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With theory more easily than experiment, the structural impli- 
cations of differing multiplicities of the metal atom can be dem- 
onstrated. By the changing of the metal d-orbital populations the 
bond distances in the coordination sphere adjust as would be 
expected from simple electrostatic arguments. 

Although different in derivation, the spectroscopic theory and 
the theory developed for geometry demonstrate an underlying 
consistency as demonstrated here, for example, in very similar 
predictions of spin-state energies. The pattern of orbital energies 
has been examined in some detail here, and the dependence of 
the location of the d9 orbital energy on the strength of the axial 
ligands relative to the other ligands is discussed. The generally 

"assumed" splitting of PBP complexes is two sets of degenerate 
orbitals lower in energy than the axial orbital. The calculations 
suggest that this ordering can be changed if the axial ligands are 
weak field, as here, dropping the axial orbital between the two 
sets of degenerate orbitals. 

In summary, [Fe(DAPSC)(H20),l2+ is ideal as a starting point 
for the further theoretical and experimental study of PBP com- 
plexes, and this is actively being pursued. 
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We present an ab initio study of the bonding in the rutile (TiOz) structure, where the five members TiO,, VO,, Cr02, Ru02, and 
ZnF2 are investigated by means of band structure calculations, from which we derive electron densities, densities of states, total 
energies, and structure factors. We present simple molecular orbital schemes in order to interpret the main features of the calculated 
densities of states. Our results show that a MX6 cluster model (with M = Ti, Zn, V, Cr, or Ru and X = 0 or F) accounts only 
for part of the bonding mechanism. In the crystalline environment, the anionic ligands reduce their amount of r-bonding in the 
MX6 cluster at the expense of an increased o-bonding with all three nearest metal neighbors in the M3X units. This reduction 
of anionic r-bonding character causes an increase in the metal-metal bonding across the shared edges of MX, octahedra. The 
observed lattice geometry can be seen as the optimum balance between a maximal stabilization of the MX6 and the M,X units. 
In addition, we determine for one example, namely TiOz, the internal coordinate u by minimizing the corresponding total energy 
and obtain a theoretical u of 0.3064 in excellent agreement with the experimental value of 0.305, thus demonstrating the high 
accuracy of our approach. All calculations are carried out using the full-potential linearized augmented plane wave (LAPW) 
method where exchange and correlation effects are treated by the local-density approximation. 

1. Introduction 
Our interest in the rutile structure type (named after the 

transition metal (IV)oxide, TiOJ is motivated by the following 
four facts: (i) the rutile type is the simplest and most common 
MX2 structure where metal atoms M are octahedrally coordinated 
by ligands X, (ii) in spite of the importance of the rutile structure, 
we have found only very few theoretical papers most of which are 
old and do not meet the requirements of modern solid-state 
chemistry; (iii) the properties of this class of compounds vary wildly 
from insulating to magnetic and metallic behavior, a variation 
which is a challenge to theorists; (iv) the rutile type is a demanding 
test case for applying our procedure of calculating electric field 
gradients at various atomic sites. 

A few additional remarks concerning each of these points are 
appropriate: Despite the frequent Occurrence of this structure 
type, relatively few related theoretical investigations are found 
in the literature. The rutile structure is adopted by the transi- 
tion-metal (1V)oxides and (1I)fluorides (3d) Ti02, V02, VF2, 
Cr02, MnOz, MnF2, FeF2, CoF2, NiF2, ZnF,, (4d) RuO,, PdF2, 
and (5d) Ta02, eo2, IrOz, by the main-group (1V)oxides SO,, 
Ge02, SnOz, PbO,, and by MgF,. Although structural data are 
readily available for all of these compounds,'-' this has not stim- 
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ulated much theoretical work with the exception of papers by 
Baur,1.2 Goodenough? Caruthers et a1.,9J0 Mattheiss," Gupta et 
ala,', Burdett,13 Schwarz,14 Xu et al.,'5 and Glassford et a1.16 
Perhaps theorists have been discouraged by the ingenuity of 
Goodenough's review article" on metallic oxides written in 1971. 
He presented energy diagrams for the "man (&)oxide structures 
to explain the (metallic) behavior of their representatives. His 
instructive confrontation between experimental data and energy 
diagrams has substantially inf luend work in that field and many 
interpretations including the present one. However, Goodenough's 
approach in understanding the properties and bonding in the rutile 
structure differs significantly from ours; while he built a pheno- 
menological model (he calls the chapter on the energy diagrams 
"Phenomenology") derived from experimental results, our a p  
proach is completely ab initio. Naturally, there should be a close 
correspondence between his and our results, and if that is the case, 
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Table I. Lattice Constant a, c / a  Ratio, Internal Coordinate u, 
Metal-Anion Distances d.  and de, and References Used 

.- 
0 Titanium 

(a) 

(b) (C) 

Figure 1. The rutile lattice: (a) coordination polyhedra of the titanium 
atoms at (0, 0,O) and (I/ , ,  ‘I2, I / , ) ;  (b) top view of the rutile lattice, the 
bold lines indicating the almost-hcp planes formed by the oxygen atoms; 
(c) the two different Ti-0 distances d, and de and the bond angle w .  

it demonstrates the chemical significance of our work. 
In addition to the chemical bonding presented in this paper, 

we have calculated the electric field gradient (EFG) tensor at the 
atomic sites of all compounds. The origin of the EFG and its 
relationship to the bonding mechanism will be presented in a 
forthcoming publication. 

The present paper is organized as follows: in the next section 
we will give a short description of the rutile structure, followed 
by a section “Method” with an overview of our approach to solve 
Schrijdinger’s equation by means of the full-potential linearized 
augmented plane wave (LAPW) method. In the section “Bonding 
Mechanism” we present an interpretation of the chemical bonding 
based on the calculated densities of states, while in the section 
“Lattice Geometry” we concentrate on the understanding and 
prediction of the lattice parameters. Finally, we compare our ab 
initio results with experimental data and other calculations. All 
computational details are summarized in the Appendix. 
2. The Rutile Structure 

The rutile structure (Figure 1) is tetragonal with the basis 
consisting of metal atoms (0, 0,O) and 1/2,  and anions 
located a t  (1 f u, 1 f u, 0) and ( 1 / 2  f u, with a 
typical value of 0.3 for the internal coordinate u. Rutile belongs 
to the nonsymmorphic space group P4,lmnm (Dii)  in which the 
metal positions are transformed into each other by a rotation of 
90° around the crystal c axis followed by the nonprimitive 
translation (1 /2 ,  The two metal positions at  the center 
and the comer of the unit cell are equivalent, when the surrounding 
octahedra are properly rotated. This symmetry operation can be 
clearly seen in Figure l a  by looking at  the different orientations 
of the coordination octahedra centered at  the two metal positions 

