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Abstract. A study of the electronic structures of Nisi and NiAl employing electron spectro- 
scopies and theoretical calculations is presented. Experimental results, obtained with x-ray 
photoemission and bremsstrahlung isochromat spectroscopy, are interpreted by means of 
density of states and matrix element calculations for the compounds in their real crystal 
structure. This gives a detailed picture of the electronic states over the whole bonding-anti- 
bonding region below and above the Fermi level. Cluster calculations based on a molecular 
orbital approach for NiAl provide further insight into the bonding characteristics of the 
states of various symmetries. We find that the simple d-p-bonding scheme used so far for 
the silicides, in which the metal d states are referred to as ‘non-bonding’, needs revision. 

1. Introduction 

We discuss here the electronic structure of NiAl and NiSi as prototypes for all late- 
transition-metal aluminides and silicides. Recent interest in pd-bonded inter-metallics 
arises partly from the technological importance of the transition-metal silicides [l] and 
aluminides [ 2 ] .  For transition-metal silicides a general picture of the electronic structure 
has emerged over the last few years [3-51. As discussed in the companion paper on the 
4d and 5d silicides [5], the main driving force for the bonding in these compounds is 
thought to originate from strong coupling of metal d with Si p states. This interaction 
substitutes the normal d and sp bonding of the elemental transition metals and Si, 
respectively. Although we shall argue that it is misleading to describe the transition- 
metal d states as ‘non-bonding’, they’ are normally described as non-bonding states, 
positioned between the bonding-anti-bonding d-p manifold [6,7], whereas the Si s 
states form, in most cases, a separated band at the bottom of the valence band [6]. Metal 
sp states are not normally considered extensively in silicides. This scheme has apparently 
been supported by numerous experimental and theoretical studies (for the most recent 
review see [4]). 
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In contrast with the early-transition-metal compounds, for the late-transition-metal 
silicides it is believed that the majority of the transition-metal d states do not participate 
in the bonding because the transition-metal d band is essentially full [3]. However, the 
heat of formation of Ni silicides is quite similar to that of other transition-metal silicides 
[8] so that the bonding mechanism is unlikely to be very different. This is one of the 
points that we discuss in more detail here. 

There are some gaps in our understanding of silicides and aluminides, and one of the 
most obvious concerns the role of the unoccupied states. Experimental spectroscopic 
studies concentrated mainly on the occupied states and even here detailed interpretation 
was hindered because theoretical calculations and matrix element information were 
made more difficult by the complex crystal structure of most of the pd compounds. In 
order to bridge this gap, we have investigated the electronic states employing spectro- 
scopies for the occupied and unoccupied states and interpreted the experimental data 
by means of density of states (DOS) and matrix element calculations for the compounds 
in their real crystal structure [9]. This allows assignment of the spectroscopically observed 
features in terms of a one-particle DOS and analysis of the spectral distribution in relation 
to the states of symmetry involved in the bonding. 

We present here results of our x-ray photoemission spectroscopy (XPS) and 
bremsstrahlung isochromat spectroscopy (BIS) investigation for the late-3d transition- 
metal compounds, NiAl and Nisi. Numerous older investigations already exist for NiAl 
([lo-131 and references therein) owing to the relatively simple CsCl crystal structure 
whereas, for Nisi with its complicated MnP structure, only a few studies exist so far 
[7,14-171. Our purpose in the present paper is to discuss the spectroscopic results 
for aluminides and silicides within the same conceptual framework for the electronic 
structure and to use the high symmetry of the NiAl lattice to perform a molecular orbital 
calculation of NiAl clusters to probe the detailed character of the bonding interaction 
in both compounds. Accordingly our work is divided into several steps: first, we give a 
theoretical analysis of experimental spectra in terms of the site- and symmetry-related 
partial DOSS; then we discuss the results by assignment of the spectral distribution in 
terms of bonding states; finally, we analyse the interactions by addressing the basic 
questions concerning the character of the ‘non-bonding’ metal d states and the involve- 
ment of the A1 (Si) s states. 

