KF, RbF and CsF. All the 
intensities of F Ka X-rays and KVV Auger electrons have successfidly been 
explained for the first time. 
ADVANCES IN QUANTUM CHEMISTRY. VOLUME 29 
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INTRODUCTION 

Fine structures of photoelectron, Auger electron and X-ray spectra 
emitted from molecules through the transition from valence to inner-shells are 
sensitive to the change in chemical environments surrounding the atom of interest, 
and then have been used extensively for studies of electronic structures of chemical 
compounds[ 1-91. For obtaining these spectra, photons, electrons and accelerated 
ions have been employed as excitation sources. However different kinds of 
excitation methods make explanations of the fine structures and/or Satellite 
structures of Auger and X-ray spectra complicated. This is a main cause why 
intensity distributions of these spectra can not be discussed quantitatively. 

If inner-shell electrons are removed from the atoms, characteristic X-ray 
and Auger electrons are emitted during the filling process of the electron vacancies 
by the outer-shell electrons. When the electrons to fill the vacancies are localized on 
the valence shell, pronounced chemical bond effects are expected to be observed. 
As the origin of the chemical bond effects on the fine structures of Auger and X-ray 
spectra, two principal causes can be considered, (a) outer-shell vacancy 
distributions generated at the time of collision change with bonding structures of 
molecules [lo], (b) prior to Auger and X-ray emissions, the rearrangement of 
molecular orbitals or of the vacancy distributions occurs. 

One of the simple examples of the orbital rearrangements is the change in 
the energy of Auger electrons emitted from atoms bound in solid, which is higher 
than that of Auger electrons emitted from free atoms [I 11. The main cause of this 
energy shifis is the extra-atomic relaxation of atomic orbitals or reconstruction of 
molecular orbitals for screening the created double-hole final states. The 
configuration and vibronic interactions, electron transfer [ 12,131, and so on are also 
kinds of the molecular orbital rearrangements. 

In photoelectron, Auger and X-ray spectroscopies, the frozen core and 
sudden approximations have frequently been used for their simplicity. However, 
interesting chemical bond effects in Auger and X-ray spectra have not yet been 
explained by such over simplified approximations. The representatives are 
remarkable changes in satellite intensity distributions appeared in X-ray and Auger 
spectra emitted from a series of fluorides [14-201. Introduction of a new concept of 
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the orbital rearrangement prior to Auger and X-ray emissions is indispensable for 
explaining dramatic changes in the satellite intensities of X-ray and Auger spectra. 
In this paper "resonant orbital rearrangement; ROR" has newly been proposed to 
explain anomalous behavior of the satellite intensities on F KVV and F Ku spectra. 
The new concept is also promising to understand much lower intensities of K 
satellites emitted from low Z elements such as 0, N, C, --. and of L satellites 
emitted from transition metals. 

EXPERIMENT AND DATA PROCESSING 

Fluorescent F K a  X-ray spectra emitted from NaF, KF, KbF and CsF were 
measured using a flat crystal spectrometer, Philips PW 1480. Radiations emitted 
fiom a thin scandium anode, evaporated on a molybdenum matrix and operated at 
50kV and 60mA, were adopted as an incident photon source. Fluorescent X-rays 
thus induced from the samples were collimated by a series of Soller slits. A thallium 
acid phthalate (TAP) (001) flat crystal (2d = 25.750A) was used as an analyzing 
crystal. Vacuum was kept less than 5 Pa during measurements. All the samples 
were prepared in the form of pellets by pressing their fine powders in Ar 
atmosphere to prevent chemical reactions of them with moisture in air. Diameters 
and thicknesses of the resulting pellets were about 3cm and OScm, respectively. 
Before and after X-ray measurements, all the samples used were confirmed by X- 

ray diffraction to be free fiom contaminations. 
Observed F K a  X-ray spectra emitted from the alkali-metal fluorides are 

shown in Fig. l(a) and (b). Here XO, X1 and X 2  are emitted from initial states of 
K'L', K'L' and K'L2, where K'L" denotes one K and n L vacancies. Change in the 
intensities of the first satellite lines (XI) is distinct, which are situated on the high 
energy sides of diagram lines (XO). Photon induced F K W  Auger spectra emitted 
from the same series of alkali-metal fluorides observed by Benka and Uda [9] were 
processed here by subtracting back grounds due to energy-loss electrons, and are 
shown in Fig. l(c). The Auger spectra are composed of the diagram lines (A = 

2s 2p ( D + ' S ) ,  C = 2~'2p'(~P), D = 2s'2p5('P) and E = 2s02p'(('S)) and satellite 
lines (B = 2s22p3 (4S+2D+2P) and M : not assigned). 

2 4 1  
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The observed F Ka fluorescent X-ray, 5.5MeV He' induced X-ray and F 
K W  Auger spectra were deconvoluted to each component by the least-square 
fitting using the Lorentzian and Gaussian distribution functions for X-ray and 
Auger spectra, respectively. Resulting intensities of these components 

670 680 690 670 680 690 
X-ray energy<eV> X-ray energy<eV> Kinetic energy<eV> 

(a) Fluorescent (b) Ion induced (c) Auger 
X-ray X-ray 

FIGURE 1 .  Observed F Ka (a) fluorescent X-ray, (b) ion induced X-ray [14], and 
(c) K W  Auger spectra [15] emitted from a series of alkali-metal fluorides. 
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Fluorescent 
X-ray 

xo x1 x 2  

100 39.0 2.0 

100 16.0 5.1 

100 25.6 6.8 

100 29.8 5.5 

are summarized on Table 1. The remarkable change in intensities of the X1 satellite 
lines in both photon and ion induced X-ray spectra and of the M lines in the Auger 
spectra is obvious. 

Ion induced 
X-ray 

xo x1 x 2  

100 80.7 6.5 

100 28.6 13.3 

100 41.6 13.3 

100 54.5 12.6 

TABLE 1. Observed intensity of each component in F Ka fluorescent X-ray, ion 
induced X-ray [I41 and KVV Auger [ 151 spectra, which were deconvoluted by the 
least-square fitting using the Lorentzian distribution functions for X-ray spectra and 
Gaussian distribution functions for Auger spectra, respectively. - - 

- 
NaF 
KF 
RbF 
CsF - 

Auger 

E D C B A M  
6.5 19.8 5.6 10.7 100 1.4 

5.7 58.0 6.2 8.6 100 68.0 

4.7 52.5 10.0 16.2 100 6.2 

11.5 75.8 32.5 7.2 100 14.6 

OUTER-SHELL o m r r A L  IEAIWNGEMENT DURING F IS 

IONIZATION 

Within the simplest picture for isolated atoms, ionized and excited states 
are initial ones for X-ray and Auger transitions. However, in molecules the orbital 
rearrangement following ionization and electronic excitation occurs in general due 

to the interaction of an inner-shell hole with the molecular field. This makes 
structures of the X-ray and Auger spectra complicated. 

The Auger electrons and characteristic X-rays are emitted from initial 
states with one inner-shell vacancy or sometimes with several vacancies in inner- 
and outer-shells, where the initial states are formed by ionization and excitation of 
inner- and outer-shell electrons. In ionization of the isolated atom, constituents of 
all the atomic orbitals except for an ionized electron remain unchanged after 
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ionization, though all the energy levels for the atomic orbitals become deeper, due 
to decrease in the screening effect, than those before ionization. We call hereafter 
such reconstruction of the orbitals as the orbital rearrangement or relaxation. 
However, in ionization of molecules the orbital rearrangement at the outer-shells is 
not straightforward. 

The molecular orbitals of the outer-shells are composed of atomic orbitals 
both of the atom of interest and surrounding atoms, and then their numbers are not 
B few. This leads to introduce the complicated orbital rearrangement or the change 
in orbital constituents. On the other hand, in most ofthe atomic spectroscopies such 
as the X-ray photoelectron spectroscopy (XPS), the Auger electron spectroscopy 
(AES) and the X-ray fluorescence (XRF), this kind of the orbital rearrangement is 
not taken into account because it does not lead, in general, to significant 
misunderstanding or wrong explanation of observed spectra. Howcver, remarkable 
chemical bond effects appeared in X-ray [14,16-201 and Auger [l5] satellite 
intensity distributions request employment of the orbital rearrangement. The X-ray 
and Auger spectra emitted from F- ions in a series of fluorides, shown in Fig. 1, are 
typical examples of the chemical bond effects. The remarkable change in the 
intensities of the M lines in the Auger spectra [15] and of the X1 lines in X-ray 
spectra has not yet, however, fully been understood by existing concepts. 

We introduce here a new concept, i.e. resonant orbital rearrangement 
@OR), to explain intensities of the M and X1 lines. If fluorine and metal atoms 
form a molecule or a fluoride, molecular orbitals at a KnLn state can be described by 
linear combinations of atomic orbitals of both atoms, as shown in Fig.2 
schematically, where KoLo denotes zero electron vacancy state both on K and L 
shells. When an electron in a molecular orbital mostly composed of an F 1s 
component at the KoLn state is ionized, the structure of the molecular orbitals for 
these fluorides is reconstructed before Auger electron and X-ray emissions. 
Rearrangement processes during F 1 s ionization are schematically shown in Figs.2 
-4. The simplest case is parallel displacements of all the energy levels to deeper 
ones shown in Fig.2 by the mode 1, leading to form a KILO state. Second, an 
electron at the highest occupied molecular orbital (HOMO) or near the orbital is 
shaken-off due to sudden change in the Coulomb potential caused by ionization of 
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I -  Fls ...... &.., 
\. 

K' LO 
state 

FIGURE 2. The shaking and orbital rearrangement processes following inner-shell 
(Fls) ionization. 

the F 1s electron, making a K'L' doubly ionized state written by the mode 2 in Fig.3. 
If the energy level of HOMO at the KoLo state is almost the same as that of the 
lowest unoccupied molecular orbital (LUMO) at the K'LO state as shown in Fig.2, 
resonance occurs between these two states. In other words, such resonant orbital 
rearrangement (ROR) produces a state with each one vacancy in the F K and L 
shells and with one excited electron in LUMO, shown in Figs.3 and 4 as the modes 
3 1 and 32. This is a kind of virtual dipole excitation of the electron with 2p nature at 
HOMO to LUMO with 3s nature on the F- ion. 

The mode 1 is relevant to emissions of the A, C, D and E Auger and XO 
X-ray diagram lines, and the mode 2 is relevant to emissions of the B Auger and X1 
X-ray satellite lines, respectively. The mode 3 is divided into two, i.e. 31 and 32 
which might relevant to  Auger emissions of the F 2p or HOMO electron 
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mode 2 (shake) 

Rearrangement process of a singly ionized state 

M. Uda, T. Yamamoto, and T. Takenaga 

Ionization process 
LUMO (3s) - HOMO ( 2 ~ )  

L Is .I -.L 1s -1s 

mode 1 mode 31 mode 32 

FIGURE 3 .  Ionization, shaking and orbital rearrangement processes of the F ion in 
a fluoride at the time of Auger electron emissions. 
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mode 2 (shake) 

spectator participator 

mode 1 mode 31 mode 32 

FIGURE 4. F K X-ray emissions after the orbital rearrangement in a fluoride. 

(corresponding to the spectator transition), and of the excited electron with 3s 
nature (corresponding to the participator transition), respectively. The mode 31 is to 
be relevant to productions of the B Auger and X1 X-ray satellite lines. Here the 
mode 32 is assumed to be relevant only to an emission of the M Auger line but not 
to an emission of an X-ray line, if based on the atomic scheme, because the excited 
electron to LUMO has 3s nature in this rearrangement scheme, as shown in Figs.3 
and 4. 

The rearranged electron from HOMO at the KoLo state to LUMO at the 
K'LO state has possibility, in the molecule but not in the atom, to fill the F Is 
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vacancy through the mode 32 by emitting X-ray via the participator transition. To 
estimate a contribution of the mode 32 to the X-ray emission, first we calculated 
molecular orbitals of these fluorides by employing the DV-Xa method[21]. In this 
calculation the basis sets were chosen as 1s-3s for F, 1s-3p for Na, 1s-4p for K, 1J- 
5p for Rb and 1 s-6p for Cs, respectively. A potential well of 0.9 a0 and -3.0 Hartree 
in width and depth, respectively was also used. Here a,, is an atomic distance 
between M and F, and clusters used for all the fluorides are with the Oh 
symmetry, where M represents Na, K, Rb or Cs. Energy levels and electronic 
constituents obtained by the above molecular orbital calculations are schematically 
shown for the KoLo and K'LO states in Figs.5 (a)(b)-S(a)(b>. Here percentages 
written in these figures mean the orbital populations in the Muliken population 
analysis scheme. 

Second, difference energies between the satellite and the diagram lines in 
the F Ka fluorescent X-rays in Fig.1 (a) were calculated adopting the Slater's 
transition state method [22,23]. A calculation procedure is shown in Fig.9 
schematically. Here all the electrons and vacancies concerned with transitions are 
counted as one half instead of one in this transition state method. The observed and 
calculated difference energies are summarized on Table 2. The X-ray energies 
expected from the mode 32 were calculated here to be about 23eV larger than that 
caused by the mode I .  However no additional peak around this energy range was 
found in our experimental spectra (not shown in Fig. 1 (a) ). 

Third, an X-ray transition probability through the mode 32 in Fig. 4 was 
calculated by use of the dipole approximation, giving less than of the X-ray 
transition probability of the model. This means that the X-ray transition resulted 
fiom the mode 32 is mostly forbidden because the rearranged electron from HOMO 
at the KoLo state to LUMO at the K'LO state is characterized with F 3s nature on 
the F' ion, but not on the surrounding atoms, even in the molecular orbital scheme, 
and then its contribution to X-ray emissions can be ignored. On the other hand, the 
mode 32 must be, in the Auger transition, taken into account because any restriction 
on an orbital angular momentum does not exist in this transition. Such results are 
also consistent with previous assumptions, i.e. the excited electron to LUMO being 
characterized with 3s nature in the atomic scheme. 
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FIGURE 5 .  Molecular orbitals ofNaF at (a) KoLo and (b) K'LO. 
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FIGURE 6. Molecular orbitals of KF at (a) KoLo and (b) K'LO 
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FIGURE 7(a). Molecular orbitals of RbF at KoLo 
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FIGURE 7(b). Molecular orbitals of RbF at K'L' 
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FIGURE 8. Molecular orbitals of CsF at (a) KoLo and (b) KIT? 
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FIGURE 9. Schematic diagram to calculate X-ray and Auger electron energies. All 
the electrons concerned with the X-ray and Auger transitions are to be counted as 
an one half in the transition state method. 
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NaF 
KF 
RbF 
CsF 

TABLE 2. Observed and calculated difference energies of the satellite lines (Xl) 
and diagram lines (XO) in I: Ka fluorescent X-ray spectra emitted from alkali metal 
fluorides. 

observed I calculated 

= - %o from mode 2 from mode 3, from mode 3, 

4.2 2.4 2.6 23.2 

4.8 3.4 3.4 23.6 

4.2 3.0 3 .1  23.6 

4.0 3.7 3.7 22.3 

DECAY PROCESS OF THE ELECTRON IN HOMOAT THE K@Lo STATE 
DURING P 1s IONIZATION 

In most cases, as already stated, the electron in HOMO at the KoLo state 
moves to HOMO at the K'LO state after F 1s ionization and excitation. However, if 
the energy level of HOMO before ionization or at the KoLo state is almost the same 
as that of LUMO at the K'L' state, a new state can also be produced, which has 
each one vacancy in X. and L shells and also with one excited electron in LUMO. 
We called such a decay process as "resonant orbital rearrangement (ROR)". To 
discuss a degree of the resonance quantitatively, we define an energy difference AE 
as a gap energy, as shown in Fig. 2, between HOMO at the KoLo ground state and 
LUMO at the K'L' singly ionized state. Here HOMO at the KoLo state is mostly 
composed of F 2p electrons, and LUMO at the KILO state contains, at least in part, 
a component of the F 3s orbital, as can be seen in Figs. 5-8. Then the resonant 
orbital rearrangement probability PRoR is written as 
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if we use the Breit-Wigner resonance formula for describing ROR. Here a is a 
constant and r is the life time of the resonance state relevant to the emission of the 
M Auger line, which can be approximated by the life time of F 1s vacancy, i.e. 2.4 
X 10’3sec. can be read out from Figs. 5-8, which is of the order of electron 
volts. h/22 is now 1.4 X lo” eV, which is much smaller than AE here estimated and 
then can be ignored in eq. (I), leading to PR~R=(AE)-’. This means that the M 
Auger line intensity or M/A should be proportional to the orbital rearrangement 
probability. Relationships between observed M/A in Fig. I(c) and (AEy2 here 
calculated are shown in Fig. 10, whose linearity is satisfactory, suggesting that the 
newly defined concept, ROR, is acceptable at least in the energetic scheme. 

c 
0 

0.6 - 

- 
I . .  