The rutile structure can also be described by considering an 
array of anions of approximately hexagonal close-packed (hcp) 
form (cf. Figure 1 b) in which only half of the octahedral holes 
are occupied by metal atoms.I3 This three-dimensional packing 
is in contrast to the layered structure found in the related cad- 
mium(I1) iodide Cd12 type. The half-occupation of the octahedral 
holes, however, leads to a low packing fraction, so that not more 
than 36% of the unit cell volume can be filled with touching hard 
spheres. This is caused by the short anionanion distance between 
the positions (u,  u,  0) and (1 - u, 1 - u, 0). An extreme case is 
found, for example, in rutilet Si02 (stishovite) where the 0-0 
distance is as short as 2.29 r w h i c h  should be seen in relation 

i u, 

(0, 0,O) and 

TiO, VO, CrO, RuO, ZnF, 
a, A 4.593 4.530 4.419 4.492 4.704 
c /a ,  0.644 0.633 0.660 0.692 0.666 
U 0.305 0.305 0.303 0.306 0.3024 
da, A 1.982 1.954 1.891 1.944 2.013 
de, A 1.948 1.901 1.910 1.983 2.045 
ref 5 17 18 19 2 

to the 02- ionic radius of 1.40 A. The structure parameters used 
in this work are summarized in Table I. The metal atoms are 
octahedrally coordinated by anions which, however, do not form 
an ideal octahedron. The distortion depends on the structure 
parameters a, c/a,  and u and results in two different metal-anion 
distances shown in Figure IC. The apical distance d, is defined 
between the metal atom at and the two anions at  

while the equatorial distance de is to the 
four anions at  (1 f u, 1 f u, 0) and (1 f u, 1 f u, 1). Thus, 
the distances d, and de represent the height ( z  axis) and the basal 
spacing of the “octahedron”, respectively, and are given by 

f u, =F u, 

da = f i u a  (1) 

These distances d, and de differ by a few percent due to bonding 
effects (cf. Table I). In the present paper, we will reproduce this 
variation in distance from our ab initio calculations, where theorists 
up to now have failed to do so successfully. 

For a certain value u* the two distances d, and de become equal: 

(3)  

By using this u* and choosing c / a  to make the base plane of 
the “octahedron” quadratic, one obtains ideal octahedral coor- 
dination: 

d, = de c = f i ( 1  - 2u)a 

(4) 

( 5 )  

Although the actual coordination of the metal atoms deviates 
from the ideal octahedron, we still call it octahedral. 

The bond angle w of the M3X unit (cf. Figure IC) is another 
parameter we will use to characterize the observed lattice geom- 
etries and is defined as the angle between the metal atom at (1, 
0, 0), the anion at  ( 1 / 2  + u, and the metal atom at 
(1, 0, 1). 
3. Method of Computation 

Within the framework of band theory we have used the linear aug- 
mented plane wave method (LAPW) to solve Schrainger’s equation. In 
the LAPW method20J the unit cell is divided into two types of regions, 
the atomic spheres centered upon nuclear sites and the interstitial region 
between the nonoverlapping spheres. The wave function of a Blwh state 
is expanded in plane waves, but this flexible basis set is used only in the 
interstitial region, while inside the atomic spheres it is replaced (aug- 
mented) by a much faster converging expansion using atomic-like func- 
tions. This dual representation of the wave functions combines the 
flexibility of a plane wave basis set with the efficiency of an atomic orbital 
expansion and thus guarantees good convergence. Since we use this 
augmentation of the plane wave basis, there is no need to introduce 

1 
2 Uideal = -(2 - fi) = 0.293 

= 2 - fi = 0.586 

- u, 

(20) The LAPW method has been introduced by Marcus and Andersen: 
Marcus, P. M. Int. J .  Quantum Chem., Symp. 1967, I, 567. Andersen, 
0. K. Solid Stare Commun. 1973, 13, 133. 

(21) A theoretical and computational description of our LAPW implemen- 
tation has been published: Blaha, P.; Schwarz, K.; Sorantin, P. I.; 
Trickey, S. B. Compur. Phys. Commun. 1990,59,399. The FORTRAN11 
code is obtainable from the CPC Program Library. 
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Figure 2. LAPW energy band structure of TiOl and corresponding 
Brillouin zone. 

pseudopotentials which lead to smoother wave functions. 

as 
The crystal potential (and analogously the charge density) is expanded 

where inside the sphere atomic-like functions (radial functions VLM(r) 
times spherical harmonics YLM(?)) are used, while a Fourier ?present- 
ation describes the potential in the interstitial region (with K being a 
reciprocal lattice vector). Older implementations of the APW or LAPW 
scheme have terminated the expansion (6) after the L = 0 and i? = 6 
terms, so that the potential (density) was of ”muffin-tin” form (spherical 
average inside the sphere and constant outside). This approximation 
neglects all nonspherical contributions to the potential and is only tol- 
erable in close-packed structures, but certainly not for rutile-type com- 
pounds. We, however, use the fully expanded potential representation 
(eq 6), commonly called “full-potential”, which is obtained from the 
charge density by solving Poisson’s The wave functions in 
turn are calculated by the LAPW method for a given potential and yield, 
by summing their squares over the occupied states, the charge density 
again. This iterative process is repeated till energy eigenvalues and the 
total energy of two consecutive iterations agree within 0.1 mRy and other 
convergence criteria (partial charges, electric field gradients) are stable 
at least to within l%, so that “self-consistency” is achieved. This pro- 
cedure makes the results independent of the starting values for ionicities 
and potentials. Today, self-consistency treatment and the use of a full 
potential are known to be essential for an accurate band structure cal- 
culation. None of the theoretical work mentioned in the Introduction met 
all these requirements. 

In spite of the computational considerations mentioned above, there 
is at least one fundamental approximation we cannot avoid making even 
in the full-potential LAPW code. This is the reduction of the many-body 
problem we have to solve to an effective one-particle formalism by the 
local-density approximation (LDA). The LDA allows us to describe the 
nonclassical effects of exchange and correlation but restricts investiga- 
tions to ground-state properties. This is not a severe restriction for the 
present study, in which we are mainly interested in charge densities, 
lattice geometries, and structure factors. The LAPW method is among 
the most accurate schemes to obtain results within the LDA framework. 
4. BondingMechanism 

Each of the five compounds we have investigated has special 
chemical and physical properties: (i) We have chosen rutile Ti02 
because it is insulating and the archetype of the structure. (ii) 
Rutile-type VOz exists only above 341 K and is a poor metal; at  
341 K it undergoes a phase transition to a monoclinic, semicon- 
ducting modification. (iii) CrOl is a ferromagnetic metal; earlier 
studies (Schwarz“) predicted Cr02 to be a “half-metallic 

(22) Wcinert. M. J.  Math. Phys. 1981, 22, 2433. 
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Figure 3. Density of states (DOS) for Ti02 and Ru02. 
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Figure 4. Decomposition of the Ti02 density of states (DOS). The DOS 
is decomposed into Ti eg, 0 px + pz, and Ti t2g + 0 pv contributions, 
which are normalized to one atom. 

ferromagnet”, which means it is metallic for spin-up but semi- 
conducting for spin-down electrons. (iv) Ru02 has been chosen 
as typical metallic compound of the 4d series. (v) ZnF2, an 
insulator, has been selected to investigate a (1I)fluoride and a 
closed d-shell system. 

4.1. Band Structure and Density of States. The basis of our 
interpretation is the density of states (DOS) from which we will 
draw conclusions about the orbital interactions between the atoms. 
These interactions will be characterized in the form of molecular 
orbital diagrams (MO diagrams). We will use these illustrations 
intensively in our discussion, because they transfer the discussion 
from the reciprocal space of band structure to the -more chemical” 
direct space of the crystal lattice. 

Figure 2 shows the energy bands of TiOz with three groups of 
bands: (i) the low-lying states around -12 eV coming from the 
oxygen 2s orbitals, (ii) the bands between 0 and 5 eV originating 
mainly from oxygen 2p orbitals, and (iii) the bands above the 
Fermi energy dominated by contributions from titanium 3d or- 
bitals. The corresponding densities of states for all four (1V)oxides 
studied here are rather similar. As an example the DOS’s for 
Ti02  and Ru02 are shown in Figure 3. The similarity in the 
DOS’s is a strong indication that the (1V)oxides follow analogous 
bonding mechanisms despite their very different properties (the 
quite different DOS of ZnFz in Figure 9 will be discussed later). 
We have chosen the Ti02 DOS for the detailed investigation below, 
but the other (1V)oxide DOS’s would give similar results. 