2. Experimental details 

These are identical with those given in the companion paper [5]. 

3. Computations 

The theoretical band-structure results have been calculated using the local form of 
density functional theory. The self-consistent potential for NiAl in the CsCl structure 
was constructed from the linear band structure using the augmented spherical-wave 
(ASW) method as described in [18]. Accurate bands were then calculated from the 
augmented plane-wave method and the Brillouin zone integration necessary to obtain 
symmetry- and site-projected DOSS was performed using the tetrahedron method with 
756 tetrahedra in the irreducible zone. For Nisi in the B31 (MnP) structure, accurate 
bands were calculated by the ASW method. 
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The theoretical curves shown in the figures of this paper are constructed from the 
partial symmetry-selected Doss of inequivalent atoms in the unit cell. In order to facilitate 
a closer comparison with the measurement, theoretical data are broadened by the 
experimental resolution function (normally 0.7 eV full width at half-maximum (FWHM) 
Gaussian) and an energy-dependent lifetime broadening (0.1 1 E - EF 1 FWHM Lorentzian 
which we have previously found to simulate experimental results quite well [19]). 

The matrix element calculations have been performed within the single-site approxi- 
mation in [20] as described elsewhere [21]. The only input for these calculations is the 
atomic potential originating from the appropriate band-structure calculation and the 
choice of the transition energy (1486.7 eV). Since our band-structure schemes are based 
on overlapping spheres, the atomic potentials had to be transformed into muffin-tin 
potentials for use in the matrix element calculation. The muffin-tin radius was deter- 
mined as half the distance to the nearest neighbour in the different compounds. 

The standard multiple-scattering X, (MS-Xu) calculations were performed using the 
Norman criteria for sphere radii [22]. The various a-values were taken from the tables 
in [23]. 1-values up to 1 = 3 within the Ni spheres, 1 = 2 in the A1 spheres and I = 4 in the 
outer sphere were used for these calculations. 

4. Results and interpretation 

The experimental XPS-BIS spectra for NiAl and Nisi are shown in figures 1 and 2 in 
comparison with the DOS and spectra calculated by including the appropriate solid state 
matrix elements [20,21]. The measured XPS curves for NiAl and Nisi are similar. Both 
spectra are dominated by a main structure situated at around -2 eV binding energy. In 
the case of Nisi this structure is highly asymmetric, indicating an unresolved double- 
peak structure (at -2.0 and -2.7 eV approximately). Around these main features we 
find additional structures: a shoulder right at the Fermi level and a broad tail to higher 
binding energies extending down to -7.5 eV for Nisi and to -6.0 eV for NiAl. Another 
weak broad structure is visible at even higher binding energies extending down to - 14 eV 
in the case of Nisi and to -11 eV in the case of NiAl. The BIS spectra of the two 
compounds are quite distinct with a peak and step-like feature in NiAl in contrast with 
a rather uniform outline for Nisi. 

The calculated spectra, broadened for the lifetime and the experimental resolution, 
describe the overall intensity distribution of the measured curves. The energy positions 
show deviations of the order of 0.5 eV, most clearly observable for the main peak. We 
also find an appreciable narrowing of the main structure in Nisi and additional intensity 
on the high-binding-energy side of the main peak in comparison with the calculation. 
These effects probably indicate the need for self-energy corrections to the calculated 
DOS for description of the photoemission process (for a discussion see [13,14,19]). 
However, comparison of the experimental data with the calculated intensity distribution 
still shows that, apart from the possible slight redistribution of states [14], almost all 
experimentally observed structures can be related to DOS effects. This allows assignment 
of the observed features in terms of the different contributions from states of different 
symmetry. Both XPS and BIS are dominated by the states of metal d symmetry, owing to 
the large number of d states and large cross section (see, e.g., [9,21]). At a high binding 
energy we find contributions of A1 and Si s states, which are clearly observable for Nisi 
and less obvious for NiAl. For both cases we can hardly distinguish special features of 
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Figure 1. XPS and BIS of NiAl (.....) in com- 
parison with the calculated spectral distribution 
(-) and the DOS. The partial DOS for the metal 
d and Si s and p states without the Fermi level cut- 
off are also shown with arbitrary scaling to allow 
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d contribution (m) to the XPS-BIS intensity is 
included. 
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Figure 2. Comparison of XPS and BIS for Nisi with 
theory. Symbols as in figure 1. 