0.2 0.25 
(11 A E ) ~  

FIGURE 10. Relationships between observed M/A in Fig.1 (c) and (AEJ-2 

Next we discuss the change in the fluorescence yields for the doubly 
ionized states, in order to explain the chemical bond effects in the satellite 
intensities of XI lines in the F Kcc fluorescent X-ray spectra. Here we assumed that 
the fluorescence yield is divided into two, i.e. one for the diagram lines of XO and A, 
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C,  D and E, and the other for the satellite lines OF X1, and B and M. The 
fluorescence yield Yxo for the diagram line is expressed as 

where Xx0 is the observed intensity of the XO diagram line in the F K a  fluorescent 
X-ray spectra shown in Fig. l(a), A A , c , ~ , ~  the sum of those of A, C,  D and E lines in 
the F KVV Auger spectra shown in Fig. 1 (c), and 7 the detection efficiency of X- 
rays relative to Auger electrons in our experimental setups. The fluorescence yield 
YXI for the X1 satellite line is also expressed as 

where XXI is the observed intensity of X1 line, and A B , ~  the sun1 of the B and M 
intensities. From these two equations, Yxl can be rewritten as 

YXO 4 4 ,  c, D, E X X O  

This equation now does not contain q being a fbnction of experimental conditions. 
We also assumed that the fluorescence yield for the diagram line is 

independent of chemical environments, i.e. Yx0=0.013 obtained for the isolated F 
atom by Krause[24]. This is because the effective number of electrons on F L shells 
in the alkali-metal fluorides is almost the same, i.e. 7.5-8.0, and then the KoLo 
ground state is almost the same for all the fluorides used. 

The fluorescence yields for the X1 satellite lines, estimated fiom eq. (4), 

are summarized on Table 3.  The relationships between the fluorescence yields and 
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Compounds 

the relative intensities of XlKO in the F Ka fluorescent X-ray spectra are shown in 
Fig. 1 I .  We see good linearity between these two. 

Fluorescence yield 
AE <eV> 

YXl 

TABLE 3.  Fluorescence yields for X1 satellite lines in F Ka fluorescent X-ray 
spectra obtained by eq. (4) and difference energies between LUMO at the KILO 
state and HOMO at the KoLo state. 

0.053 

0.0047 

0.025 

0.038 

.- 
% 

I 

0.2 0.3 0.4 
Relative intensities of Xl/XO 
in fluorescent X-ray spectra 

~ ~ ~~~~ 

2.42 

1.93 

2.38 

2.24 

FIGURE 11. Relationship between the fluorescence yidds for X1 satellite lines and 
the relative intensities of XlKO in fluorescent X-ray spectra. 
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As can be seen from Fig. 10, the Auger M line intensity becomes, through 
the mode 32, large for large ROR probability or for small AE defined in Fig. 2. This 
leads, in the first approximation, to reduction in the fluorescence yield Yxl and then 
also reduction in the intensity ratio of X l K O  as shown in Fig. 11, though the 
fluorescence yield is, strictly speaking, a function both of Auger and X-ray yields. 
Thus chemical bond effects in the satellite intensities of the X1 lines in the F Ka 
fluorescent X-ray spectra emitted from the alkali-metal fluorides have now 
successfblly been explained. 

In the case of ion impacts, the excitatiori processes are more complicated 
than those for the photon impacts, which are schematically shown in Fig. 12. The 
K'L', K'L' and K'L" ionized states are mainly produced through the direct 
Coulomb potential acting between projectiles and orbital electrons on the target 
atom, where n 2 2. Then the single and double ionization cross sections due to 
the direct Coulomb potential, o ~ ~ K ~ L ~  and oDCKlL1, can be calculated using the single 
center model in the semi-classical approximation (SCA) frame. A calculating 

FIGURE 12. 

Ground state i-ri 
I direct coulomb potential I 

(K1Lii 
I fluorescence yield ] 

yxo yx, yxo 

0 
Schematic diagram for the excitation processes in the case of ion 

impacts. 
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procedure was proposed by the present authors [lo]. In addition to the above direct 
Coulomb ionization, we have to consider an indirect ionization, i.e. the shake-off in 
the case of the ion impacts too. In other words parts of the Coulomb ionized states 
go to higher ionized states due to the shaking process. Then the cross sections OKILO 

and 0 ~ 1 1 . 1  to produce the K'L' and K'L' states are written as the sum of 
contributions from the direct Coulomb potential and the shaking process. If we 
assume that the shaking probabilities are the same for both cases of K'Lo4K'L' 
and K1L'+K'L2, the cross section are written as 

and 

where Psl,akc is the shaking probability calculated for the isolated F atom by 
Mukoyama and Taniguchi [25], i.e. Prhake=O 1845. Each of the ionized states emits 
an X-ray according to each fluorescence yield. Here the fluorescence yield for the 
XO diagram line was assumed to be independent of chemical species of fluorides 
and the same as that for the isolated F atom, i.e. Yx0=0.013 [24]. 

On the other hand, fluorescence yields for the X1 lines in the case of the 
ion impacts were assumed to be Yxl only for KILo+K'L' through the shake 
process. Here YXI was determined from the photon induced X-ray spectra. 
However, for the K'L' state produced through the direct Coulomb interaction, 
Y=O 013 was adopted because the direct Coulomb ionization is not accompanied 
with the orbital rearrangement. These considerations give the total X-ray 
production cross sections for the XO and X1 lines, oxo and 0x1, 
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Calculated relative cross sections for XlKO with the aid of eqs. (7) and (8) are 
compared with the observed ones in Fig, 13. Agreement between experiments and 
calculations is satisfactory. This nieans that even on the ion induced F K a  X-ray 
spectra, ROR plays one of the most important role in the chemical bond effects on 
the XI satellite intensities. 

-0- experiments 

0' ' I 
I 

NaF KF RbF CsF 

FIGURE 13.  Comparisons of relative intensities of XIKO in ion induced X-ray 
spectra between experiments [ 141 and calculations. 

EXTENDED ROR TO RESONANT AUGER SPECTRA 

An inner-shell electron can be excited by photoabsorption to a bound state 
below the ionization threshold. From such an excited state Auger electrons are also 
emitted. This makes the structure of Auger spectra simple because the spectra are 
free from the shake-off peak due to multiple ionization. Aksela et al. [26] have 
studied F KVV Auger spectra emitted from a series of fluorides by use of the 
synchrotron radiation. Spectrn taken from LiF and KF are shown in Figs. 14-16 as 
typical examples. 
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LiF 

585 690 695 70 
Photon energy (eV) 

600 610 620 630 640 650 660 670 
Kinetic energy (eV) 

FIGURE 14. Normal (denoted by N) and resonant Auger spectra of LiF. Inset 
shows the total electron yield spectrum of LiF at the F K edge. Labels a-e indicate 
the mean photon energies where the electron spectra were recorded. The normal 

Auger electron spectrum was taken at hv = 800 eV. (by Aksela et al. in Phys. Rev. 
B49 (1994-1) pp. 3 117 [26 ] )  
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650 654 65  8 662 
Kinetic energy (eV) 

FIGURE 15. (a) F KL2,3L2,3 resonant Auger spectrum of LiF [26] taken at the mean 
photon energy b of Fig.14, decomposed into the line components. Fluorine 2s is 
indicated by F 2s. (b) F KL2.3L2.3 resonant Auger spectrum of LiF taken at the mean 
photon energy d of Fig. 14. ( by Aksela et al. in Phys. Rev. B49 (1994-1) 
pp.3 118[26] ) 



414 M. Uda, T. Yamamoto, and T. Takenaga 

A M  

595 k90 695 7b0 
P oton energy (eV) 

3iL- KL,L, 
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FIGURE 16. Nonnal and resonant Auger spectra of KF. The inset depicts the total 

electron yield spectrum of KF at the F K edge. (by Aksela et al. in Phys. Rev. B49 

(1994-1) pp.3 120 [26 ] )  
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They succeeded to explain extra peaks appeared in the spectra to be 
caused by electrons resulted from the spectator Auger transitions. Here the F 1s 

electron is resonantly excited to 3p and 4p, noted as (3p), (4p) and (res) in Figs. 14 
and 16. In addition new peaks due to the shake were also found in Fig. 15(a) and 
(b) noted as 3p-+4p and 4p-3p, which are originated from the spectator 
transitions accompanied by the shake-up from 3p to 4p and the shake-down from 
4p to 3p during Auger decay. As can be seen in Fig. 14 for LiF the intensities of the 
shake peaks are much smaller than those of the main or diagram A and resonant 
(3p) and (4p) peaks. This is also true for KF as shown in Fig. 16. Here the same 
Auger notations (A, B, C ,  D, E and M) as in Fig. l(c) are given in Fig. 14 for LiF 
and in Fig. 16 for KF, together with the resonant Auger peaks (np). Aksela et al. 
[20] did not, however, pay attention on the origin of the M peak observed at the 
high energy side of the diagram line A with comparable intensity in KF. 

Fortunately from the above experiments an important conclusion can be 
drawn. ROR here proposed is distinguished froin the shake because intense 
additional lines observable at the high energy side of the peak A must be observed 
from all the fluorides if the M peak were emitted through the shake process but not 
through ROR. This is not indeed the case. In addition the diagram A line gives 
continuous energy shift passing through b, c, d and N in Fig. 14 but the M line 
energy is almost independent of the excitation photon energies as shown in Fig. 16, 
indicating that the M line is not induced through the excitation process but is 
relevant to the decay process, i.e. ROR. 

Sairanen et al. [27] observed F K W  Auger lines emitted from gaseous KF, 
giving only the diagram lines but no M line. They did not give any satisfactory 
explanation for the lack of the M line, We calculated MO of gaseous or di-atomic 
KF at KoLo and K'L' states as shown in Fig. 17 (a) and (b). Here gaseous KF has a 
shorter atomic distance (4.10 a.u.) than that of solid (5.05 a.u.). AE for gaseous KF 
was larger than that of solid (2.46 vs. 1.93eV), leading to off-resonance between 
HOMO at KoLo and LUMO at K'LO states in gaseous KF. This must give the weak 
M line. Thus ROR can explain all the experimental results on the resonant Auger 
spectra emitted from the fluorides satisfactorily. 
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FIGURE 17(a). Molecular orbitals of gaseous or di-atomic KF at KoLo. 
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FIGURE 17(b). Molecular orbitals of gaseous or di-atomic KF at KILO. 
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From the discussions of this chapter, origin of the M line in the F K W  
Auger spectrum is now well understood, which is the resonant orbital 
rearrangement, ROR. 
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Abstract 

Charge transfer between the constituent atoms is thought to  be im- 
portant for the stability of crystal structures. In our previous work [l] the 
transferred charge in the case of A13Ni and AlNi3 was estimated from Auger 
parameter measurements. In the piesent study, performing 11011 relativistic 
spin-restricted and spin-unrestrit ted DVX, molecular orbital calculations of 
model cluster we obtain more detailed information on the particular orbitals 
involved in the charge transfer processes. 

Introduction 

Charge transfer between the coristituent atoms of crystal structures is 
tliought to determine the sta.bility of these structures [a] and therefore the 
knowledge of the direction and magnitude of the transferred charges is es- 
pecially important in the case of inetal alloys. Electronegativity difference 
between the components of bina,ry alloys leads to changes in the electronic 
configuration from that of free atoms. Analyzing alloy-pure inetal Auger pa- 
rameter shifts of the component atonis has been proved to be a useful method 
for providing an insight into the energy and spatial dependence of the va- 
lence electron density of states of alloys and revealing the relationship between 
the physical and electronic structpures of alloy systems [3]. Depending on the 
change in the potential at the core-ionized atom, Auger parameter shifts can br 
used for the separation of the iiiit,ial and final state contributions to core level 
chemical shifts [4] and for the estimation of changes in the local charge and 
relaxation energies. The method developed by Thomas and Weightma.n for the 
determination of charge transfer in alloys [5] from Auger parameter shifts, is 
based on potential parameters obtainable from atomic structure calculations. 
In this work we present no11 relativistic spin-restricted and spin-unrestricted 
DVX, molecular orbital calculations for Al3Ni and A1Ni3 alloys for obtaining 
ADVANCES IN QUANTUM CHEMISTRY, VOLUME 29 
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detailed information on the particular orbitals iiivolved in the charge transfer 
processes. 