The decomposition of the total TiOz DOS into contributions 
from the metal d and ligand p orbitals gives further information 
about orbital partnerships in the bond formation (see Figure 4). 

The u- and *-bonds require proper spatial orientation of the 
involved atomic orbitals. We make this obvious statement ex- 
plicitly, since the coordinate systems, in which the p and d orbitals 
are defined, are nontrivially oriented with respect to the crystal 
axes. The coordinate systems of titanium and oxygen do not 
coincide, and both differ from that of the global crystal (unit cell). 
Inside the titanium sphere we have chosen the orientation typical 
for ligand field theory where the axes point from the central atom 
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to the six ligands, while at the oxygen site only the z axis (in the 
negative direction) is directed toward a titanium neighbor. Both 
’ I d ”  coordinate systems are shown in Figure 13 of the Appendix. 

The TiO, DOS (Figures 3 and 4) is clearly separated into four 
main peaks which are labeled according to their predominant I 
character as mentioned above in the description of the hand 
structure: (i) the oxygen “s states” around -1 1 eV; (ii) the oxygen 
“p states” below EF; (iii) the titanium It2, states” centered at 8 
eV; (iv) the titanium -e, states” at 11 eV. The Fermi energy falls 
in the direct gap between the oxygen p and titanium t2, states. 

4.2. MO Diagram The splitting of metal d states in a tD and 
e region is to be expected in an octahedral ligand field. We have 
sfiown above (“Structure* seaion) that the octahedron in the rutile 
structure is not perfect, since u and c ia  differ from the ideal values 
of eqs 4 and 5 .  Nevertheless, it is more convenient to label the 
DOS acmrding to the well-known symmetry classification of to/e, 
rather than to the (lower) actual point group symmetry. The 
titanium DOS above the Fermi energy shows that the classification 
according to these two symmetries is justified, since the tZ8 DOS 
contains only a small admixture from the e, symmetry and vice 
versa; furthermore, the broadening influence by the oxygen in- 
teraction is small. The mixing between titanium and oxygen 
orbitals gives us some insight into the bond formation: the t,, 
states indicate strong interactions with the oxygen p, states, while 
the p. and p. states dominate in the e, region. 

The interpretation is made much easier by considering hy- 
bridization: In the rutile structure the oxygen atoms are sur- 
rounded by three metal atoms, yielding a MIX cluster. This MJ 
cluster has a perfectly planar geometry with two identical bond 
angles of about 130° and one angle of about 100’ (called w; cf. 
Figure IC). Geometries like this call for an sp’ hybridization of 
the central X atom to form three a-bonds (from px and p,) in the 
plane and one u-bond (from p,) perpendicular to the plane. 

For the metal atom the following hybrids are useful: (i) The 
metal e, orbitals are combined with s and p functions to form six 
hybrid orbitals egp’ pointing toward the ligands, so that u-bonding 
with ligand sp’ orbitals is expected. (ii) From the three orbitals, 
two, namely d,. and d,, (Figure 13), are added and subtracted 
to yield one hybrid orbital (dXz+,J perpendicular and one (duyJ 
parallel to the [Ool] plane: the latter has a node in the base plane 
of the octahedron and is properly oriented to yield a u-bond with 
the p, orbital of the apical oxygen; the other combination (d*,J 
lies in the [IIO] plane and could lead to a u-bond with the px 
orbital of the apical oxygen, hut this bond turns out to be weak. 
This comes about since the oxygen px orbitals are mainly engaged 
in u-bonds with the e, hybrids. The ligands of an octahedral MX, 
cluster normally are involved in two u-bonds (px, p,) and one 
u-bond (p,), while, in the rutile type solids or a M,X cluster, the 
formation of one u-bond (from ligand p, and metal t2,) and two 
0-bonds (from ligand px and pz and metal eisp]) is preferred. This 
surprising result of a reduced ligand u-bonding is caused by the 
crystal environment of the ligands, where they have three bonding 
partners. The chemical formulas of the cluster and the unit cell, 
MX, and M2X4, respectively, express most easily the different 
cmrdination of the anions and the related shortcoming of a simple 
MX, picture. In the solid, it is at least necessary to consider the 
bonding in the M,X cluster as well as that in the MX, cluster. 

The anionic preference of u-bonding must have effects on the 
three metal t,, orbitals: only d,+yx has a *-bonding anionic 
counterpart, while the d, I and d, either are nonbonding or 
interact with the corresponding metal orbitals a lattice vector (0, 
0, e)  apart. The overlapping d, and dxryz orbitals will give one 
u-type and one u-type metal-metal bond along the shared edges 
of the octahedra. Their bond strengths are expected to be low, 
because of the large metal-metal distance. 

We will now present a molecular orbital scheme for the ru- 
tile-tvue oxides which considers all bonding effects discussed so 
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far (;;e Figure 5 ) .  
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We have alreadv wlit the degenerate atomic d levels of titanium 
into hybridized ta Hnd e, stateswhich makes Figure 5 more clearly 
structured. There is evidence from Figure 4 that the oxygen p, 
orbitals are partly nonbonding, judged by its DOS, since there 
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Figre 5. Molecular orbital ,theme for a ruulc-type (1V)orldc M20r. 
Thc energy levels occupied by TO2 arc rcprcscntcd by gray shadings 
The cuardinauon system u u d  fur the Atom, arc shown in Figure 13 

[IWl 
I 

IO101 - (d 
Figure 6. Electron densities of three Ti02 band states at the z point Z 
(0.0, r/c) at one boundary of the Bdlouin zone: (a) valenceband state 
no. 5. in the (li0) plane; (b) valenceband state no. 11, in the (110) plane; 
(c) valence-band state no. 13, in the (002) plane. The contour values 
range from 0.05 to 0.75 e A-’ with an increment of 0.1 e A-’. 

is a sharp peak at the upper edge of the p states. This peak is 
rather broad in Ti02  but is sharper in the other (1V)oxides. 

The MO scheme of Figure 5 is of course only qualitative and 
cannot give a full description of the bonding variety in a solid. 
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Figure 7. Spin-polarized CrO, density of states (DOS). The narrow 
oxygen s states at -12 eV are not shown. 

However, the MO scheme gives a very instructive description of 
typical DOS features. Additionally, it enables us to classify the 
DOS according to its bonding, antibonding, or nonbonding 
character, features which will be used to estimate the lattice 
geometry of the rutile-type compounds in the following section. 

4.3. Electron Densities. The MO scheme is illustrated by 
showing (Figure 6) the electron densities of selected band states 
of TiO, at the Z point (0, 0, A/C) in the Brillouin zone. In this 
case the mixing between different atomic orbitals is relatively low 
because of the high symmetry of the Z point, so that bonding 
interactions can be easily classified. 

Parts a and b of Figure 6 correspond to band states from the 
low-energy region of the p bands and show the axial and equatorial 
titanium-xygen a-bonding just as formulated in the MO scheme. 
The plot in Figure 6c has been calculated from a band state at 
the upper edge of the p bands and shows the postulated titani- 
um-oxygen r-interaction. Examples for all other bonding types 
found in the MO scheme could also be given. 

4.4. Fermi Energy Positions. The very different electrical 
conductivities4 of the rutile-type oxides are easily explained by 
the calculated positions of the Fermi energies EF: 

(i) TiO, is a very stable compound and is insulating, because 
the Fermi energy falls in the large gap between the oxygen p and 
titanium tzg bands. The MO scheme indicates that all occupied 
states are bonding. 