Coniputational method 

Tables I a,nd I1 conta.in the positions of atoms in atomic units for the two 
alloys. In the cluster type DVX, calculation we have 16 a t o m  for the A13Ni 
cluster and 14 a.toms for the AlNi3 cluster. It, is difficult to increase the num- 
ber of atoms especially in the case of A13Ni cluster due to the orthorhonibir 
structure. For these compounds we used the sphere radii of the constituent 
atoms given by Slater [GI. The values of the sphere ra,dii influence the deternii- 
nation of the charge transfer inside the cluster. For the numerical iteration the 
self-consistent,-charge scheme [7] was used. In the SCC calculations, the HFS 
potential in the cluster is ga.inec1 by a sum of the Coulomb potentials which 
is constructed by overlapping of the atomic Coulomb p0tentia.h and adding 
the stat,istical exchange potential proportional to the 1/3 power of molecular 
charge. As a first iterative point, the SCF a.tom charges and wa.vefunctioiis 
of the ground state configuration are used. Molecular orbitals are represented 
by linear combinations of the numerical single site orbitals (SSO). The over- 
lap and Hamiltoiiian matrix elements of the secular equation are computed by 
means of the discrete variational (DV)  method, then following diagonalisation 
the eigenvalues and eigenfunctioiis are obtained. The exchange sca.ling factor 
cu is taken to be 0.7 for a,ll calculations. Ba.sis sets iiicludiiig 1s to k l ,  Is to 
4p for A1 and Ni ,  respectively, are used. In the DV procedure a number of 
sampling points N=500 for each atoin is required t,o obtain an accuracy of 0.1 
Ry for valence energies. In order to coinpa.re the calculat,ed HFS results with 
electron binding energies in the XPS measureinelits, one should calculate one- 
electron orbital energies for the ”transition state” which can be compared with 
the ionization state energies [S]. The level structure of the cluster is given in 
the density of states (DOS) profiles obta.ined by r epk ing  each discrete level 
by a Lorentzian with a width of 2.0 eV, weighted by the degeneracy of the 
orbital. The total DOS limy be compared to photoemission spectra, for the 
occupied region and to elect,ron energy loss spectra for E > E, as a rough 
approximation neglecting transition probabilities. The DOS diagram can be 
also coinpared wi th  those from band structure calculations. In order to ob- 
tain atomic orbit.als with hrge quantum numbers a spherica.1 potential was 
superimposed upon the atomic potential as follows: 
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Ni 
Ni 

where V:(r is the superimposed poteiitial of the vth atom, V," the depth of 
the potential well and Ri its radius. The C!ouloiiib potential -c/r is assumed 
outside of the sphere. The constant c is adjusted in order to link the two 
potentials at r=R:. The atoinic orbitals did not vary appreciably with the 
parameters of the added potential. Charge distributions were computed using 
t,he DVX, cluster MO model [S], with experimental lattice constants [12!13] 
for the cubic-ordered (Oh) intermeta.llic compound AlNi3 alloy and for the or- 
thorombic (DOzo) structure A13Ni. 

3.273 I 6.931 8.092 
6.246 I 0.000 I 3.546 

Table I. The position of atoms in the A13Ni cluster [9, 101 in atomic units. 

1 Atoiii I x I Y I  Z 

I Ni I 0.000 I 0.000 I 0.000 I 

Table 11. The position of atonis in the A1Ni3 cluster [ll] in atoiiiic units. 

I Atoiii I x I Y I  Z 

I Ni I 0.000 I 3.3712 I 0.000 I 
A1 I 3.3712 I 3.3712 I 3.3'712 
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Met hods of interpretation 

Alloy-metal Auger parameter shifts were obtained froiii the measured 
Auger kinetic and photoelectron binding energies using the definition given by 
Williams and Lang 1121: 

where AEk( 131) is the enviionnientally induced shift in the kinetic energy of 
an Auger transition involving the i and j core levels and AEb is the difference 
in the binding energy of a core level between two environments. If AEb is 
similar for all core levels, (1) corresponds to the conventional definition of the 
Auger parameter shift ACT' = AEk(z~1) + AEb (core). For estimating charge 
transfer from analyzing the final state Auger parameter shifts A[ between a 
pure metal and a binary alloy, it can be shown [5] that 

dk dq d[J 
dN dN d.iV 

clk 

dN A€ = A[q- + ( k  - 2-)(-) + -1 
where q is the valence charge, k is the change in the potential in the core when 
a valence electron is removed, N is the occupancy of core orbitals and U is 
the contribution from the chemical environment. It is assumed that k and 
q depend linearly on N. Because of the efficient screening . A ( d U / d N )  = 0 
and due to the on-site core hole screening ( d q / d N )  = 1 comparing two metals 
A ( d q / d N )  = 0, giving 

dk 
= Adc/N) (3)  

for the case when the valence electrons belong to a single band. The parameter 
d k / d N  can be obtained from the results of atomic structure calculations for 
free atoms [13]. For A1 the parameters of an improved model (assuming k 
depending linearly on q and N) are available [14]. From this model 

(4) where b is a model parameter obtained from atomic structure calculations 
~ 4 1 .  
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AlNi3 

Al(N(2P))  -1.19 

Ni (U i3P) )  L.3 0.37; L;1 0.12 

425 

A13Ni 

-1.G 

L3 0.44; Lz 0.24 

Results and discussion 

Table 111. contain the alloy-nieta,l Auger parameter shifts computed from 
the corresponding measured Auger kinetic energy and photoelectron binding 
energy shifts using the formula. (1) [l].  The estimated accuracy of the values 
is 0.06 eV. In Ta.ble IV the values of the transferred charge q, calculated froin 
(3)  and (4) using the paranieters d k / d N  = -2 .3  for Ni [13] and b, = -3.18 
for A1 [14] are presented, toget>lier with the vdues obtained from t,he cluster 
MO theory [l]. A more detailed description of the lion spin polarised DVX,2 
calculation of the AlNi syst,eiiis can be found in our earlier work[l. 151. The 
difference between the recent and the previous calculation is that in  the case 
of A13Ni alloy the atomic positions reflect the true (and not a. Cu3Au like 
structure) positions of the atoms in cluster (see Table I). Hence the derived 
transferred charge in the case of A13Ni alloy is considerably different from that 
of our previous calculation. The results of the spin polarised DVX, calcu- 
lat,ioii can be compared with the calculations published earlier [16]. Present 
calculations were performed using the cluster type DVX, approximation for 
spin-polarised electrons developed by Adachi et al. [17]. In the case of A13Ni 
the value of the magnetic nioment from our calculation is zero, in  agreement 
with the results published earlier [16], and with the observation. 
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alloy A13Ni 

Exp. [l] 

A1 0.50 

-0.15l 
(-1.5') Ni 

AlsNi A1Ni3 .41Ni3 

Theory Exp. [l] Theory 

0.02@ 0.37 0.6O2 

-0.111 
-0.20 (-0.122) -0.085 

Average of values obtained from A( (3p, L 3 M M )  and A< (3p. L 2 M M ) .  
Derived 011 the Imsis of charge coiiservation. 

In the case of AlNi3 alloy oui self-consistent calculations give a rather 
sinall spin-magnetic moment, for each Ni  atoiii : 

U t L - s  = 0.03.3 /lB/"to??2 

" p  - uo - 0.025 / l B / U t O r n  

ugA''wd = 0.032 p g l a t o n z  

through polarisation of the s , p , d  valence electrons and for each A1 atom: 

& - Y  0 = 0.027 /lB/ato??% 

41- 
= 0.075 pB/flto??? 

through a sinall polarisation of the and p electrons. 

6' = Qf(3 1 - &TO ) 
where & ) ( j )  is the spin-i cha.rge of angular iiiomentum 1 on site j ,  p~ is the 
Bohr magneton. All other vdence states give a negligible polarisation. Com- 
paring the results of our calculation with the earlier [16] one we find the same 
polarisation value (0.032pB) in the ca,se of Ni d va.lence electron. The ear- 
lier calculation is based on band structure model which use expansions of the 
Bloch functions in terms of 1inea.r combination of energy-independent aug- 
mented spherical waves (ASW) [16]. In these calculations [16] the A1 p charge 
through polarisation was found to be u,""' = -0.003 p B / u t o m ,  a value of 
opposite sign. 
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AQ(Ni 3 4  
AQ(Ni 4s) 

AQ(Ni 4p) 

It can be seen from Ta.ble I11 that the experimental Auger parameter 
shifts are rather sinall ones, especially in the case of Ni, indicating the neces- 
sity of high accuracy energy ineasureinents which is difficult at high kinetic 
energies. In the case of A1Nii3 our experiiiienta,l results and the atomic struc- 
ture model (Table IV) gives a charge transfer of 0.37 e from the A1 to  the Ni 
[I]: the direction of this c,ha.rge transfer agrees with the expectations regard- 
ing the difference in the elrctronegativity of A1 and Ni.  The value obtained 
from the Ni Auger parameter shifts is consistent with this transferred charge 
as well as with the charge conservation. Although the MO theory predicts a. 
small charge transfer siniilarly to our results, it gives a factor of two higher 
values. It should be mentioned, however, that the absolute differences are not 
too large ones regarding the experimental error and the systematic errors of 
the approximations used in the a,toinic structure model a.nd in the cluster MO 
c,alculations. In the ca.se of A13Ni a.lloy the direction of the charge transfer is 
correctly given by our measurenient,s (similarly to the prediction of the the- 
ory): and it indicates a larger electron transfer to Ni than in the case of the 
.41Ni3 alloy, in contradiction with 0111' present MO calculation (Table IV) .  

A13Ni AlNi3 (up)  AlNi3 (down) 
0.0'79 -0.025 0.002 
0.124 -0.007 -0.026 
-0.195 0.110; -0.141 

Table V. Change in the Ni valence charge relative to thr  pure Yi. 

Table V contain the alloy-metal change in the Ni valence charge relative 
to the pure Ni. It can be seen from the table that the largest charge transfer 
occurs to Ni  4s orbitals in t!he case of A13Ni alloy. Figure 1. shows the level 
structure and spin coinponeiits for t,he ALNi3 alloy. In Figure 2. the density of 
states (DOS) for the AlNi3 is s1iov.m. The up spin component of the density of 
states are slightly shift'ed compared to  the clown spin component, causing the 
11011-zero magnetic moment of AlNiB alloy. 

In summary, our estimation for charge transfer in AlNi3 alloy correctly 
gives the direction and the niagnitude of the transferred charge comparing with 
the results from the cluster MO theory a,nd the result is consistent with the 
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charge conservation. We have found the same polarisation value ( 0 . 0 3 2 ~ ~ )  as 
obtained earlier from band structure calculation [16] in the case of Ni d valence 
electrons. The experimental magnetic moment is an order of magnitude smaller 
for AlNi3 than for Ni ,  this fact is demonstrated with DVX, calculations. In 
the case of A13Ni t,he DVX:, calculation gives a zero inagnetic moment. For 
A13Ni our charge estima.tion iiidicates a smaller charge transfer however, larger 
discrepancies ocmr between the theoretical and esperinietal data. (Table IV), 
possibly part,ly due to  the neglection of the on site configura,tion changes in 
Ni. The potential niodel can not give the spin charge transfer. hence the 
DVX, calculation can provide a. good starting point t,o develop a spin polarised 
potential model. 
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Core-electron binding energy shifts in aluminium 

G. Paragi, 1. K. GyCmht, Zs. Varga 
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Szeged, Hungary 

Abstract 

Theoretical Is, 2s, 2p corc-electron binding energies arc presented for the Al 
atom It1 free space and in MI;? and AlAIl2& clusters. The binding energies have 
been calculatcd by the scll-consistent field scattered-wave method, using various 
exchange-correlation potentials. Thc atom/clustcr binding-energy shifts have been 
obtained both from Slater‘s transition-state energies (STS) and from total-energy 
dil‘fcrcnces (ASCF). Relying upon these results we could examine, how the binding 
energy changes with increasing the size of the cluster, and we could compare the 
elfect of the different potentials. 

1. Introduction 

It was realised early, that the core level energies depend on the chemical 
environment of the atom and are systematically several eV lower in conducting 
solids than in free atoms. Measurements and calculations on the atonl/moleculc 
binding-energy shills indicate that binding energy shifts rellect not only the ground- 
state charge-distribution of the molecule, but also the energy associated with the 
rearrangcinent of the passive electrons in the final state, and the results show that 
without h a 1  state-effects the core level binding energies would be higher in the 
molecule, than in the atom. 

Tlic core-lcvcl binding cncrgy is delincd as: 

where ,, i ” and ,,f” refer to initial and f i n d  state, ,, E ” means the total energy and 
,, I I  I ” is the initial occupancy of the core level c . The dil‘fcrencc between corc- 
level binding energy in the cluster ( molecule, solid) and in the free atom gives the 
core-level binding energy shift ( A ) . 

Various theoretical models, such as the ” excited-atom approach ” [ 11 and the 
thcrnmochemical model [ 2,3] have been proposed for the dctermination of these 
shifts. A model based on the density-functional theory has been suggested and 
applied for lhe analysis of core hole screening in simple metals by Ambladh and 
von Barth [4] and by Withams and Lang [ 5 ] .  Spin-polarised density-functional 
ADVANCES IN QUANTUM CHEMISTRY, VOLUME 29 
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conduction- clectr o n screening calculation have been performed for core ionisdtio n 
by Nieminen and Puska [6] and Rantala [7 ] .  

2. Model and Method 

In our calculations four kinds of exchange potentials have been used, the Xa 
with Schwarz's parameter, the Gunnarsson-Lundqvist [8], the Langreth-Mehl [9] 
and the Perdew-Yue [ 101 potcntial. 'I'he expression or these potentials citii bc 
I'ouIid in  the appendix. 'Hie Xu atid the (jui,tiatsson-I,undqvist (GL) potentials arc 
wittiin the Local Density Approximation (LDA) while the Langreth-Mehl (LM) 
arid the Perdew-Yue (PY) potentials are based on the Generalized Gradient 
Approximation (GGA). We have successfully tested these potentials for several 
atoms and some small molecules. 

The geometry of the AIAl12 clustc:r corresponds to an Al atom and its 13 
nearest neighbours in bulk Al offcc structure with the lattice const of 7.64 bohr. In 
the calculations we used overlapping atomic spheres ( the overlap is 15% ), where 
the radius of atomic region ( for all A1 atoms ) is 3.1063 bohr, and the cluster was 
placed into an outer sphere, with a radius of 8.1034 bohr. For the AlAll& cluster 
the radius of the outer region is 10.341 1 bohr. In the interatomic and outer sphere 
region we used the same a parameter as in the atomic region. We should mention 
that the scheme of the overlapping sphere has, although not completely rigorous 
advantage over the muffii-tin methods. Nonempirical criteria for atomic sphcrc 
overlap, bascd on electron counting and the virial theorem , havc bcen suggestcd 
by Norman 1 1  I]  . 

The SCF criteria were 10 -' relative change in the total potential in all cases. 
This implies 1-2 cV inaccuracy in the total energy, that is why we used an 
alternativc approximation, the so callcd Slatcr's transition state ( STS ) approach. 

Tlic dct'inition o l  tlic biiiding cncrgy shift is given by thc diftcrcncc: 
A = E c i ~ t o n ~  - E' cluslcr 

where Efn""' and EClUtcr are the core-level binding energies in the atom and in thc 
cluster respectively and calculated by difference of the total energies (ASCF) [ 121 . 
[13]. The inaccuracy of the total energy of the cluster is 0.WlT in calculation. 
Using Slatcr's transition-slate energies thc binding energy shift is defined as : 

where E, indicate the Kohn-Sham orbital cncrgy calculated with half intcgcr 
occuption ( the so called Slater's transition state cncrgy [ 121 , 1131 ). Thcrc arc 
practically no Inaccuracy in E, , so the inaccuracy in 6 depends only on the quality 
of thc STS approximation. 

3. Results and Discussion 

6 = I &;'on' I - I &;Imwr I 

In Table I we present results for the free Al atom core-level binding energies 
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obtained by using various exchange-correlation potentials. The rcfcrcncc Is  
birding energy of a free Al atom has been obtained from the thermochcmical model 
combined with X-ray data 1141. The 2s arid 2p data were obtained from 
photoemission experiments which were performed on samples of aluminium 
prepared wilh clean surface in ultrahigh vacuum [15]. 