(ii) The Fermi energy of VO, lies within the sharp peaks of 
the tz8 states, and therefore VO, is metallic. The high DOS value 
at EF indicates why tetragonal V 0 2  is close to a structural in- 
stability leading to a monoclinic modification. 

(iii) Ru02 is a metal with a Fermi energy in the tzr range of 
the DOS, analogous to VO,. However, in contrast to V02, RuO, 
is a stable compound, since the Fermi energy falls in the relative 
minimum of the DOS between peaks originating from rutheni- 
um-oxygen A and A* states (Figure 3). 

(iv) Paramagnetic CrO, would have a Fermi energy positioned 
in a peak of the tzr states, as in VO,. Instead of undergoing a 
phase transition in order to avoid this high DOS, a highly unstable 
situation, Cr02 becomes ferromagnetic with a moment of exactly 
2 pB23 The two cases TiO, and RuO, show stable configurations 
where, in the former case, all states up to bands of predominantly 
oxygen p character are occupied, while, in the latter case, the states 
of tze symmetry are filled up to the pronounced minimum occurring 
in its DOS. We have found that CrO2 adopts both situations by 
spin polarization, so that the spin-up DOS (Figure 7) closely 
resembles that of metallic RuO,, while the spin-down DOS is 
comparable to that of insulating TiO, (so-called half-metallic 
ferromagnet). 

Spin-up and spin-down states of chromium are shifted by the 
exchange-splitting against each other till the local minimum of 
the spin-up t2g DOS falls within the gap of the spin-down DOS 
between the oxygen p and the chromium tzg states, respectively. 
The gap in the spin-down DOS around the Fermi energy leads 

(23) Kubota, B. J .  Phys. Soc. Jpn. 1960, 15, 1706. 
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Figure 8. Valence electron densities in the (170) plane: (a) TiO,; (b) 
Cr02 (spin-down); (c) RuO,; (d) Cr02 (spin-up). Contour values range 
from 0.2 to 1.4 e A-3 with an increment of 0.2 e A”. 

to 100% spin polarization at EF, and the fact that the spin-down 
t states remain unoccupied leads to an integer magnetic moment 
072 pB. The similarity of the two CrOz spin subsystems to those 
of TiO, and RuO, is illustrated by Figure 8, where we have plotted 
the valence electron densities of TiO, (Figure 8a) and RuO, 
(Figure 8c), which should be compared to the CrO, spin-down 
(Figure 8b) and spin-up (Figure 8d) density. 

Our results c o n f m  the earlier calculations by Schwarz,14 who 
predicted that CrO, is a “half-metallic ferromagnet”. For a 
comparison with experimental data see section “Comparing Theory 
with Experiment”. 

Besides the similarity to CrO, discussed above, parts a and c 
of Figure 8 show a remarkable change in symmetry of the electron 
densities going from Ti0,  to RuO,. In TiO,, the density has 
mostly pure eg character, while the valence density of Ru02 is 
dominated by t2B symmetry. This change is induced by the ad- 
ditional occupation of ttg states in Ru0,. 

4.5. The Fluoride ZnF,. The present LDA calculation predicts 
a gap of about 4 eV for zinc(I1) fluoride, ZnF, (see the discussion 
of LDA gap values in the section “Comparing Theory with 
Experiment”-TiO,). Since this gap is large, the DOS of the 
unoccupied states is not shown in Figure 9. 

The most significant features of the ZnF, DOS are illustrated 
by showing the /decomposed DOS in Figure 9: the zinc to states 
(centered at about -3.5 eV) and the fluorine p,, states (at about 
-1.4 eV) give rise to sharp peaks in the corresponding DOS, which 
do not overlap or strongly mix and therefore originate from mostly 
nonbonding orbitals. This weakening of covalency compared to 
the (1V)oxides is caused by the much smaller polarizability of F 
with respect to 0,- and by the reduced spatial extension of the 
fluorine orbitals in comparison to those of the oxygen ligands. This 
higher localization of the fluorine orbitals primarily reduces the 
r-interaction between zinc and fluorine. Orbitals, which are 
ncbonding in the (IV)oxides, form essentially nonbonding states 
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F i i  9. Demmposition of the ZnF, density of states (DOS). The total 
DOS (lower window) is decomposed into Zn e, + ty and F p, wntri- 
butions (upper window), which are normalized to one atom. The narrow 
fluorine s states at -21 eV are not shown. 

drz+dyz - -  

PY 

PX.PZ 

IO. Molecular orbital scheme far mc(ll) fluoride. The cnmgy 
leycli wcupied by ZnF, arc reprerentcd by gray shadings. The axrdi-  
nation systems ~ s d  for Ihc atoms arc shown i n  Figure 13 

in the (I1)fluorides. By taking these considerations into account, 
we can modify the MO scheme of the (1V)oxides to ZnF, (see 
Figure IO). 

The fluorine p orbitals are fully occupied. since they are ea- 
sentially nonbonding, as shown i n  the MO scheme of Figure IO. 
The p, and the p. orbital, however, interact strongly with zinc ei 
states, thus giving bonding and antibonding a states, where the 
latter are only partly occupied. This situation leads lo a much 
higher p, charge in comparison to the p symmetries observed in 
the (1V)oxides. This difference in occupation numbers causa an 
sphericity in the valence electron density of ZnF,, which can best 
be demonstrated by plotting deformation densities with respect 
to superposed free a tom. Thc higher occupation of the p,orbitals 
can be clcarly obscrved in Figure I IC for ZnF,, while the p. and 
p, symmetries dominate for TiO,, as can be seen in Figure 1la.b. 
5. LatticeCeometry 
As already pointed out. the rutile lattice is completely described 

by the lattice parameter a, the c /o  ratio. and the internal coor- 
dinate u. We will refer to these parameters simplv as ‘lattice 
geometry“. 

IlWl 
I 

T i 4  (b) IOLOl- 

IlWl 
I 

7iF ,  (#.) ~0101- 

Figure 11. Deformation densities of TiO, and ZnF,. The deformation 
densities are defined by the LAPW crystal density minus the density of 
superposed free atoms (Ti 4s2, 3d2; 0 2s‘. Zp‘; Z n  4s2, 3d’O; F Zs’, Zp’): 
(a) TiO,, in the (1 10) plane; (b) TiO,. in the (002) plane; (c) ZnF,, in 
the (002) plane. Dashed contours indicate negative densities, the zero 
wntour is dotted. and full contours represent positive densities: the wn- 
tour values range from -0.2 to 0.2 e A-3 with an increment of 0.05 e A-3. 

So far, several attempts have been made to give an estimate 
of the lattice geometry of a compound within the rutile family. 
The simplest but also the most general idea was put forward by 
O’Keeffe,N who suggested that (ionic) crystals tend to maximize 
the unit cell volume s2 under the constraint of a fmed cationanion 
distance. OKeeffe expressed fl as a function of u only, which 
is possible by setting d. equal to de He then calculated the 
“maximum-volume structure” of the rutile lattice by maximizing 
fl with respect to I(. He thus obtained u and c /o  values of 0.300 
and 0.632, which are both near the observed values. Baurl tried 
to relate a mean metal-anion distance and u to the c /o  ratio. 
However, the only trend he could d d b e  concerns the main-group 
(IV)oxides, for which the mean metalanion distance increases 
with cia. A more successful approach was that of Rogers et al.: 
who plotted the c /o  ratio of the 3d, 4d, and 5d (1V)oxides against 
the number of metal d electrons nd. Their plot shows approxi- 
mately the same variation with c /a  for each d series. At the 
beginning of a d series, there is always a deep minimum in c/a  
(at nJd = 1, nu = 3, and nu = 2) which is immediately followed 
by the maximal c /a  value (at n3d = 2, nu = 4, and nSd = 4). 
Rogers et al. ascribed this trend to the varying occupation of the 
bonding or antibonding metal-metal states, respectively, as 
governed by the number of d electrons. 