Table I. ASCF and STS core-level binding cncrgics ( E and I E I , 
rcspcctivcly ) for lrcc A1 atom, using various exchange and correlation 
potentials. (all energies alc in cV) i n  comparison with rcfcrcncc data. 
(Detailed information and cxplanation of abbreviations scc in tlic text. ) 

Note: Experimenkil reference data [ 15. 161 is referred 10 Fermi level. 
The value of Uie work function is approx&ately 4eV in A1 

We can see from Table 1 that the Guniiarssoii - Luiidqvist potential gives the 
best result comparing with refcrcnce dala. This is in contrast with the expectations, 
because GGA potentials resulted better agreement with experimental data 111 DFT 
calculations I‘or several atonis l0J . 

We had coiivcrgciicc problem in cluster calculation with the Laiigrcth - Mchl 
potcntial, though we tested o u r  mr)del succcsslully lor such a small molcculc as 
SF(,. ‘Ihc coiivcrgcncc [~roblcn~ may be conncctcd with tlic poor asymptotic 
bchaviour o f  tlic LM potential, namely that the cncrgy diverges whcn I’ tends to 
irifinity. 

‘Thc Perdew-Yue potenliiil works well li)r A l A I 1 2 ,  and in this manner we could 
compare the results o f  the LDA and the GGA approsimailions. In Table I1 we shon 
the calculated binding energies for MI:. and the corc-level shifts are presented in 
Table IV. We can see both in table I and I1 that in case of the 1s orbital, the core- 
level binding energy strongly depends on the choice of the exchange and 
correlation potential. The Is orbital is near to the nuclcus so the electron density is 
large here and herelore the differences i n  die exchange and correlation potentials 
( cf. Table 111. ) have large effects on  thii orbital. For 2s and 2p orbitals the binding 
energies are not so sensitive, because these orbitals are not so near to the nucleus. 
Though neither experimental nor theoretical results have been reported for Al 
clustcrs, both theoretical and expcrimental data are available for atondmetahc 
aluminium core-level shifts. 
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IS 

2s 

Table 11. 
using various exchange potentials ( notation see at Table I ) . 

Al core-level binding energies (in eV) in A l A l 1 2  cluster calculated 

El, 1572 1566.784 1575.01 - 

I E ~ , (  1570.86 1566.57 1575.28 
Ea 118.167 117.6686 117.0.97 - 

116.6 117.267 117.097 
2p E& I 81.336 I 80.94 I 79.655 

lEzol I 79.77 I 80.49 I 79.526 
- 

The differences between the results obtained for A l A 1 1 2  cluster with various 
potentials, show similar tendencies as for Al atom, but for the cluster the variation 
of calculated binding energies is less than in the atomic calculations. The reason for 
the differences between STS and ASCF values is that, though the SCF criterion 
were the same in every case (0.001% relative change in the potential) , the total 
energy could change a few eV per iteration. We have examined the difference 
between the value of GGA and LDA exchange potential, and Table I11 shows some 
potential data at dlfferent radial distances. At first sight it seems that close to the 
nucleus, the difference is larger, but the difference relative to the total potential 
energy is always the same order of magnitude ( about 0.1 % ) 

Table111 
central atomic sphere of the A l A h 2  cluster at sample points (in a.u.) . 

Values of the different exchange and total potentials in the 

TableIV ASCF and STS core-level binding energy shifts for AVAL4ll2 
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calculated with various exchange potentials (in eV) . In the last column ( ref. ) 
AYmetal shifts are referred to. 

We  have to mention, that no  experimental and - to our knowledge - no other 
calculated values are available [or AI/AlAlI2 binding energy shifts. I n  the last 
column of Table IV we presented emplrical and calculated valucs for the Mmeta l  
shifts. Accordmg to the rclativcly great ( 1  - 2  eV) uncertainty in the total energy, we 
regard the STS results as more consistent approximations. Further, each 
calculation shows, that the 2s and the 2p core-level shills are nearly equal, but the 
shift of the 2p is always a little bit larger. The GL and the PY shifts are nearly 
equal, and are slightly different from the Xa resulrs. 

Core-level biding-energies and biding-energy shifts for AlAllzAl6 cluster arc 
prcserited in Table V. 

Table V. 
shifts witl;Xa exchange potential ( in cV ) 

AIAII&, STS core-lcvcl binding energies ( I E I ), and core-level 

2 s  119.15 2.55 
2 p  82.29 2.70 

We can see from table V , that the shifts are smaller then in AL411z . The 
formal explanation for the decrease of core-electron buidiig energy shifts is that 
the interatomic region in AlA11d& is much bigger than ui AIAllz . That 1s the 
reason why the constant potcntial (which is the volume average for the intcratoniic 
region o l  the total potential ) is 1-2 cV dccpcr in case o f  MAIL* than in A1AIl~A16. 
This can cause approximaLcly the same ( 1 cV ) amount of " muffin tin " typc 
difference in the binding energies and therefore in the shilts . An cxplanalion bascd 
on physical argument is what lollows: The electrons of the first 12 neighbouring Al 
atoms screen the effect of the central nucleus, and as a result the core electrons 
binding energies decrease. The 6 Al-atoms in the second shcll will reduce the 
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screening effect of the screening electrons. So the binding energy shift will be 
smaller in AIAll3& than in A l A I 1 2  

Calculations with GL and PY are in progress and results for AIAl&k will be 
presented in an other paper. From Table V one can see, that our previous 
statements about 2s, 2p core level shifts hold in this case too. 

In conclusion we note that the STS approximation gives a proper estimate of 
the binding energies and has the advantage to the ASCF calculations of avoiding 
the subtraction of two large and uncertain quantities. ( Total energies that may be 
of the order of several thousand eV, with 0.001% uncertainty. ) Another 
experience is that the GGA approximation has not improved the results for 
binding energies, and in addition its convergence feature is less effective. We can 
see that we have to increase the size of the cluster because the atodcluster shift 
may not tend to the value of the atodmetal shift monotonously with increasing 
cluster size. 
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Here we present the form of the potentials, what we used in calculation where p 
means the electron density : 

- X a  potential: 

V, = -6a( 3 / (47~) p )ll3 

- Gunnarsson-Lundavist Local Densitv Approximation : 

V, = -ax( l+(b/X) In( l+cX)) 
where: a=2.797 , b=0.07788 , c=7.9043 , X=(4np)'/' 

- Langreth-Mehl Generalized Gradient Approximation : 

where: F(s)  = 1+1.521(0.0864 s2) and A, = -'(2)" , s=- VP , 

47T 2k, P 

- Perdew-Yue Generalized Gradient Approximation: 

where: F(s)  = (1+0.0864 s2/m + b s4 + c s ~ ) ~  ~ = ( 2 k & ~ p  -2 xVp I Vp I 
m=1/15, b=14, c=0.2 and A,, s , t ,  kf are same llke in L.-M. 
potential 
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Abstract 

In order to clarify the effect of a core hole in the cation Lz,s-edge of electron 
energy-loss near-edge structures (ELNES) and X-ray absorption near-edge structures 
(XANES), the photoabsorption cross section (PACS) and the partial density of stats 
(PDOS) are calculated for MgO, a-A1203, SiOz (a-quartz) based on the DV-Xa 
cluster calculations in the absence and presence of a core hole. It is found that the 
PDOS is a good approximation of the PACS and the major spectral features are 
well reproduced by the Slater’s transition state, in which one half of a core electron 
is excited to an unoccupied orbital. The absolute transition energy calculated by 
the spin-polarized transition state is in excellent agreement with those estimated 
from the XANES spectra. The strongest peak that appears near the A1 L2,3-edge is 
found to originate from the presence of a core hole. Such an effect is less significant 
in MgO and a-quartz. The electronic relaxation due to the presence of a core 
hole was characterized by the localization of unoccupied molecular orbitals and 
evaluated quantitatively by calculating the localization index of these orbitals. The 
difference in the magnitude of core-hole effects in these oxides were well understood 
by the difference in the structural and chemical environment of excited atoms such 
as cation-cation distances and the coordination numbers. 
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1 Introduction 

Recent technological improvements enable one to obtain electron energy-loss 
spectra (EELS) with spatial resolution comparable to chemical bond length in 
solid matter [l]. On the electron energy-loss process, an electron is excited 
from a core level to an unoccupied orbital leaving a core hole. The structures 
in the first 30 eV just above the energy-loss edge are called electron energy- 
loss near-edge structures (ELNES). When the signal is collected only in the 

small scattering angle as is the case for an ordinary spectrometer equipped in 
a transmission electron microscope, the transition is dominated by the electric 
dipole selection rule. Under these conditions, the ELNES is identical to the 

near-edge structures of X-ray absorption spectra (XANES or NEXAFS) [2]. If 
the unoccupied band structure remains rigid during the electronic transition, 
the ELNES spectrum should reflect the density of states (DOS) at the excited 
atom projected in a certain symmetry according to the selection rule (par- 
tial density of states or PDOS). Since the DOS at a probe atom is sensitive 
to the surrounding atoms and their arrangement, the ELNES can be poten- 

tially a powerful tool to reveal the local structural and chemical environment 
around a particular atomic species. The ELNES spectra often exhibit a spe- 
cific structures reflecting a local site symmetry and it is called a "coordination 
fingerprint" [3]. However, it is obviously more efficient to calculate the spectra 
based on a reliable theoretical method. 

For this purpose, theoretical calculations with various degrees of approxi- 

mations have been employed. Among them, three different approaches are the 
most widely used. First one is the molecular orbital (MO) calculations us- 
ing the multiple scattering (MS)-Xa! method originally developed by Johnson 
[4]. Second is the multiple-scattering approach based on the Korringa-Kohn- 
Rostocker (KKR) band theory as used in the ICXANES computer code by 
Durham and coworkers [5], [6] .  This method will hereafter be called sim- 
ply as MS-calculation. Although these calculations have been successful in 
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many systems, they calculate the multiple scattering phenomena by imposing 
a muffin-tin potential on the structure in question. Such potential is not a 
good assumption for systems having highly covalent directional bonding or 
large open interstitial space. Moreover, the calculated results are pointed out 
to be dependent on the choice of muffin-tin potential [7]. Third is the band- 
structure calculation using ”extended basis-sets” , which have been successfully 
reproduced the XANES for some oxides [8], [9]. 

Despite the potential, experimental spectra of ELNES and XANES have 
not been fully utilized in order to monitor the local structural and chemical 
environment. One of the major reasons is the presence of ”core-hole effects’’ 
which leads to a redistribution of the PDOS features [lo]. In other words, the 
presence of this effect has been considered as a bottleneck for the full inter- 
pretation of the experimental spectra. For example, O’Brien et al. compared 
their XANES spectra of MgO, a-A1203 and MgA1204 at cation L2,s-edge with 
theoretical DOS obtained by band calculations, but their unoccupied DOS did 
not reproduce the experimental spectra [ll]. Thus, the origin of the major 
spectral features was concluded to be the formation of a core exciton, i. e., a 
bound state of the excited electron due to the presence of a core hole. 

In order to investigate such local electronic relaxations, discrete variational 
(DV)-Xa cluster calculation [12],[13] is one of the most powerful methods. 
Since all of the core orbitals are used in the calculation, the electronic struc- 
tures in the presence of a core hole can be calculated self-consistently. We have 
recently demonstrated that our DV-Xa cluster calculations well reproduce the 
core-hole excitonic features in the A1 L2,B-edge of the a-A1203 [14]. This in- 
dicates that the redistribution of the electronic structure is well reproduced 
by the DV-Xa calculations. The spectral features at cation L2,S-edge ELNES 
and XANES of MgO and SiOz are also well reproduced by the calculation 
including a core hole, but they are well reproduced even by the ground state 
calculations [15]-[17]. Therefore, the cation PDOS in the unoccupied band is 
virtually rigid during the electronic transition in these oxides. However, it is 
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important to evaluate the limitation to use the ground state calculation for 
the interpretation of experimental spectra. 

Another open question is the accuracy of using the PDOS as an approxi- 
mation of the photoabsorption cross section (PACS). There should be some 
uncertainty in the calculated PDOS depending upon the choice of the basis- 
set. The ambiguity can be reduced if the PACS is calculated directly from first 
principles using wave functions obtained by a self-consistent calculation. 

In this paper, we present the PDOS and PACS calculated by the DV-Xa 
method for model clusters of MgO, @-A1203 and Si02 (a-quartz) at the ground 
state, intermediate state (Slater’s transition state) and the final state of the 
transition. The major spectral features in the cation L2,a-edge ELNES and 
XANES spectra are well reproduced by the Slater’s transition state. Absolute 
transition energy calculated by the spin-polarized transition state agrees well 
with those estimated from the XANES spectra. A significant core-hole effect 
appear when the unoccupied orbital localizes drastically during the transition. 
The degree of localization was evaluated quantitatively by calculating the lo- 
calization index of the unoccupied molecular orbital. The characteristics of 
the core-hole effect in these oxides are well understood by the difference in the 
structural and chemical environment, especially by the cation-cation interac- 
tion such as the cation-cation distance and the coordination numbers. The 
origin of the large core-hole effect in cu-AIzO3 is ascribed to the presence of an 
exeptionally short cation-cation bond with rather large cation-cation overlap 
population. 

2 Computational Procedures 

First principles MO calculations were done by the Hartree-Fock-Slater 
(HFS) method using the DV-Xa method. The DV-Xa method was first d e  
veloped to solve the energy-band problems by D. E. Ellis and G. S. Painter 
[lS] and was then applied to the cluster calculation by F. W. Averill and D. 
E. Ellis [19]. Self-consistent calculations were developed by A. RosCn et al. 
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[20]. We use a modified version of this program, in which the numerically 
generated basis functions can be optimized corresponding to the change of 
molecular charge density for each iteration. The details of this program have 
been described by H. Adachi et al. [12]. In the HFS method, the exchange and 
correlation energies are taken into account by the use of Xa potential given 
by Slater [21] as 

(1) 113 
3 
47r E c T  = -3Q[-pT(r)] I 

where pT(r) is the local charge density at point r for electrons with up spin. 
In the present calculation, a was fixed at 0.7, which was found empirically as 
most appropriate [22]. The MOs were constructed by linear combination of 
numerically generated atomic orbitals ( AOs) ; 

where xi(.) denotes the AOs and Cil is the coefficient of the ith A 0  in the 
Ith MO. All integrations are made in a numerical manner. The numerical 
basis functions were obtained by solving the radial part of the Schrodinger 
equations. The radial part of the basis functions are thus flexible to chemical 
environment. A spherical potential well was imposed for the generation of 
atomic orbitals, however, it is confirmed that the calculated PDOS and PACS 
are almost independent on the choice of the potential well, if the width and 
the depth of the well are chosen in a certain range [17]. Thus the present 
calculation is practically free from any adjustable parameters. 

sorption between states p and q is given by 
The oscillator strength for the electric dipole transition for the photon ab- 

n 

where AE represents the transition energy. In the present work, Ipq is obtained 
directly by the numerical integration of the dipole matrix. In the DV numerical 
integration scheme, all integrals in equation (3) can be calculated easily as the 
weighted sum of integrands at sample points [23]. One can therefore avoid 
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computational difficulties associated with the multicentre integration. The 
photoabsorption cross section (PACS) is proportional to the oscillator strength. 

The PDOS and PACS were calculated for MgO, a-A1203 (corundum), and 
Si02 (a-quartz) using the model clusters of (Mg13014)2-, (A1g033)42- and 
(Si5016)12-, respectively. The stereoscopic views of these clusters are shown in 
Fig. 1. They are constructed based on the crystal data and point charges are 
located at the external atomic sites so as to produce the effective Madelung 
potential. A cation atom is put at the center of the cluster which is surrounded 
by one cation shell and two anion shells. The symmetry used in the calculations 
are oh for (Mg13014)~-, CB for (A1g033)42- and c2 for (sigo16)12-, respectively. 
Nearly minimal basis-sets are used in order to clarify the simple relationship 
between spectral features and chemical bondings. Basis-sets are 1s - 2p for 
0 and 1s - 3d for Mg, A1 and Si. The number of sample points used in the 
calculations are one thousand times the number of atoms within the cluster. 

Calculations are made for three electronic configurations, namely ground 
state (GS), final state (FS) with the presence of a core hole, and the Slater’s 
transition state (TS) in which one half of an electron is removed from the core 
orbital to fill an unoccupied orbital [21]. These electronic configurations axe 
illustrated schematically in Fig. 2. The number of electrons in a cluster is the 
same for all three states. In the HFS method, one electron MO energy is given 
by a partial derivative of the HFS total energy with respect to the occupation 
number of the MO (Janak’s theorem). Thus, the ith MO energy is expressed 
as 

where E is the total energy and fi  is the number of electrons in the ith MO. 
This is different from the Hartree-Fock (HF) MO energy, which is the finite 

difference of the HF total energies between two states where the occupation 

number of the MO differs by one (Koopmans’ theorem). If we denote the 

total energy of many-electron system with fi electrons in the ith orbital and 

fj electrons in the j t h  orbital by E(f i ,  fj), the total energy of the ground 
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Figure 1: Stereoscopic views of (a) (Mg13014)~-, (b) ( A l ~ 0 3 3 ) ~ ~ -  
and (c) (SisOlG)12- clusters. 
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-o-o--o-@-- Unoccupied MO 
Allowed for 
L2,3 Absorption 

2pCoreOrbital 

GS TS Fs 

Figure 2: Schematic illustration of ground state (GS), Slater’s tran- 
sition state (TS) and final state (FS) electronic configurations. 

state, transition state and final state can be expressed as EGS = E(fo,O), 

f l s  = E( fo - 1/2,1/2) and EFS = E( fo - 1, l), respectively, where the 

ith orbital corresponds to the 2p core orbital, the j t h  orbital corresponds to 

the unoccupied orbital and fo is the number of electrons in the ith orbital 

at ground state. Thus, the total energy of the initial state can be expanded 

around f; = fo - 1/2 and fj = 1/2  BS, 

(5 )  
The total energy of the final state is also expanded similaly as, 

(6) 
Thus the difference in the total energy between the initial state and the find 
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state can be calculated as, 

449 

dE - I f; = fo - 112 - - dfa I fi = f o -  112 + - * 
E F S - E G S  - 

dfj fj = 112 fj = 112 

Since the second-order terms cancells each other and only the third-order and 
higher-order terms follow the explicitly written terms, the diference in the total 
energy between the initial state and final state can be well approximated by the 
difference in the oneelectron MO energy obtained by the Slater’s transition 
state. The single calculation at the transition state is computationally more 
convenient than having to make a separate calculation of the total energies 
of initial and final states. Additionally, the transition state calculation has a 
great advantage, since electronic relaxation associated with the transition can 
be evaluated self-consistently. 

The overlap population between ith A 0  and j t h  A 0  at the Ith MO is given 

bY 
Qfj  = Cil C ~ Z  C LJ ( r k ) X i  ( r k ) X j  (rk) j (8) 

k 

where r k  is one of the sampling points and w ( r k )  is the integration weight 
or reciprocal of the sample point density a t  r k .  The sum with respect to j 
provides the orbital population Q! of ith A 0  at the Zth MO, i. e., 

Qf = CQfj. 
3 

Localization index for each MO, Li, given by 

Li = C(Qf)’, 
i 

(9) 

was computed in order to evaluate the spacial extension of the Ith MO among 
different atomic sites. The sum without squaring is unity, i. e., 

ZQf = 1. 
i 
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The definition of the localization index is the same as that used by Ching et 

al. [24]. It has a value ranging from 1/N and 1, where N is the total number 
of AOs. LI is unity when the l-th MO is perfectly localized and 1 /N  when 
perfectly delocalized. 

3 Results and Discussion 

3.1 MgO 

For the (Mg13014)~- cluster in Oh symmetry, the LUMO allowed for 
the L2,3 absorption is 12a1,. Therefore, (2p)5.5(12a1,)0.5 and (2p)”O( 12al,)’.O 
configurations were used for the transition state and final state calculations. 
Following the electric dipole selection rule, the cation 2p core electron is excited 
to occupy the cation s and d unoccupied orbitals, which brings about the 
ELNES or XANES spectra at the cation L~,~-edge. Since we use nearly minimal 
basis-sets throughout the present work for simplicity, a sum of cation 3s and 
3d PDOS is shown as an approximation of theoretical spectrum. A numerical 
calculation of the PACS is also carried out directly for comparison. 

The calculated PDOS and PACS are shown in Fig. 3 and Fig. 4, respec- 
tively. These curves are made by broadening of discrete energy eigenvdues by 
a Lorentzian of 0.5 eV (FWHM). Peaks found in the calculated spectra are 
labeled alphabetically in order of increasing energy. The MO energy relative 
to the 2p core orbital was used as the transition energy, and the horizontal 
scale of the calculated spectra is translated. The Mg-(3s + 3d) PDOS and the 
Mg L2,a-edge PACS are found to be almost the same. This fact confirms that 
the present PDOS is a good approximation of the theoretical PACS. 

The Mg L2,s-edge experimental ELNES and XANES spectra have been mea- 
sured by Lindner et al. [25] and O’Brien et aZ. [ll], respectively, as shown in 
Fig. 3. Two experimental spectra exhibit similar structures except peak A, 

which is much smaller in the ELNES than in the XANES. 
The splitting between peak B and peak C increases as the core hole is in- 
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Figure 3: The sum of Mg-3s and 3d unoccupied partial density of 
states (PDOS) calculated for MgO using the (Mg13014)’- cluster 
at (a) ground state (GS), (b) Slater’s transition state (TS) and 
(c) final state (FS). (d) Experimental ELNES and (e) experimental 
XANES reported in Refs. [25] and [ll]. 
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60 $5 70 
Transifion Energy (eV) 

Figure 4: Mg L2,a-edge photoabsorption cross section (PACS) cal- 
culated for MgO using the (Mg13014)2- cluster at (a) ground state 
(GS), (b) Slater’s transition state (TS) and (c) final state (FS). 

troduced. Considering that peak B and C can be regarded as one peak with 
appropriate broadening of each peak, the PDOS calculated by the transition 
state agrees well with the experimental ELNES and XANES spectra. How- 

ever, the experimental spectrum can be reproduced even by the ground state 
calculation as reported previously [15]. This indicates that the core-hole effect 
is not significant in MgO. 

Theoretical spectra of ELNES and XANES of MgO were obtaind by Lindner 
et al. [25] using the MS-calculation. They couldn’t reproduce peak A and 
attributed it to the formation of a core exciton. In ow calculations, however, 
peak A is well reproduced even by the ground state calculation as shown in 
Fig. 3. This is not a surprising result, since a core-exciton state in this case 
is essentially a state at the bottom of the normal 3s band which is slightly 
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localized due to the presence of a core hole. 
Lindner et ut. succeeded to reprodece other major features in the experimen- 

tal spectra when a 6-shell cluster composed of 80 atoms was used [25]. They 
concluded that it was necessary to use a cluster of such size to describe the bulk 
electronic properties of MgO. In the present calculation, however, we have used 
a cluster consisting of only 27 atoms (3-shell cluster) in order to obtain good 
agreement with experiments. Although only 1s - 3d atomic orbitals are used 
in this calculation, the higher energy features (< 50 eV) can be reproduced by 
the expansion of the basis-set [15]. Thus, we can conclude that fine structure 
of ELNES, and therfore conduction-band structue, is determined even by such 
a small cluster. In addition to the necessity of using many atoms to obtain a 

good theoretical spectra, results of multiple-scattering type calculations were 
dependent on the choice of muffin-tin parameters. Weng and Rez [7] used a 

cluster of 6 to 10 shells (84 and 174 atoms) to obtain a theoretical spectrum 
of 0 K-edge of MgO, CaO and SrO. The calculation did not well reprodece 
the experimental spectra when the muffin-tin potential was not optimized. On 
the other hand, we have also reproduced the 0 K-edge spectra using a clus- 
ter consisting of only 27 atoms [15]. The smaller cluster size required for the 
calculation is computationally very convenient and is one of the advantages of 
the DV-Xcu method. 

So far we neglected the spin polarization of the electrons in order to save the 
computational task. When a core hole is introduced, however, the magnitude 
of exchange potential for upspin electrons is different from that for down-spin 
electrons. Thus the spin polarization should be taken into account in order 
to evaluate the exchange potential properly. In this case, the electronic con- 
figuration in the Slater's transition state is expressed as ( 2 ~ T ) ~ . ~ ( l 2 a l ,  t)"." 
(2pJ)3(12al, 1)' for MgO and the calculated transition energy at peak A be- 
comes 53.6 eV, which is in good agreement with the experimental value esti- 
mated from the XANES spectrum (53.4 eV). The theoretical transition energy 
and experimental ones at peak A for MgO, cu-Al203 and Si02 (a-quartz) are 
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AEnS (eV) 
AE" (eV) 
AEX (eV) 

A E ~  (eV) 

Table 1: The list of theoretical and experimental values of the tran- 
sition energy at peak A for MgO, a-Al2O3 and Si02 (a-quartz). 
AEs and AE"* are the values calculated by the Slater's transition 
state with and without spin polarization, respectively. AEX and 
AEE are the values estimated from the XANES and the ELNES, 
respectively. 

MgO a-Al203 Si02 (a-quartz) 
54.1 79.9 107.4 
53.6 79.0 106.4 
53.4 78.5 (2~112) 106.4 ( 2 ~ ~ 1 2 )  

78.9 (2P3/2) 105.8 (2P3/2) 
54.3 79.6 - 

summarized in Table 1. 

3.2 C Y - A ~ ~ O ~  

For the (Al&33)42- cluster in C3 symmetry, the LUMO allowed for 

the L2,3 absorption is 72a. Therefore, ( 2 ~ ) ~ . ~ ( 7 2 a ) O . ~  and (2~)~.'(72a)',' con- 
figurations were used for the transition state and final state calculations. The 
PDOS and PACS are calculated in the same way with the case of MgO, and 
the results are shown in Fig. 5 and Fig. 6. The A1-(3s + 3d) PDOS and A1 
L2,s-edge PACS are found to be almost the same. Thus the PDOS is also a 

good approximation of the theoretical PACS in this case. 
The A1 L2,B-edge experimental ELNES and XANES have measured by Bruley 

et al. [26] and O'Brien et al. [ll], respectively, as shown in Fig. 5. Two 
experimental spectra exhibit similar structures, however, the energy resolution 
is higher in the XANES. The absolute transition energy is different by 0.6 eV; 
its reason is not clear. Splitting of peak A is found only in the XANES, which 
is attributable to the spin-orbit splitting components, 2p3/2 and 2~112. In order 
to confirm this, we calculated the spin-orbit splitting of 2p orbital for a free 
A1 atom using a relativistic Hartree-Fock-Slater method (Dirac-Fock-Slater 
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Figure 5: The sum of A1-3s and 3d unoccupied partial density of 
states (PDOS) calculated for (r-Al203 using the (Alg033)42- cluster 
a t  (a) ground state (GS), (b) Slater's transition state (TS) and (c) 
final state (FS). (d) Experimental ELNES and (e) experimental 
XANES reported in Refs. [26] and [ll]. 
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Figure 6: Al Lze-edge photoabsorption cross section (PACS) calcu- 
lated for a-Al203 using the ( A l ~ 0 ~ 3 ) ~ ~ -  cluster at (a) ground state 
(GS), (b) Slater's transition state (TS) and (c) final state (FS) 
electronic configuration. 

method). The calculated splitting was 0.45 eV, which agrees well with the 
experimental splitting (0.4 eV). 

Both of PDOS and PACS structures, especially the shape of the first peak 
near the edge, are found to be significantly dependent on the electronic con- 
figuration. The intensity ratio of peaks A and B in the experimental spectra 
is best reproduced by the transition state calculation. The ground state calcu- 
lation shows much smaller intensity of peak A than that of the experimental 
spectrum, and the final state calculation exhibits much greater intensity of 
peak A. Thus, the core-hole effect is very significant in this material. Three- 
peak feature of higher energy peaks (C, D and E) is well reproduced by the 
calcuation irrespective of the electronic configuration. However, the energy 
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separation between the first peaks (A, B) and the second peaks (C, D and 
E) is larger by 1.5 eV in the theoretical spectrum at the transition state than 
the experimental spectrum. The small discrepancy seems to be general in the 
minimal basis-set calculations. However, the systematic discrepancy does not 
affect our peak assignments at all. Peak A and B originate from 4-3s  orbitals 
and C, D and E are ascribed to A1-3d orbitals. 

The absolute transition energy obtained by the present transition state cal- 
culation overestimates the experimental XANES by 0.9 eV at peak A. If the 
spin polarization is taken into account, however, the discrepancy decreases. 
In this case, the electronic configuration in the Slater's transition state is ex- 
pressed as (2pt)2.5(72at)0.5 (2~1)~(72aL)' and calculated transition energy at 
peak A becomes 79.0 eV, which is in excellent agreement with experimental 
values estimated from the XANES spectrum (78.5 eV for 2p1/2 component and 
78.9 eV for 2p3/2 component) as listed in Table 1. 

3.3 SiOz(a-quartz) 

For the (Si5016)'2- cluster in Cz symmetry, the LUMO allowed for the L2,3 
absorption is 54a. Therefore, ( 2 ~ ) ~ . ~ (  54a)0.5 and ( 2 ~ ) ~ . ' (  54a)l.O configurations 
were used for the transition state and final state calculations. In this case, 
the spectra were broadened by a Lorentzian of 1.0 eV (FWHM) taking into 
account the widths of observed peaks. The Si-(3s + 3d) PDOS and the Si 
Lza-edge PACS are shown in Fig. 7 and Fig. 8. It is found that the PDOS is 
also a good approximation of the theoretical PACS in SiOz. 