These examples clearly indicate that lattice geometry is not 
o led by one effect only. OKeeffe’s principle works quite nicely, 
because it includes both electrostatics and covalency. His pro- 
cedure reduces the electrostatic anion-anion repulsion by max- 
imizing the unit cell volume hut maintains covalent interactions 
by keeping cation-anion distances fixed. Interpretations based 
solely on a MO scheme can only partially answer the questions 

(24) OKceffe, M. Acto Crystdogr. 1977. A H ,  924. 



Chemical Bonding in Rutile-Type Compounds 

about lattice geometry, since the influence of electrostatics is 
completely neglected. We take rutile as an example: all occupied 
states in the MO scheme of TiO, are bonding, suggesting that 
in this case there should be the shortest metal-oxygen distances 
d, and de within the 3d (1V)oxides. Since this is not the case, 
it further underscores the importance of electrostatic repulsions 
between neighboring anions. Repulsion tends to increase spacing 
between anions, thereby yielding small u coordinates and an 
enlarged de metal-anion distance. This “electrostatic” effect is 
most pronounced in TiO,, where the ionic character is highest 
within the 3d (1V)oxides. 

5.1. Understanding the c / a  Ratio and Bond Lengths. Apart 
from the limitations mentioned above, the MO model remains 
a useful tool for tracing trends in the properties of the rutile-type 
compounds. Our density of states corroborates the idea of 
MarinderZ5 and Rogers: namely that changes in the c/a ratios 
depend on the formation of metal-metal bonds. The following 
survey discusses these aspects of lattice geometry as related to 
certain types of occupied states within the MO scheme of Figure 
5. 

We have already shown that a perfect octahedral symmetry 
of the Ti06 units would yield a very unfavorable oxygen coor- 
dination in the planar Ti30 units with bond angles of 90° and twice 
135O. An improvement of this anionic coordination toward the 
preferred bond angles of 120° of the ideal sp2 symmetry can be 
achieved by increasing either the c /a  or u value over the (c/a)ideal 
or I(idal value (cf. eqs 5 and 4), however with totally different 
effects on both Ti-O distances: an increase of c/a enlarges de, 
while an increase of u reduces de and enlarges d,. The lattice 
geometry is determined by both mechanisms. From the experi- 
mentally observed relation d, > de, we find that the increase due 
to u is more important than the increase by c/a. Thus the two 
axial T i 4  u-bonds inside the octahedra are weakened while the 
four equatorial Ti-0 u-bonds are strengthened. 

VO, is the first compound in the 3d series where metal-metal 
bonding occurs. This metal-metal interaction is bonding and leads 
to a remarkable shortening of the crystal c axis. The corresponding 
reduction of the c/a ratio makes the relation d, > de even more 
distinct. 

The lattice geometry of CrO, is determined by metal-metal 
bonding as in VO,, but the higher electron count causes the 
interaction to become an antibonding and repulsive one. Therefore, 
the c / a  ratio is increased with respect to TiOz to the extent that 
we find for the metal-ligand distances d, < de. 

Within the 4d series there are enough electrons from RuOz 
upward to exhibit a full occupation of the antibonding metal-metal 
states, leading to a very high c / a  ratio and a de distance which 
is unfavorably large. A reduction of de by increasing the u co- 
ordinate does not work, since it would enlarge the d, spacing as 
well as strengthen the electrostatic repulsion by lowering the 
oxygen-oxygen distance. In order to avoid this unfavorable effect, 
the lattice parameter a is decreased to increase the c/a ratio. The 
a value in RuOz is even smaller than that in TiO, or VOz. 

In ZnF,, electrostatics is more important than it is in the 
(IV)oxides, since covalency is reduced. A small u coordinate 
allows the lattice geometry to avoid a close contact of the fluorine 
atoms at  the shared edges of the octahedra. The occupied an- 
tibonding metal-metal states cause the large c / a  ratio. 

In spite of the trends discussed so far, we find that the c/a ratio 
and the u coordinate are not the proper parameters to establish 
an explicit relationship between chemical bonding and lattice 
geometry. Both lattice parameters are well suited for a geometrical 
description of the lattice but cannot be assigned exclusively to 
certain bonding effects. In the previous section, we showed that 
the observed lattice geometry is the best compromise optimizing 
different structure units. The geometrical constraints of these 
units were noted as follows: (i) approximately equal bond angles 
in the planar M3X units; (ii) short metal-anion distance d,; (iii) 
short metal-anion distance de; (iv) a large ligand-ligand spacing 
to minimize the electrostatic repulsion along the shared edges of 
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Table 11. Influence of Six Lattice Geometry Constraints on the 
Lattice Parameters a and c, the c/a  Ratio, and the Internal 
Coordinate ua 

geometry constraint influence on lattice parameter 

w - 1200 c/a  large u large 
M-X: d, min a small c/a  large u small 
M-X: de min a small c small u large 
X-X: max a large c/a  small u small 
M-M: min c small c /a  small 
base plane - quadratic a large c small c/a  small 

“ w  is the bond angle shown in Figure IC; M-X, X-X, and M-M 
symbolize interatomic distances (where M stands for metal and X 
stands for ligand atom); the base plane is formed by the anions at  (1 f 
u, 1 f u, 0) and at  (1 f u, 1 f u, 1). 

the octahedra; (v) a short crystal c axis to increase metal-metal 
bonding; (vi) a small rectangular distortion of the octahedral base 
plane to provide the geometry for a good metal-ligand u-inter- 
action. 

Table I1 summarizes the influence of these six effects on the 
c/a ratio and the internal coordinate u. 

In Table I1 all covalent interactions have been assumed to be 
attractive. This is a considerable simplification, since antibonding 
states will be occupied by higher electron counts and formerly 
attractive interactions will become repulsive ones. Even with this 
simplification, the variety of competing effects in Table I1 interdicts 
conclusions about chemical bonding from the c/a and u values. 
This is why Baur‘ could not establish a c / a  dependency of u and 
why he could not find chemically related compounds to follow 
a universal curve. 

5.2. Ab Initio Determination of the Internal Coordinate u. In 
contrast to the MO model, the LAPW method includes all types 
of interactions in the electronic potential. Minimizing the total 
energy E,,, with respect to a given structural parameter allows 
us to determine this parameter from first principles, and even 
quantitatively. This is a clear advantage of the total energy concept 
over the previous estimates derived from the MO picture. There 
is, however, the disadvantage that the interpretation is more 
difficult, since the relation between structural parameters and the 
various interactions, which are all included in the electronic po- 
tential, is no longer explicit but merely implicit. 

We have chosen the internal coordinate u of TiOz to be de- 
termined by a total energy2lVz6 minimization, keeping the cell 
dimensions ( a  and c) fixed. We have performed a series of five 
self-consistent calculations for selected u values. The resulting 
function E,,(u) shown in Figure 12a has been fitted by a quadratic 
polynomial. From this fit we have analytically derived the energy 
minimum and the corresponding u value umin of 0.3064. 

There is a very satisfying agreement between our calculated 
umin value of 0.3064 and the experimental value5 of 0.305. 