The experimental XANES spectrum has been reported by Li et al. [13] as 

shown in Fig 7, where the horizontal scale was calibrated by the data obtained 
by O'Brien et al. [28]. As in the case of cr-AlzOa, the splitting of peak A is 
attributable to the spin orbit splitting. The calculated splitting of 2p orbital 
for a free Si atom using the Dirac-Fock-Slater method is 0.66 eV, which agrees 
well with the experimental splitting (0.6 eV). 

As already described in our previous report [16], there is a good one-to-one 
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correspondence between Si L2,B-edge XANES spectrum and Si-(3s + 3d) PDOS 
calculated by the transition state configuration. As shown in Fig. 7, however, 
the spectral shapes of the Si-(3s + 3d) PDOS are not affected significantly 
when the core hole is introduced. Thus, the experimental spectrum is well 
reproduced even by the ground state calculation. The presence of a core hole 
does not always change the electronic structure of unoccupied band remark- 
ably. Since the core hole effect originates from the electronic rearrangement 
or relaxation during the transition, a significant effect appears only when the 
unoccupied band structure is susceptible to the rearrangement. In the case of 
a-quartz, such electronic relaxation is not significant. 

Fujikawa made multiplescattering type calculation to reproduce the Si L2,3- 

edge XANES of SiO2 [29]. McComb et al. [30] also conducted similar calcula- 
tions using a SiO4 cluster. These types of calculations, however, do not agree 
well with experimental spectra unless both large clusters composed of nearly 
100 atoms and a large number of basis functions were used. On the other 
hand, in the present calculation, we use a minimal basis-set which is necessary 
to reproduce the valence band structure. The cluster size we have chosen is 
also the minimal one necessary to distinguish different Si02 polytypes. 

As in the case of a-A1203, the absolute transition energy at peak A obtained 
by the present transition state calculation is overestimated by 1.0 eV. The dis- 
crepancy can be also reduced if the spin polarization during transition is taken 
into account. In this case, the electronic confiuration in the Slater's transition 
state is expressed as (2pr)2.5(54at)0.5 (2~1)~(54al.)' and the calculated transi- 
tion energy at peak A becomes 106.4 eV, whch is in excellent agreement with 
the experimental values estimated from the XANES spectrum (106.4 eV for 
2p1/2 component and 105.8 eV for 2~312 component) as listed in Table 1. 

3.4 Electronic Relaxations during Transition 

Since A1 is located between Mg and Si in the periodic table, the exceptional 
photoabsorption spectrum of a-Al203 at the Al L2,B-edge cannot be explained 
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Figure 7 The sum of Si-3s and 3d unoccupied partial density of 
states (PDOS) calculated for SiOz (a-quartz) using the (Si5016)12- 
cluster at (a) ground state (GS), (b) Slater's transition state (TS) 
and (c) final state (FS). (d) Experimental XANES reported in Ref. 
~ 7 1 .  
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Figure 8: Si Lz,~-edge photoabsorption cross section (PACS) calcu- 
lated for SiOz (o-quartz) using the (Sis016)'2- cluster at (a) ground 
state (GS), (b) Slater's transition state (TS) and (c) final state (FS). 

simply by the nature of the Al atom itself. We have to consider the environ- 
ment of the excited atom in detail. Since all of these compounds are typical 
insulators having fully oxidized cations, their primary bonding mechanisms are 
the same. However, small difference in their chemical environment may change 
the excited state structures notably. 

Contour maps of the LUMOs in the (Mg13014)2-r (A18033)42- and (Si5016)12- 
clusters at three electronic configurations are shown in Fig. 9. These MOs are 
responsible for peak A in the experimental spectra. At the ground state, they 
are mainly composed of a cation 3s orbital overlapping with its neighboring 
cation 3s orbitals. On the formation of a core hole, the nuclear potential is 
temporarily deepened. As a result, electrons tend to be bound to the nucleus. 
As can be seen in Fig. 9, the 72a orbital of the (A1@33)42- cluster is most 
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Figure 9: Contour maps of the 12a1, orbital in the (Mg13014)2- 
cluster at (a) ground state (GS), (b) transition state (TS) and (c) 
final state (FS). Contour maps of the 72a orbital in the ( A l 8 0 ~ 3 ) ~ ~ -  

cluster, at (d) GS, (e) TS and (f) FS. Contour maps of the 54a 
orbital in the (Si5O1S)l2- cluster at (g) GS, (h) TS and (i) FS. 
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Figure 10: Localization index of the 12a1, orbital in the 
(Mg13014)~- cluster (solid circles), the 72a orbital in the 
(Al~O33)~'- cluster (solid squares) and 54a orbital in .the 
(SisO16)'~- cluster (solid triangles) at ground state (GS), transi- 
tion state (TS) and final state (FS). 

significantly influenced by the presence of a core hole, and a strong localization 
occurs at the final state of the transition. The localization of 12131, orbital in 
the (Mg13014)2- cluster is much weaker even at the final state. In the case 
of the (Si5016)12- cluster, the 54a orbital is somewhat localized even at the 
ground state, but the degree of localization is not affected by the presence 
of a core hole. The magnitude of the localization can be quantified by the 
localization index of these MOs. The calculated values of localization index 
are displayed in Fig. 10. Significant localization of the 72a orbital of the 
(A18033)42- cluster during the transition process can be seen. This is the phe  
nomenological origin of the notable core-hole feature in (r-AlzO3 near the Al 
Lz,s-edge. 

The localization due to the formation of a core hole is expected to be greater 
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MnO 

Table 2: Cation-cation distances, coordination numbers and calcu- 
lated overlap populations of the LUMO allowed for the L2,3 absorp- 
tion in MgO, a-Al203 and Si02 (a-quartz). 

0.2978 x 12 0.055 

I cation-cation distance (nm) I cation-cation 

- 
ff-AlzO3 

SiO? (a-auartz) 

0.2653 x 1 0.142 
0.2792 x 3 0.046 
0.3223 x 3 0.008 
0.3061 x 4 0.043 

when the overlapping between these neighboring cation AOs is stronger. The 
overlap population between the neighboring cation orbitals for the LUMO at 
the ground state configuration is calculated and shown in Table 2 together with 
the corresponding cation-cation distances. The overlap population between the 
neighboring cation orbitals are found exceptionally strong for one special A1-A1 
bond in a-A1203 : It is 0.2653 nm, which is about 10 - 20 % shorter than the 
other cation-cation bonds in the other two compounds. It is natural to expect 
that the overlapping of cation orbitals is strong only for this particular bond. 
As a matter of fact, the localization associated with the formation of a core hole 
occurs significantly only in a-A1203 near the A1 L2,3-edge. In the case of MgO 

and SiOz, the effect of a core hole is small, because the overlapping between 

the neighboring cation orbitals are relatively small. Due to the longer cation- 
cation distance and smaller coordination number, the magnitude of localization 
at ground state is somewhat larger in SiO2 than in MgO 

4 Summary and Conclusion 

In summary, the cation L2,3-edge ELNES and XANES of three oxides are 

found to be well reproduced by the first principles molecular orbital calcula- 

tions using model clusters composed of a cation atom with one cation shell 
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and two oxygen shells. Absolute energy, as well as fine-structures of cation 
Lz,s-edge, in the range of < 30 eV from the conduction-band edge are well 
reproduced by the DV-Xa calculation. Advantages of the DV-Xa method 
can be summarized as follows: (1) Calculations are essentially free from any 
adjustable parameters. (2) Absolute values of the transition energy can be ob- 
tained accurately using the ”spin-polarized Slater’s transition state” method. 

(3) The cluster size necesary to reproduce the fine structure of the spectrum 
is much smaller than that required for the MS calculations. (4) A core hole 
can be included in the self-consistent calculation. By comparing the spectra 
calculated with different electronic configurations, the strongest peak that ap- 
pears in the spectrum of a-A1203 is found to be due to the presence of an 
A1-2p core hole. The origin of the significant core-hole excitonic feature in 
a-Al~O3 is ascribed to the presence of exceptionally short A1-Al bond in the 
a-Alz03 structure, which brings about strong overlapping of the neighboring 
cation orbitals. 
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Concluding Remarks 

M. Uda 

Department of Materials Science and Engineering, 
School of Science and Engineering, Wuseda University, 

3-4-1 Okubo, Shinjuku-ku, Tokyo 169, Japan 

The first international workshop on the Discrete Variational 
Xa method was held on September 2 and 3,1996 with great success in 
Debrecen, Hungary, which was well organized by active members of 
ATOMKI in Hungarian Academy of Science, especially by L. Kov6r. 
The memorial year of 1996 for our DV-Xa society coincided 
fortunately also with 1100 years of the Hungarian independence. 
This seems to celebrate the independence or distinguishability of the 
DV-Xa method from the other numerous molecular orbital calculation 
methods. 

It is worth noticing that wide varieties of topics from such 
scientific fields as atomic physics, relativistic effects, photoelectron, 
X-ray and Auger processes, metal physics, chemical bonding affects, 
solid s ta te  chemistry and the others were presented in the first 
workshop. This was perfectly astounding because most calculating 
methods of the molecular orbitals have been applied only to specialized 
fields in which a researcher, who has proposed and formulated the 
calculating method, has been involved. 

Firstly, the preliminary DV-Xa method has been developed by Ellis 
and Painter, which was applied to the band calculations [D. E. Ellis 
and G. S. Fainter: Phys. Rev. B2 (1976) 28871. Secondly, Adachi 
proposed to introduce the self-consistent procedure in it and Ellis 
named such a revised method as a self-consistent charge (SCC) 
method. They have worked together with Ros6n during their stay in 

Developing stages of the DV-Xa method are divided into four. 
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Northwestern University and applied the method to elucidate 
electronic structures of solid surface and of simple molecules [D. E. 
Ellis, H. Adachiand F. W. Averill, Surf. Sci. 58 (1976) 497; T. Tanabe, 
H. Adachi and S. Imoto, Jpn. J. Appl. Phys. 15 (1976) 1865; A. Rosh ,  
D. E. Ellis and H. Adachi and F. W. Averill, J. Chem. Phys. 65 (1976) 

36291. Thirdly, Adachi has started, after coming back from 
Northwestern University, t o  improve the DV-Xa program in Japan. 
Important modifications were found in employment of the atomic 
orbitals calculated at each iteration as new basis functions for the 
next iteration, and also in proper arrangement of the program which 
enables nonprofessionals t o  handle it easily [H. Adachi , M. Tsukada 
and C. Satoko, J .  Phys . SOC. Jpn. 45 (1978) 8751. In addition, the 
program was improved so as also to calculate intensity distributions of 
soft X-ray spectra reflecting molecular orbital components [H. Adachi 
and K. Taniguchi, J .  Phys. SOC. Jpn. 49 (1980) 19441. Lastly, 
personal computers have been introduced to the DV-Xa calculations, 
which have led to almost unlimited numbers of applications of such a 
powerfd and versatile method not only to fundamental sciences but 
also to industrial purposes. This is a brief story why the DV-Xa 
method has been developed in Japan explosively within the last 
decade. 

The Society for the Discrete Variational Xa, starting with 20 
members, was established in 1988 in Japan and is now organized by 
more than 350 scientists and engineers. They are physicists, 
chemists, material scientists, advanced engineers, and s o  on, who 
come from universities, research institutes, industries and others. 
These wide varieties of inquisitive scientists have often used the DV- 
Xa in the frontier science fields together with the well established fields 
for better understings of quantum phenomena behind them. Some 
active members of the Society for the DV-Xa discussed at the 8th 
annual meeting in Fukuoka, Japan, in 1995 how the DV-Xa is 
developing and in what direction. Our conclusion was that very lively 
and successful works have been going on to investigate electronic 
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structures or transitions in molecules or atomic aggregates, and then 
it is untimely to  confiie our interests to  the subject at hand but goes 
with the tide t o  extend scientific fields and to  call for all scientists over 
the world who are interested in the DV-Xa method. For the 
convenience of European scientists, Debrecen in Hungary was 
selected as the first international conference location, where several 
active members have already used the DV-Xa program and also 
where R. Gaspar in the Lajos Kossuth University first developed the 
local-density approximation in 1954. The program developed by 
Adachi is now available for every scientists t o  calculate the molecular 
orbitals and their associates. The programs written by Ellis, R o s h  
and Fricke have been used in U.S.A., Brazil, China, Sweden, Germany, 
and so on. 

Lastly, the author expects continuation in harmony of 
familial and competitive atmosphere in the Society for the Discrete 
Variational Xa. The second workshop will be held in 1999. 
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ionic systems, 381-384 

in ceramics, 276-281 
ion-implanted, effect on corrosion resistance 

Auger electron spectroscopy 
Al-Ni alloys, parameter shifts, 424,425427, 

extension of resonant orbital rearrangement 

fine structures, 390-39 1 
orbital rearrangement, 394 
transitions, F 1s ionization state, 393-398 

430 

to, 41 1,415 

Avoided crossing, in X-ray emission 
spectroscopy, 348-352 

B 

Band structure calculations 
oxide materials, 234-235 
pseudopotentials in, 137-138 

in DV X a  MO method, atomic orbitals as, 

Gaussian type, in calculation of X-ray 

numerical, in LCAO solution for Kohn-Sham 

Basis sets 

333-334 

emission spectra, 331 

equations, 13 
Binding energy 

curve for Cl,, application of X u  method, 

MgO, 150 
23-24 

Bond density, dangling, hexagonal boron 

Bond nature, T i c  and UC, comparison, 133-134 
Bond order 

atoms in LaNi s stem, 89 
5. atoms in Mg,Ni system, 92-94 

SiO,", 289-290 
Si-0 in silicate glass, 246-247 

Kohn-Sham equations, 9 

troscopy, 340-343 

337-338 

nitride, 340-343 

Born-Oppenheimer approximation, in 

Boron nitride, hexagonal, X-ray emission spec- 

Boron suboxide, X-ray emission spectroscopy, 

47 1 
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%3P, 
crystal structure, 339 
X-ray emission spectroscopy, 339-340 

Bulk modulus, MgO, 150 

c 
C,,, electronic structure 

cluster production, 3@32 
dielectric constants, 37-39 
ground state properties, 32-34 
optical spectra, 37-39 
static polarizabilities, 34-37 

Calculations 
ab initio 

for electronic relaxation effect, 307-308 
with Koopmans' theorem, 223 
SO," valence band, 22 1 

oxide materials, 234-235 
pseudopotentials in, 137-138 

electronic structure, changes, 1 
Hartree-Fock-Slater 

in MO calculations, 444-450 
SO:-, 222-223 

band structure 

Kohn-Sham-Slater, application to silicate 
clusters, 235-236 

power of X a  method, 2-5 
Ca8Ni2N2, thermal stability, 266267 
CaO, effect on molten slags, 287-288 
Carbon monoxide 

X-ray emission, 299-300 
X-ray emission rates, 309 

corrosion resistance, effect of ion-implanted 

effect of impurities, 271 

Ceramics 

atoms, 276281 

Cesium fluoride, X-ray emission spectroscopy, 

Charge transfer 
in CuO, 350 
definition, 421422 

391-393 

Chemical analysis, with photoelectron 

Chemical bonding, octahedral M, clusters of 

Chemical effect, on KP/Ka ratios of 3d 

Chlorine 

spectroscopy, 179-180 

transition elements, 52-61 

elements, 310-316 

application of Xa method, 23-24 
DV Xa method orbital energies, 143-146 

Chromium, KP/Ka ratio, 310-316 
Cluster model 

(A18033)42-, 446450,454-457,46@462 
application to metal carbides, 125-127 
for calculation of infinite solids, 347-348 
definition, 194 
description, 52 
and DV Xa method, 147-150 
in DV XaMO method, 334 
electronic structure, 24-27 
finite, in modeling of solids and surfaces, 

hydrogen storage compounds, 85-88 
(MgI3OlJ2-, 446454,460-462 
MgO, application of DV X a  method, 

Mg,O,, application of DV X a  method, 

molecules on, reactivity, 27-30 
molten slags, 287-288 
octahedral M,, transition elements, 52-61 
potential of periodic crystals, 126127 
(Sig016)12-, 446-450,457-458,46&462 
size, effect on valence electronic state, 6 2 4 8  

Complete Neglect of Differential Overlaps 
Molecular Orbital method, 194 

Computational techniques 

21-22 

149- 150 

149-150 

application to metal carbides, 125-127 
for charge transfer in AI-Ni alloys, 422-423 
description, 51-52 
DV X a  molecular orbital method, 181-185 
for material electronic states, 50 

application of DV X a  method, 364-366 
macrocyclic 

Copper(I1) complexes 

molecular orbital calculations, 359-361 
sample preparation, 359 
X-ray absorption measurements, 359 

Core-electron binding energy 
dependent on chemical environment, 433434 
shifts in Al, model and method, 434438 

Core hole effect, S,, 345-347 
Correlation diagrams, superheavy, application 

Correlation loss, in XPS calculations, 21 1-212 
Correlation potentials, ground-state exchange, 

Corrosion, element-selective, austenitic stainless 

Corrosion resistance, ceramics, effect of ion- 

CrO,, K P K a ;  ratios, 315 

of DV Xa method, 117-1 19 

f i s t  excitation energies, 165-166 

steels, 274-276 

implanted atoms, 276281 
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Crystals 
B,,P, structure, 339 
periodic, potential in cluster calculations, 

126-127 
cu,o 

avoided crossing in X-ray emission spec- 

cluster size calculation, 347-348 
troscopy, 349-352 

CuO, avoided crossing in X-ray emission 
spectroscopy, 349-352 

D 

Decay process, electron during F 1s ionization, 

Density functional theory 
405-4 1 1 

for ensembles 
ensemble exchange-correlation potentials, 

exchange potential for multiplets, 171 
Hohenberg-Kohn theorems, 161 
Kohn-Sham equations, 161-162 
Rayleigh-Ritz variational principle, 

162 

160-162 
generalizations, 159 
and Kohn-Sham equations, 6 
local and non-local, S042-, 224 
origins, 159-160 
in pseudopotential generation, 138 

AI-Ni alloys, 422423 
CuzO, 347-348 
effect of cluster size, 62-68 
fullerene, 334-337 
octahedra1 M, clusters, 54 

silicate glass, 247-249 
silicon cluster MO, 201-202 
from X-ray emission spectroscopy, 329-330 

LaNi, system, alloying effect on, 9 6 9 8  
Mg,Ni system, alloying effect on, 98-99 

Density of states 

s,, 345-347 

Desorption 

Dielectric constants, C,, 37-39 
Dirac-Fock-Slater method, and DV X a  

Dirac-Slater method, for UC, 125-127 
Direct relativistic effect, in DV X a  method, 

Discrete variational X a  method 

method, 1 1 0-111 

111-112 

AI-Ni alloy Auger parameter shifts, 425427,  
430 

for avoided crossing in X-ray emission spec- 

boron suboxide X-ray emission spectroscopy, 

B 13P2 X-ray emission spectroscopy, 339-340 
for charge transfer in AI-Ni alloys, 422423 
for CI,, 23-24 
for copper (11) complexes, 364-366 
and DFS method, 110-1 1 1 
for DFT one-electron equations, 138 
direct relativistic effect in, 11 1-1 12 
early studies, 3 9 4 0  
for electronic relaxation effect, 304 
exchange-correlation potential, 1 15 
flexible lattice simulations with, 147-1 48 
fullerene, 334-337 
and Gaussian, S, ,  comparison, 343-345 
geometry optimizaton, 115 
hexagonal boron nitride X-ray emission spec- 

troscopy, 340-343 
hydrogen storage compounds, 85-88 
for impurity electronic states, 270-271 
indirect relativistic effect in, 112 
integration method, for X-ray emission rate 

calculations, 302-304 
international workshop, 467-469 
for KPlKcx ratios of 3d elements, 3 10-3 16 
Li,S04, 228-229 
for local electronic relaxations, 4 4 3 4 4 4  
for many-electron molecules, 115-1 17 
metal fluorides, 383-384 
for MO calculations, 444450 
for MO X-rays, 117-1 19 
multiple scattering method, 442 
power in calculations, 2-5 
pseudopotential schemes in, 138 
pseudopotential variant, testing, 143-1 46 
relativistic methods, 109-1 10 
relativistic spin-orbit splitting in, 112-1 13 
representation of pseudoenergy, 142-1 43 
with Schwarz’s parameter, 434 

troscopy, 349 

337-338 

in aluminum, 435438 
potential form, 439 

for silicate clusters, 235-237 
SO,”, 223-224 
SO>- valence band, 221-223 
for superheavy correlation diagrams, 117-1 19 
for tetraazacopper (11) complexes, 366368 
for transition metal clusters, 50-5 1 
in X-ray transition probability, 301 

Discrete variational X a  molecular orbital 
method 
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for calculation of photoelectron spectra, 180, 

calculation of X-ray emission spectra, 
33 1-334 

as computational method, 181-185 
precision, 334 
for silicon cluster electronic structures, 

for transition metal nitride thermal stability 

188-190 

195-197 

computations, 263-264 
with linear N-Ni-N bond, 266267 
Ti-M-N system, 264-266 

X-ray emission spectroscopy, 299-300 
DOS, see Density of states 
DV X a  method, see Discrete variational X a  

method 

E 

Electron configuration, in ensemble exchange 
energy for multiplets, 175 

Electron density, spatial distributions 
atoms in Mg,Ni system, 92 
in LaNi, system, 88 

Electron energy-loss near-edge structures 
a-Al,O,, 454--157 
definition, 442 
MgO, 452454 
SiO,, 457458 

Electron energy-loss spectroscopy, recent 

Electronic relaxation 
technology, 442& 

local, application of DV a method. 443444 
during transition, 4 5 8 4 6 3  
in X-ray emission rate calculations, 304-308 

impurities in materials, 27G271 
KoLo, electron decay process, 405-41 1 
materials, computational techniques for, 50 
octahedral M, clusters of transition elements, 

oxide materials, 234-235 
valence 

affecting factors, 62-68 
relativistic effects on, 7 6 7 9  

Electronic state 

5 2 4 1  

Electronic structure 
C,, 30-32 

dielectric constants, 37-39 
ground state properties, 32-34 
optical spectra, 37-39 
static polarizabilities, 34-37 

calculations, changes, 1 
clusters and surfaces, 24-27 
hexagonal boron nitride, 343 
impurities in copper oxide superconductors, 

silicon clusters, 195-197 
tetrahedral oxyanions, 207-210 
TIC, 127-130 
UC, 13G131 
with X-ray emission spectroscopy, 329-330 

272-274 

Electronic transitions, relaxations during, 

Electrons 
458463 

in HOMO, decay process, 4 0 5 4 1  1 
-nucleus interactions, effect of environment, 

valence, transition metal nitrides, 261-263 
375-378 

ELNES, see Electron energy-loss near-edge 
structures 

Ensemble exchange-correlation potentials, in 
DFT for ensembles, 162 

Ensemble exchange energy, for multiplets, o 
dependence, 175- 176 

Ensemble exchange potentials 
for multiplets, 171-174 

in DFT, 171 
fractionally occupied state method, L71 
Kohn-Sham potential, 171-172 

Xa,  167-171 

exchange-correlation potentials, in DFT, I62 
X a  

in ensemble exchange potential for multi- 

exchange potential, 167-171 
with self-consistent parameter a ,  162-164 

Ensemble potentials 

plets, 171-172 

Ensembles, DFT for 

162 
ensemble exchange-correlation potentials, 

Hohenberg-Kohn theorems, 161 
Kohn-Sham equations, 161-162 
Rayleight-Ritz variational principle, 160-162 

Environment 
chemical 

dependence of core level energies, 433434 
effect on K p K a  ratios of 3d elements, 

310-316 
effects on nucleus-electron interactions, 

375-378 
Exchange correlation potential 

in DV X a  method, I15 
selection, 4-5 
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Exchange energy, see Ensemble exchange ener- 

Exchange potential 

434 

gy 

DV X a  method with Schwarz’s parameter, 

in aluminum, 435-438 
potential form, 439 

effect on Cl, binding energy curve, 23-24 
Gunnarsson-Lundqvist potential, 434 

in aluminum, 435438 
potential form, 439 

from Kohn-Sham equations, 8 
Langretl-Mehl potential, 434 

in aluminum, 435438 
potential form, 439 

Perdew-Yue potential, 434 
in aluminum, 435438 
potential form, 439 

Slater correlation exchange potential, in HFS 

Slater derivation, 7-8 

from correlation potentials, 165-166 
in ensemble exchange energy for multiplets, 

approximation, 187 

Excitation energy, first 

175 

3 16-323 
Excitation modes, effect on KPIKa ratios, 

External fields, in SCF calculations, 18-19 

F 

Fe,,MONa,, element-selective corrosion, 

FeO,, calculated photoelectron spectrum, 190 
Fermi sphere, in X a  ensemble potential, 163 
Fullerene, X-ray emission spectroscopy and 

274-276 

DOS. 334-337 

G 

Gaspar-Koh-Sham potential, relation to HFS 

Gas theory, free electron, 163 
Gaussian method, and DV X a  method, S,, 

comparison, 343-345 
Gaussian type orbital basis set, for X-ray 

emission spectra, 331 
Geometrical structure, effect on valence elec- 

tronic state, 62-68 
Geometry optimizaton, in DV Xcx method, 115 

potential, 8 

GKS potential, see Gaspar-Kohn-Sham 

Ground state, C,, properties, 32-34 
Gunnarsson-Lundqvist potential, for core-elec- 

tron binding energy shifts, 434 

potential 

in aluminum, 435438 
potential form, 439 

H 

Halfnium, effect on corrosion resistance of 

Hamiltonian, and Kohn-Sham equations, 5-6 
Hartree-Fock-Slater approximation 

ceramics, 276281 

application to photoionization cross sections, 

and atomic pseudopotentials, 139-140 
in DV X a  cluster method, 85 
in MO calculations, 444-450 
relation to GKS potential, 8 
Slater exchange correlation potential in, 187 
SO,2-, 222-223 
for TIC, 125-127 

approximation 

185-1 86 

HFS approximation, see Hartree-Fock-Slater 

Hohenberg-Kohn theorems, for ensembles, 161 
Hydrides 

between LaNi, system, 99-101 
between Mg,Ni system, 99--100, 102-103 

LaNi s stem, alloying effect on, 9&98 
Mg,Ni system, alloying effect on, 98-99 

Hydrogen absorption 

5. 

Hydrogen-metal interaction, in hydrogen 

Hydrogen storage compounds 
storage compound, 95 

cluster models, 85-88 
DV-Xa cluster method, 85-88 
hydrogen-metal interactions, 95 
LaNi, system, 84-85 

alloying effect on, 9 6 9 8  
atom ionicities, 91 
bond order, 89 
spatial electron density distributions, 88 

Mg,Ni system, 85 
alloying effect on, 98-99 
atom ionicities, 94 
bond order, 92-94 
spatial electron density distributions, 92 

TiFe system, 103-104 
value, 84 
ZrMn, system, 104-105 
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I 

Impurities 
in copper oxide superconductors, magnetic 

flux pinning effect, 272-274 
effect on material properties, 270-27 1 
ion-implanted atoms, effect on corrosion 

resistance of ceramics, 276-281 
Indirect relativistic effect, in DV X a  method, 1 12 
Infinite solids 

cluster size calculation, 347-348 
modeling with finite cluster, 21-22 

Inner-shell physics, application of scattered- 

Inner-shell vacancies, excited atom states 

effects on single-hole filling, 378-379 
valence4ectron structure variation 

wave method, 374-375 

carrying 

covalent systems, 380-381 
ionic systems, 381-384 

Inner valence orbitals, ionization, 21 1 
Interatomic transitions, contributions to X-ray 

Internal conversion, 99mTc, 375-378 
tonicity 

emission, 308-310 

atoms in LaNi, system, 91 
atoms in Mg,Ni system, 94 
oxygen ions, 288-289 
Si,O,6-, 289 
SiO,&, 289 

Ionization 
core ionization, 2 I 1 
F Is 

electron decay process, 40541 1 
outer-shell rearrangement during, 393-398 
inner valence orbitals, 21 I 

outer valence orbitals, 2 I 1 
Iron, effect on corrosion resistance of 

ceramics. 276-281 

Jellium model, for Kohn-Sham equations 
solution, 10-1 1 

K 

3d elements, chemical effect on, 310-316 
effect of excitation modes, 3 16-323 

K,O, effect on molten slags, 287-288 
Kohn-Sham equations 

and density functional theory, 6 
for ensembles, 161-162 
for exchange potential, 8 
and Hamiltonian, 5-6 
from Schrodinger equations, 6-7 
solution 

evaluation of polarizabilities, 19-2 1 
external fields in SCF calculations, 18-19 
Jellium model, 10-1 1 
LCAO method, 13 

molecular potential evaluation, 17-18 
numerical basis sets, 14 
numerical integration techniques, 15-17 

method determination, 9-10 
Muffin-tin potential, 12-13 
summary, 9 

silicate clusters, 235-236 

223 

tiple scattering method, 442 

Kohn-Sham-Slater calculations, application to 

Koopmans’ theorem, in ab initio calculations, 

Komnga-Kohn-Rostocker band theory, in mul- 

L 

Langreth-Mehl potential, for core-electron 
binding energy shifts 

in aluminum, 434438 
potential form, 439 

alloying effect on, 96-98 
hydride stability between, 99-101 
as hydrogen storage compound, 84-85 

LaNi, system 

atom ionicities, 91 
bond order, 89 
spatial electron density distributions, 88 

147-148 

tion, 13 

Lattice simulations, with DV X&agr; method, 

LCAO method, for Kohn-Sham equation solu- 

molecular potential evaluation, 17-18 
numerical basis sets, 13 
numerical integration techniques, 15-17 

Lead hexachloride, DV X a  method orbital ener- 

Lead-nickel, application of DV X a  method, 
gies, 143-146 

117-1 18 
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Lead tetrachloride, DV Xa method orbital 

Li,O, effect on molten slags, 287-288 
Li,SO, 

energies, 143-146 

application of DV X a  method, 228-229 
XPS valence band studies, 221-222,228 

Li8S046+, MO model calculations, 223 
Lithium salts, XPS valence band spectra, 

Local density approximation, 
208-210 

Gunnarsson-Lundqvist potential, 439 

M 

Magnetic flux pinning effect, impurities in 
copper oxide superconductors, 272-274 