Up to now two similar attempts to determine u have been made 
by Burdett13 and by Glassford et a1.16 Burdett’s very interesting 
paper deals with the overall stability of the rutile structure and 
its distorted variants. By means of a total energy minimization 
(applying the extended Huckel method) he has determined a umin 
value of 0.297 for TiOZ. Deviation from experiment is relatively 
large, especially considering the sharp rise of his total energy 
function when deviating from the optimum u value. A population 
analysis of Burdett’s wave functions points to the basic shortcoming 
of his model: the overlap population corresponding to the short 
equatorial T i 4  bond is sma3er than that of the long axial Ti-O 
bond, in contrast to expectations. The augmented plane wave basis 
used in our calculations does not allow us to uniquely determine 
overlap populations. We have tried to estimate the equatorial and 
the axial T i 4  bond charge by analyzing the partial charges within 
the titanium sphere. The titanium eg charge can be decomposed 
into the two components of dz2 and d,2+ symmetries, which 
represent approximately the axial and equatorial bond charges. 
Figure 12b shows how these partial charges and the bond lengths 

( 2 5 )  Marinder, B. -0 . ;  Magneli, A. Acra Chem. Scand. 1957, 11, 1635. (26) Weinert, M.; Wimmer, E.; Freeman, A. J. Phys. Reu. 1982, B26.4571. 
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Figure 12. Dependency of TiO, properties on the internal coordinate u: 
(a) total energy of TiO, (shifted by +4007.3 Ry) as a function of u 
(dashed function fitted to the five E,,(u) values marked with circles); (b) 
titanium eg charge and Ti-0 distances d,  and d,  as fiinctions of u (u* 
is the u value to give d,  = d e ) .  

d, and d, vary with u: increasing u above u* causes d ,  to rise 
and de to fall, while the related bond charges increase when the 
corresponding bond length is decreased. For u* (where d, = de) 
the d,L$ equatorial charge is already greater than the axial one, 
so that the equatorial bond is favored and will be the shorter in 
the actual structure. 

The ab initio calculations of Glassford et a1.I6 are based on the 
pseudopotential method and the local-density approximation. In 
the determination of u they follow the general approach of min- 
imizing the total energy. In addition to u, they have calculated 
the lattice parameters a and c and the bulk modulus and its 
derivative, as well as the cohesive energy. Glassford et al. have 
found a umin value of 0.3048, which is in excellent agreement with 
diffraction meas~rement ,~,~ while the theoretical lattice parameters 
a and c are larger than the experimental ones, but by less than 
2%. This deviation has been observed in many other calculations, 
although it is unusual that lattice parameters determined by LDA 
calcdations are larger than those found in experiments. 
6. Comparing Theory with Experiment 

In this section, we compare the results obtained from ab initio 
calculations with various experimental data. Since we use the 
local-density approximation, which is only valid for ground-state 
properties, we are especially interested in experiments providing 
information about the electronic ground state of a crystal. This 
type of result can be obtained by X-ray, y-ray, or neutron dif- 
fraction as well as by measuring the electric field gradient. (The 
latter topic will be published separately in a forthcoming paper.) 
All other experiments referred to in this section, such as photo- 
electron spectra or optical reflectivity measurements, involve 
electronic excitations, which can only be approximately estimated 
from our ground-state LAPW results. 

We will focus our discussion on the archetype TiO, and on the 
probably technologically most interesting compound, CrO,. 

6.1. TiO,. The lattice parameters and the charge density of 
TiOz have been intensively studied by diffraction experiments. 
Restori, Schwarzenbach, and SchneiderS collected highly precise 
X-ray data sets for three single crystals at  100 and 295 K. They 
studied very carefully the influence of various data refinement 
procedures on the resulting static structure factors and deformation 
maps. To minimize scaling errors in the refined X-ray intensities, 
they measured five low-order y-ray structure factors on an absolute 

Table 111. Calculated Low-Index (Static) LAPW Structure Factors 
of Rutile-Type TiO,, VO,, Cr0, (Spin-Up), CrO, (Spin-Down), 
RuO,, and ZnF, (in Electrons) 

hkl TiO, VO, CrO,t CrO,l RuO, ZnF, 
110 
101 
200 
111 
210 
21 1 
220 
002 
301 
400 
3 30 
004 

37.76 
23.61 
13.57 

12.23 
30.67 
35.33 
38.70 
34.33 
22.28 
27.10 
21.85 

-18.93 

39.69 
25.48 
15.51 

-18.49 
12.06 
31.90 
36.46 
39.31 
35.25 
23.25 
27.80 
21.99 

22.20 19.06 
15.28 12.60 
9.84 7.27 

-9.19 -9.45 
5.69 5.74 

17.42 15.92 
19.76 18.34 
21.24 20.15 
18.47 17.52 
12.76 12.02 
14.36 13.79 
11.50 11.40 

77.57 55.06 
62.01 39.82 
50.77 26.56 

-18.74 -23.27 
12.11 14.30 
64.25 47.70 
67.48 53.85 
72.95 59.12 
65.15 51.73 
50.50 36.67 
54.80 40.81 
46.63 31.72 

scale and thus determined an experimental scale factor. The values 
of the structural parameters a, c, and u found by Restori et al. 
are given in Table I; they have been the basis of our Ti02  cal- 
culation. Unfortunately these investigations of Restori et al. 
indicate a strong influence of the applied refinement procedures 
on the deformation maps. The only features common to all maps 
are (i) nearly identical charge maxima of about 0.25-0.3 e A-3 
in both Ti-0 bonds, where the slightly higher values are located 
in the longer axial bond d,, and (ii) a negative deformation density 
at the Ti sites, directed along the crystal c axis. Figure 1 la  shows 
the deformation map generated from the LAPW electron density. 
In agreement with Restori et al., we find positive charge maxima 
in both T i 4  bonds and a negative deformation density elongated 
along the c axis at the Ti sites. However, our charge maxima have 
a value of about 0.20 e A-3 and occur in the short equatorial T i 4  
bond. 

Another data set of TiO, X-ray intensities was collected by 
Gonschorek.6 He investigated four rutile single crystals at  room 
temperature on an absolute scale. The analysis of his electron 
density shows maxima for the short equatorial T i 4  bonds in 
agreement with our deformation map, but the axial bond does 
not show a relative maximum at all. In a neutron diffraction study 
Gonschorek7 determined the internal coordinate u of TiOz and 
found a value of 0.3048, in very good agreement with the result 
of Restori et al. 

The bonding mechanism presented above gives no reason for 
a higher electronic charge at the longer bond distance. Therefore, 
we believe our results to be closer to reality than that of Restori 
et al. Table I11 lists selected static structure factors of TiO, and 
the other compounds, calculated as the Fourier transform of the 
LAPW charge density. 

Since the static structure factors of Restori et al. depend so 
strongly on the refinement model used, we did not compare our 
results in Table I11 with one of the refined experimental data sets. 

Kowalczyk et al.27 studied the valence-band DOS of insulating 
oxides by X-ray photoelectron spectroscopy (XPS). In the case 
of TiO,, he found a valence bandwidth of 5.4 eV. In the ter- 
minology of this paper Kowalczyk's valence bands are called the 
anionic p bands and they have a width of about 5.7 eV (Figures 
3 and 4). Kowalczyk reported an energy separation of 1.9 eV 
between "the two major features in the valence band". We cannot 
locate such a double-peak structure, since our LAPW DOS 
consists of many peaks in the p region which are of comparable 
size. The same difficulty arises for us to locate a 15.0-eV sepa- 
ration between the oxygen 2s peak and the more tightly bound 
peak of his valence-band doublet. We can only give a lower and 
an upper limit of 11 and 17 eV, respectively, for this transition 
by taking the distance between the LAPW s peak and the be- 
ginning and end of the p bands. 

A comparison of our full-potential LAPW results with the 
pseudopotential (PP) calculations of Glassfort et a1.I6 shows good 
correspondence between both ab initio band structures. The s and 
p bandwidths (1.8 and 5.7 eV) agree exactly, while the separation 

(27) Kowalczyk, S. P.; McFeely, F. R.; Ley, L.; Gritsyna, V. T.; Shirley, D. 
A. Solid State Commun. 1977, 23, 161. 
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of the s band center from the Fermi energy (LAPW 17.3, PP 17.0 
eV) and the conduction bandwidths (LAPW tzr/er 2.6/2.9, PP 
taleg 2.9/3.3 eV) differ only slightly. Both calculations under- 
estimate the experimental band gap of 3 .O eVZ8.29 considerably 
(LAPW 1.5, PP 2.0 eV), an effect which is induced by the 
l d d e n s i t y  approximation. In LDA calculations the Kohn-Sham 
eigenvalues (band energies) rigorously do not represent excitation 
energies. Furthermore, there is a fundamental difference between 
occupied and unoccupied states, which are treated the same in 
LDA but correspond to an N versus N - 1 electron system. If 
one insists on using the LDA energies to estimate the gap, it is 
well-known that this procedure often leads to only about half the 
experimental gapsM Burdett13 and earlier Grunes31 et al. have 
shown that extended Hiickel calculations, which are not based 
on the LDA, can predict the energy gap of TiO, to be 2.8 eV. 

The discrepancy between LAPW and pseudopotential results 
is probably caused by different exchange-correlation potentials 
(LAPW &din -L~ndqv i s t ,~~  PP Ce~erly-Alder~~) and by the 
minimal k point set used in the pseudopotential calculation (one 
special point). The LAPW band gap is a direct one and occurs 
at r; an indirect gap, however, between r and M is larger by about 
only 0.14 eV. The energy difference between these two gap types 
is near the accuracy of a method based on the local-density ap- 
proximation, so we cannot reliably predict a direct gap. Glassford 
et a1.I6 have reported similar findings and concluded that the 
present theory cannot interfere with the discussion regardless of 
whether TiO, exhibits a direct or indirect band gap. 

6.2. 0,. One of the few experimental data available for CrO, 
are XPS measurements by &per et al.” on polycrystalline CrOz 
films. These measurements are of special interest to us, since the 
photoelectrons were detected to be spin-resolved. The (21-0, films 
were gently cleaned by soft sputtering with a defocused 500-eV 
Ne ion beam. These authors found extremely low spectral in- 
tensities from the Fermi energy down to about 2 eV, where they 
observed 100% spin polarization and the onset of a peak centered 
around 2.7 eV below Ep The shape of this spectrum does not 
agree with our LAPW DOS. Although we also find 100% spin 
polarization in our DOS (Figure 7), it starts at -0.9 eV and extends 
to the Fermi energy. The experimental observation that the 100% 
spin polarization starts 2 eV below EF is in contrast to the LAPW 
DOS. At about 2.0 eV below our Fermi energy, the anionic 
p-band region is situated where no spin polarization is to be 
expected, because magnetism normally originates from the 
transition-metal d electrons. In spite of this discrepancy with 
experiment, we do not conclude that the band picture must have 
failed in the case of CrO, and stress again that the spectrum 
involves excitations which can only be estimated from ground-state 
calculations such as our LAPW results. Furthermore, the low 
intensities at the Fermi energy in the spectra of Kamper et al. 
are in contradiction not only to our band structure but also to the 
metallic conductivity of Cr0,. Further XPS experiments would 
be desirable to clarify this point. 

Chase3s and Di~sanayake~~ carried out polarized reflectivity 
and thermoreflectance measurements on oriented films of CrO,. 
They assigned the structures observed in the spectra to interband 
transitions on the assumption that the energy separation between 
the spin-up and spin-down tZg bands will decrease with increasing 
temperature. They argued that the d bands are split by the 
ferromagnetic exchange interaction, which will break down at 392 

(28) Pascual, J.; Camassel, J.; Mathieu, H. Phys. Reu. 1978, B18, 5606. 
(29) Vos, K.; Krusemeyer, H. J .  J .  Phys. 1977, C10, 3893. 
(30) The band gap problem was first pointed out by: Trickey, S. B.; Green, 

F. R.; Averill, F. W. Phys. Reu. 1973, B8, 4822. A summary of the 
history and references are found in: Perdew, J. In?. J .  Quantum Chem. 
1987, S19,497. 

(31) Grunes, L. A.; Leapman, R. D.; Wilker, C. N.; Hoffmann, R.; Kunz, 
A. B. Phys. Rev. 1982, B25, 7157. 

(32) Hedin, L.; Lundqvist, B. I .  J.  Phys. 1971, C4, 2064. 
(33) Ceperley, D. M.; Alder, B. J. Phys. Rev. Lett. 1980, 45, 566. 
(34) Kimper, K. P.; Schmitt, W.; Giintercdt, G. Phys. Rev. Lett. 1987, 59, 

7 l A A  
(35) chase, L. L. Phys. Reo. 1974, BlO, 2226. 
(36) Dissanayake, M. A. K. L.; Chase, L. L. Phys. Reu. 1981,823, 6254. 
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K due to the ferromagnetic-paramagnetic phase transition of 
CrO,. They found energy separations between the p bands and 
the Fermi energy of 1.5 and 1.8 eV from the static reflectivity 
mea~urements~~ and thermomodulated spectra,36 respectively. If 
we use for these excitations again the LAPW DOS of Figure 7, 
we can estimate from the upper edge of the p bands a lower energy 
limit of 0.9 eV for this transition. The splitting between the spin-up 
and spin-down d subbands amounts to 0.8 eV according to Dis- 
sanayake. The much higher LAPW value of 1.6 eV for the 
exchange splitting at T = 0 K is reasonable, since in the spectra 
(recorded at room temperature) lower spin ordering is to be 
expected. The transition between the occupied oxygen p bands 
and the empty Cr spin-down subbands is e~perimentally~~ found 
to be in the range between 2.7 and 3.1 eV, depending on the 
polarization direction of the incident light beam. One obtains a 
value of about 2.6 eV from the LAPW DOS by taking the sep- 
aration of the upper p edge from the center of the spin-down tZg 
peak. Thus, the agreement between these optical spectra and our 
LAPW band structure is fairly good. 
6.3. Ru02 The electronic structure of RuO, has been in- 

vestigated by Daniels et aL3’ by means of X P S  using synchrotron 
radiation. From the spectra taken at photon energies of 70,90, 
110, and 130 eV, they deduced the existence of four peaks with 
averaged energies of -1.2, -3.8, -5.8, and -7.35 eV, labeled A, 
B’, B, and C. The shape of the spectra resembles clearly our 
calculated DOS. Feature A corresponds unambiguously to the 
DOS peak at 0.9 eV below EF which originates from the Ru tzg 
states. The other features B’-C lie in the range of the oxygen 
p states (1.7-8.3 eV below EF). An assignment to specific DOS 
peaks, however, is difficult to make, since matrix element effects 
would enhance the metal d cross section over that of oxygen p. 
The most prominent oxygen peak within the p DOS is situated 
at 7.2 eV and corresponds most likely to spectral feature C at -7.35 
eV. 