Magnetic interaction, transition elements, 69-75 
Manganese, KPlKa ratio, 310-316 
Materials 

advanced, importance, 2 
corrosion resistance, effect of ion-implanted 

atoms, 276-281 
electronic state, computational techniques for, 

50 
impurity effect on properties, 270-27 I 

Matrix elements, pseudopotentials, 142-143 
Metal carbides 

T i c  
application of DV Hartree-Fock-Slater 

method, 125-127 
bond nature, 133-134 
electronic structure, 127-130 

typical examples, 124-1 25 
uc 

application of DV Dirac-Slater method, 

bond nature, 133-134 
electronic structure, 127-130 

125-127 

Metal fluorides, DV X a  method, 383-384 
Metal ions, effect on equilibria between Si and 

Metal oxides, effect on molten slags, 287-288 
Mg,Ni system 

0,291-292 

alloying effect on, 98-99 
hydride stability between, 99-100, 102-103 
as hydrogen storage compound, 85 
atom ionicities, 94 

bond order, 92-94 
spatial electron density distributions, 92 

MgO 
application of DV X a  method, 149-150 

binding energy, 150 
bulk modulus, 150 
effect on molten slags, 287-288 
PDOS and PACS calculations, 446450 

in 0, symmetry, 450-454 

149- I50 

194-195 

Mg,O,, application of DV X a  method, 

Microcrystals, silicon, optical band gap, 

Models 
cluster, see Cluster model 
infinite solid and surface, 21-22 
Jellium, for Kohn-Sham equations solution, 

quantum-well, silicon clusters, 199,201-202 
Molecular charge density, exchange correlation 

Molecular orbitals 

10-1 1 

potential for, 4-5 

application to silicate glass, 235 
with HFS method, 444-450 
macrocyclic copper (11) complexes, 359-361 
(SiH,)"H,, 197-202 
silicon clusters, DOS, 201-202 
SO4&, 240-24 1 
Si5OI6I2-, 241-242 
for Slater transition state orbitals, 182 
tetraazacopper (11) complexes, 362-366 
X-rays, application of DV X a  method, 

in X-ray transition probability, 301 

exchange correlation potential for, 4-5 
in LCAO solution to Kohn-Sham equations, 

117-1 19 

Molecular potential 

17-18 
Molecules 

on clusters, reactivity, 27-30 
many-electron, application of DV X a  

method, 115-1 17 
simple, X-ray emission, 299 

cluster models, 287-288 
past studies, 286-287 

Molybdenum, effect on corrosion resistance of 
ceramics, 276-281 

MO X-rays, application of DV X a  method, 
117-1 19 

Muffin-tin potential, for Kohn-Sham equations 
solution, 12-13 

Mulliken population analysis, silicate glass, 236 
Multiple scattering method 

Molten slags 

definition, 442443 
for MgO spectra, 452454 
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Multiplets 
ensemble exchange energy, o dependence, 

ensemble exchange potential 
175-1 76 

DFT in, 171 
fractionally occupied state method, 171 
Kohn-Sham potential, 171-172 

N 

N,O, effect on molten slags, 287-288 
Na3P04, XPS valence band spectra, 217-218 
Na$04, valence band studies, 222 
Neutron diffraction, Li,SO, valence band, 228 
Nickel, octahedral M, cluster, density-of-state 

Nickel-lead system, application of DV Xa 

Ni,N,, thermal stability, 266-267 
Nucleus, -electron interactions, effect of envi- 

Numerical basis sets, in LCAO solution for 

Numerical integration techniques, in LCAO 

diagram, 54 

method, 117-1 18 

ronment, 375-378 

KohnSham equations, 13 

solution to KohnSham equations, 15-1 7 

0 

Optical band gap, silicon microcrystals, 1941 95 
Optical spectra, C,, 37-39 
Orbital rearrangement 

for Auger and X-ray emission spectroscopies, 
39 1 

outer-shell, during F Is ionization, 393-398 
resonant 

Auger spectra, 4 1 1.41 5 
concept, 394-398 

method, 115-1 17 
Osmium tetroxide, application of DV X a  

Outer valence orbitals, ionization, 21 1 
Overlap population 

with linear N-Ni-N bond, 266-267 
SO4&, 289-290 
Ti-M-N system, 264-266 

Oxides, electronic state, 234-235 
Ox yanions 

ionicity, 288-289 
tetrahedral, electronic structure, 207-210 

Oxygen, DV X a  method orbital energies, 
143- 146 

Ozone, DV Xa method orbital energies, 143-146 

P 

PACS, see Photoabsorption cross section 
Partial density of states 

for a-Al,O,, 44&450,454-457 
for MgO, 44U.54 
as PACS approximation, 444 
for SO,, 446450,457458 

PDOS, see Partial density of states 
Perdew-Yue potential, for core-electron binding 

energy shifts 
in aluminum, 434-438 
potential form, 439 

Phosphorus oxyanions 

PO:-, 2 17-2 18 
P,O,", 218-219 
valence band studies, 214-217 

P03-,220 

Photoabsorption cross section 
for Ci-Al,O,, 446-450,454-457 
for MgO, 446-454 
PDOS as approximation, 444 
for SO,, 446450,457458 

Photoconductivity, silicon polymers, 194 
Photoelectron spectroscopy 

calculation with DV Xa MO method, 180, 

for chemical analysis, 179-1 80 
fine structures, 390-391 
ultraviolet, application to silicate glass, 

188-190 

247-249 
Photoionization cross section 

atomic subshell, 185-1 86 
variations with photon energy, 186-187 

Photoluminescence, silicon polymers, 194 
Photon energy, relationship to photoionization 

cross sections, 186-187 
Phthalocyanines, properties, 358 
PO,-, X P S  valence band spectra, 220 
P,O,&, X P S  valence band spectra, 218-219 
Polarizabilities, in solution of KohnSham 

equations, 19-21 
Polarization effects, in X P S  calculations, 

2 12-2 13 
Polymers, silicon, photoconductivity and photo- 

luminescence, 194 
Porphyrins, properties, 358 
Potassium fluoride, X-ray emission 

S ~ W ~ ~ O S C O P Y ,  39 1-393 
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Probability, X-ray transition, 398 
Pseudoorbitals, construction, 140 
Pseudopotentials 

atomic, generation, 138-140 
in band structure calculations, 137-1 38 
basis, 137-138 
generation, DFT in, 138 
matrix elements, 142-143 
variant, DV X a  method, testing, 143-146 

Quantum chemistry 
photoelectron spectra in, 210 
XPS calculations in, 210 

core ionization, 21 1 
correlation loss, 2 1 1-2 12 
inner valence orbital ionization, 21 1 
outer valence orbital ionization, 2 1 1 
polarization effects, 212-213 
relaxation, 21 1 

201-202 
Quantum-well model, silicon clusters, 199, 

R 

Radial wave functions, transition elements, 56 
Rayleight-Ritz variational principle, in DFT for 

Reactivity, molecules on clusters, 27-30 
Relativistic effects 

ensembles, 16&162 

in DV Xa method, 11 1-1 14 
on valence electronic state, 76-79 

Relativistic spin-orbit splitting, in DV Xa 

Relaxation, in XPS calculations, 21 1 
Resonant orbital rearrangement 

method, 112-1 13 

Auger spectra, 41 1,415 
concept, 394-398 

Rubidium fluoride, X-ray emission spec- 
troscopy, 391-393 

s 

3 8  
core hole effect, 345-347 
Gaussian and DV X a  methods, comparison, 

343-345 

Scattered-wave method 
in inner-shell physics, 374-375 
in ionic systems, 381-384 
in nucleus-lectron interactions, 376-378 
in XANES spectroscopy, 379 

SCF calculations, see Self-consistent field 
Schrodinger equations, Kohn-Sham equations 

from, 6-7 
Self-consistent charge, SO:-, 222-223 
Self-consistent field 

in DV Xa MO method calculation of X-ray 

external fields in, 18-19 
emission spectra, 331 

Semiconductors, crystalline silicon in, 194 
(SiH,),H, 

electronic structures, 197 
molecular orbitals, 197-202 

Si,H,, electronic structures, 196197 
Si32H,,, electronic structures, 196-197 
Silicate glass 

application of DV X a  method, 235-237 
application of ultraviolet photoelectron 

density of states, 247-249 
effects of embedding, 236-237 
molecular orbitals, 240-242 
Mulliken population analysis, 236 
properties, 233-235 
Si-0 bond orders, 246-247 

clusters 

spectroscopy, 247-249 

Silicon 

electronic structures, 195-197 
molecular orbital DOS, 201-202 
quantum-well model, 199,201-202 

crystalline, in semiconductors, 194 
microcrystals, optical band gap, 194-195 
polymer photoconductivity and photo- 

Simulations, lattice, with DV X a  method, 

p-Si,N,, corrosion resistance, effect of ion- 

Single-hole filling, factors affecting, 378-379 
SiO, 

luminescence, 194 

147-148 

implanted atoms, 276281 

molten, bonding, 287-288 
PDOS and PACS calculations, 44U50 ,  

457458 
siO4& 

bond orders, 289-290 
equilibria, effect of metal ions, 291-292 
ionicity, 289 
molecular orbitals, 240-241 
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Si2o,& 
equilibria, effect of metal ions, 291-292 
ionicity, 289 

Si,O,,8-, equilibria, effect of metal ions, 

Si,0,,la-, equilibria, effect of metal ions, 

Si,0,,’2-, molecular orbitals, 241-242 
Slater correlation exchange potential, in HFS 

Slater transition states, definition, 182 

291-292 

291-292 

approximation, 187 

so;- 
application of DV X a  method, 223-224 
one-electron energies, 224 
valence band 

ab initio calculations, 221 
application of DV Xa method, 221-223 

391-393 
Sodium fluoride, X-ray emission spectroscopy, 

Spin polarization, transition elements, 69-75 
Stainless steel, austenitic 

effect of impurities, 271 
element-selective corrosion, 274-276 

Static polarizabilities, C,, 34-37 
Superconductors, copper oxide 

high-T,, effect of impurities, 27CL27 I 
impurities, magnetic flux pinning effect, 

272-274 
Surfaces 

electronic structure, 24-27 
modeling with finite cluster, 21-22 

C,, ( ~ 1 ~ 0 , ~ ) ~ ~ -  cluster, 454-457 
Oh, (M,,01,)2- cluster, 450-454 

Symmetry 

TiFe system, as hydrogen storage compounds, 

Titanium, octahedral M, cluster, density-of-state 

Transition elements 

103-104 

diagram, 58 

magnetic interaction, 69-75 
octahedral M, clusters, 5 2 4 1  
spin polarization, 69-75 
valence electronic state, 62-68 

relativistic effects, 76-79 
Transition metal clusters, application of DV Xa  

method, 50-5 1 
Transition metal nitrides 

empirical classification, 259-261 
NaC1-type MoN 

thermal stability, 255-259 
XPS valence band spectra, 258-259 

NaC1-type NbN, XPS valence band spectra, 

NaCI-type ZrN 
258-259 

thermal stability, 256-259 
XPS valence band spectra, 258-259 

practical uses, 253 
properties, 253-255 
thermal stability, DV Xa  MO method 

computations, 263-264 
with linear N-Ni-N bond, 266-267 
Ti-M-N system, 264-266 

valence electrons and thermal stability, 
relationship, 261-263 

Transition metal oxide cluster, calculated photo- 

Transition state, in DV Xa  method, 304 
electron spectrum, 190 

V 
T 

Technology, advanced materials in, 2 
Tetraazacopper (II) complexes 

MO calculations, 362-366 
XANES analysis, 361-362 
XANES peak assignments, 366-368 

NaCI-type MoN metal nitrides, 255-259 
NaC1-type ZrN metal nitrides, 256259 
transition metal nitrides, DV Xa  MO method 

Thermal stability 

computations, 263-264 
with linear N-Ni-N bond, 266-267 
Ti-M-N system, 264-266 

and valence electrons, in transition metal 
nitrides, 261-263 

Vacancy, effect on valence4ectron structure 
covalent systems, 380-381 
ionic systems, 381-384 

Valence bands 
Li,SO,, XPS studies, 228 
Na2S0,, 222 
phosphorus oxyanions, 214-217 

PO,,-, 2 1 7-2 1 8 
P20,”, 218-219 

PO,-, 220 

so;- 
ab initio calculations, 22 1 
application of DV Xa method, 221-223 
XPS studies, 221-222 

XPS spectra 
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NaC1-type MoN, 258-259 
NaC1-type NbN, 258-259 
NaCI-type ZrN, 258-259 

variation 
Valence4ectron structure, vacancy-induced 

covalent systems, 380-381 
ionic systems, 381-384 

X 

XANES analysis, see X-ray absorption near 
edge structure 

X a  ensemble potentials 
in ensemble exchange potential for multiplets. 

exchange potential, 167-171 
with self-consistent parameter a, 162-164 

171-172 

XPS, see X-ray photoelectron spectroscopy 
X-ray absorption near edge structure 

a-Al,O,, 45&457 
application of scattered-wave method, 379 
MgO, 452454 
SO,, 457458 
tetraazacopper (11) complexes, 361-362 

peak assignment, 366-368 
X-ray absorption spectroscopy 

copper (11) complexes, 359 
definition, 358-359 

X-ray diffraction, Li,SO, valence band, 228 
X-ray emission spectroscopy 

applications, 298 
avoided crossing in, 348-352 
boron suboxide, 337-338 
B ,,P,, 339-340 
calculation with DV X a  MO method, 331-334 
contributions from interatomic transitions, 

CsF, 391-393 
DV Xa MO method in, 299-300 
for electronic structure, 329-330 
tine structures, 39&391 
fullerene, 334-337 

308-310 

KF, 391-393 

NaF, 391-393 
rate calculations 

DV-integration method, 302-304 
electronic relaxation effect, 304-308 

RbF, 391-393 
resonant, hexagonal boron nitride, 340-343 
S8 

comparative calculations, 343-345 
core hole effect, 345-347 

in simple molecules, 299 
X-ray fluorescence, orbital rearrangement, 394 
X-ray photoelectron spectroscopy 

avoided crossing in, 349 
Li,SO, valence band, 221-222,228 
NaC1-type MoN valence band spectra, 

NaC1-type NbN valence band spectra, 

NaC1-type ZrN valence band spectra, 

orbital rearrangement, 394 
phosphorus oxyanion valence band, 214-217 
P,O,", 2 1 8-2 19 

PO:-, 2 17-2 18 
tetrahedral oxyanions, 207-210 
theoretical interpretation, 210 

core ionization, 2 1 1 
correlation loss, 21 1-212 
inner valence orbital ionization, 21 I 
outer valence orbital ionization, 21 1 
polarization effects, 212-213 
relaxation, 21 1 

258-259 

258-259 

258-259 

PO,-, 220 

X-ray transitions 
calculation, 398 
DV Xa method, 301 
F Is ionization state, 393-398 
MO calculations, 301 

Z 

ZrMn, system, as hydrogen storage compounds, 
104-105 