A comparison of our LAPW DOS with the results of ab initio 
calculations of Schwarz3* (by the augmented spherical wave 
method) and Xu15 shows nearly quantitative agreement. Xu et 
al. determined their DOS by means of the self-consistent linear 
muffin-tin-orbital (LMTO) method. By taking matrix element 
effects into account, they calculated a theoretical XPS spectrum 
from their LMTO DOS and found good agreement with the 
experimental data of Daniels et al. Their largest discrepancy 
occurs for the position of the low-energy peak which is predicted 
to be about 0.6 eV closer to EF. 

6.4. ZnF,. Zinc(I1) fluoride has been investigated in an XPS 
study of Kowalczyk et al.39 and in two UPS studies of Pong et 
aLa and Poole et al.41 The agreement between the latter UPS 
measurements and our LAPW DOS is very satisfying. Poole et 
al. recorded the spectra with a photon source of 40.81 eV and an 
instrumental resolution of 0.3 eV. They found an experimental 
valence bandwidth of 6.2 eV, whereas the corresponding LAPW 
bandwidth is 6.0 eV. Their photoelectron spectrum shows a clear 
doublet structure with a peak separation of 3.3 eV. These peaks 
are identified by Poole et al. to originate from the Zn 3d and the 
F 2p states, where the latter were situated at the lower binding 
energy. The same assignment results from the LAPW DOS which 
shows a Zn tzs peak at -3.3 eV and a F 2py peak at -1.2 eV. 
Although the doublet structure is maintained in the other UPS 
and the XPS measurements, these spectra exhibit features not 
observed by Pool et al. The XPS spectrum of Kowalczyk et al. 
shows a very diffuse low-energy peak (labeled e4), while in the 
UPS spectrum of Pong et al. the same peak exhibits a noticeable 
shoulder on the low-energy side. Kowalczyk et al. identified this 
peak as a satellite due to crystal field splitting in the final d9 state 
of ZnF,. Pong et al. concluded that the crystal field splitting was 

(37) Daniels, R. R.; Margaritondo, G. Phys. Rev. 1984,829, 1813. 
(38) Schwarz, K. Phys. Chem. Miner. 1987, 14, 315. 
(39) Kowalczyk, S. P.; Ley, L.; McFeely, F. R.; Pollak, R. A.; Shirley, D. 

A. Phys. Rev. 1974, B9, 381. 
(40) Pong, W.; Okada, S. K. Phys. Rev. 1979, 819, 5307. 
(41) Poole, R. T.; Nicholson, J.  A.; Liesegang, J.; Jenkin, J.  G.; Leckey, R. 

C. G. Phys. Reo. 1979, B20, 1733. 
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Figure 13. Coordinate systems used inside the atomic spheres: (a) metal 
position (b) anion positions (u,  u ,  0) and ( ‘ / 2  + u, ‘ / 2  - 
u,  Since these systems are specific for each position, they are called 
‘local systems” throughout text. 

Table IV. Muffin-Tin Radii RMT of the Atomic Spheres 
atomic sphere RMT, au atomic sphere R M T ,  au 

Ti in T i02  1.810 Ru in R u 0 2  1.830 
0 in T i02  1.810 0 in R u 0 2  1.830 

V in VOz 1.780 Zn in ZnF2 1.8704 
0 in V 0 2  1.780 F in ZnF2 1.8704 

Cr in C r 0 2  1.7946 
0 in CrO2 1.7946 

responsible for the occurrence of the peak shoulder in their UPS 
spectrum. We do not accept this “crystal field splitting” effect 
for two reasons: first, concerning the XPS study of Kowalczyk 
et al., we want to remark that satellite peaks do not fall on the 
low-energy side of the main peak; second, according to an argu- 
ment of Poole et al., a crystal field splitting of the final state should 
give peak intensities approximately invariant to changes in photon 
energy, which is clearly not observed. 
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Appendix 

All calculations were carried out by the Wien LAPW code 
which is obtainable from the CPC Program Library.21 The typical 
input parameters used in these calculations will be given here. 

The number of plane waves in the basis set is_detqrmined to 
meet the empirical convergence criterion that Rmlk + 5-1 should 
be at least 8 (RMT is the raQius of an atomic sphere, k is a given 
Brillouin-zone vector, and K,, is the largest reciprocal wavevector 
used within the basis set). The resulting number of plane waves 
is about 600. The convergence achieved in the eigenvalues is better 
than 0.1 mRy. 

Inside the atomic spheres, the wave function is expanded in 
spherical harmonics Yr, up to 1 = 12. The YM basis set of electron 
density and potential is truncated after L = 4. The number of 
YLM combinations included is minimized42 by choosing coordinate 

systems consistent with the point group symmetry of that atomic 
site. Since these coordinate systems are specific for each atom 
but differ from the crystal axes, we call them “local” systems. 
Figure 13 shows the local coordinate systems of the atomic sites 
(0, 0,O) and (u, u,  0) which correspond to the metal and anion 
positions in the rutile structure. The local titanium system in 
Figure 13 is oriented according to ligand field theory: all axes 
point toward the six oxygen ligands; namely, the x and y axes point 
to the atoms in the octahedral base plane and the z axis points 
to the apical oxygen atoms. The x and y axes, however, are not 
exactly directed toward the oxygen ligands, because of the rec- 
tangular distortion of the octahedral base plane. For the inter- 
pretaticn we use this choice of the axes throughout the text, while 
the calculations are based on the mmm point group symmetry 
of the titanium position: x axis parallel to [TlO], y axis parallel 
to [110], z axis parallel to [OOl]. The local oxygen system shown 
in Figure 13 is identical with the one used in the calculations. 

The radial parts of the wave function, electron density, and 
potential are represented numerically on a logarithmic radial mesh 
In ri = In ro + d(i - 1) with i = 1 .A,,. The largest values (for 
i = i”), the “muffin-tin” radii Rm, are chosen to yield touching 
atomic spheres. Except for the case of Cr02, the total number 
of radii used in the meshes is always 381, the first radius of a mesh 
(i = 1) being 1 X au. For Cr02, i,,, is 331 and ro is 4.654 
X lV5 au. Table IV summarizes the muffin-tin radii for all atoms 
involved in the calculations. In the interstitial region, electron 
density and potential are expanded in a Fourier series with about 
500 K stars. In the energy range of theyalence states, the 
Brillouin-zone integration is based on 24 k points, uniformly 
distributed in the irreducible wedge (IBZ). 

The states below the valence bands down to -5 Ry are not 
sufficiently localized to describe them as core states. We treat 
these “semicore” states (Ti, V, Cr, Zn (3s, 3pJ and Ru (4s, 4p)) 
with additional band calculat,jons.21 Since the k dispersion of these 
states is small, a grid of six k points in the IBZ is sufficient. The 
core states are calculated every iteration (“thawed-core 
approximation”) using the spherical part of the potential. Self- 
consistency is achieved when the total energy of consecutive it- 
erations changes by less than 0.1 mRy. 

In all paramagnetic cases the LDA in the parametrization of 
Hedin-L~ndqvist~~ is used, while for ferromagnetic CrOz the local 
spin density approximation with the parameters of Moruzzi-Ja- 
n a k - w i l l i a m ~ ~ ~  treats exchange and correlation effects. The 
denjity of states is calculated by the tetrahedrpn methodM using 
24 k points except for Cr02, where we use 60 k points in the IBZ. 
Registry No. Ti02, 13463-67-7; V 0 2 ,  12036-21-4; Cr02, 12018-01-8; 

Ru02,  12036-10-1; ZnFz, 77838-49-4. 
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