A1 or Si p symmetry in the overall intensity distribution and we also find the A1 and Si 
d-state contributions totally suppressed as an effect of the centrifugal barrier [21]. 

The dominant contribution to the overall intensity distribution of the XPS and BIS 
spectra arises from the metal d states. It can be seen that the metal d states extend 
appreciably to both sides of the main structure, to high binding energies as well as far 
up into the unoccupied states. This is an important result since the main metal d part is 
narrower than for the pure element [17] and is situated well below the Fermi level as an 
effect of the band filling on the formation of the compound [6,13]. 

From comparison of the XPS-BIS spectra with the calculations we find mixing of Ni d 
states over the entire energy range inspected but do not obtain experimental information 
on the A1 or Sip contributions which are the most likely origin of the interaction, causing 
the spread. Experimental results for the occupied A1 and Si p states in NiAl and Nisi 
do, however, exist in form of x-ray emission spectra [15,24]. X-ray emission is a local 
process, probing a site-selective DOS because of the small size of the initial core hole. In 
addition, dipole selection rules apply so that the spectra probe a symmetry-selected DOS 
(see, e.g., [25]). Thus, for instance, decay of an A1 1s hole in NiAl gives an intensity 
distribution related to the distribution of valence states of A1 p symmetry. The x-ray 
emission results are shown in figure 3 together with the corresponding partial DOS and 
the XPS results which provide the necessary information about the Ni d states. The most 
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Figure 3. Composite picture of the partial DOS for the Ni d and AI (Si) p symmetry in NiAl 
and Nisi taken from experiments and theory. For the valence band we used the XPS spectra 
to give the occupied Ni d states and x-ray emission data for the AI p states. The x-ray emission 
data are taken from [15,24]. 

striking feature of the spectra in figure 3 is the similarity of the p d  bonding interactions 
in NiAl and Nisi. In both cases, the A1 and Si p DOSS peak around the higher-binding- 
energy side of the main Ni d band and decrease in the region of the d band itself. It 
should be noted that much of the intensity in the region of the experimental x-ray 
emission spectra overlapping the Ni d band is due to lifetime and instrumental broad- 
ening of the peak at about 4 eV binding energy. The A1 and Si p-state densities have a 
minimum on the higher-energy side of the Ni d bands. The ligand p states again contribute 
features close to EF in both compounds. 

Unfortunately the unoccupied A1 and Si sp states cannot be easily studied experi- 
mentally because the inverse technique of x-ray emission, namely x-ray absorption, 
shows a distortion of the DOS due to the presence of the core hole in the final state [24]. 
From our DOS calculation in figures 1 and 2 and the BIS results, we conclude that a strong 
mixing of the Ni d with A1 or Si p states takes place. Ni d character is distributed over a 
range of more than 10 eV, although the main d band is only about 4 eV wide and is filled. 
The existence of Ni d character in the unoccupied states demonstrates that the band 
filling of the Ni d band should not be described as a simple charge transfer, in which case 
Ni d-state character amounting to 10 states/atom would be found below EF. Clearly 
hybridisation effects [6, 131 lead to some A1 or Si sp character in the 10 states/unit cell 
of the so-called Ni d band and to some d character in the A1 or Si sp bands. The presence 
of Ni d character in the unoccupied anti-bonding states implies that the net effect of the 
occupied Ni d states is bonding. 

With these results for the spectral distribution of the different symmetry states, we 
can now make an assignment of structures within the bonding scheme put forward for 
the d-p inter-metallics [3-7,261. At high binding energies, one finds the broad A1 or Si 
s-band positioned at the bottom of the valence band. Above this s-band region we find 
in NiAl and Nisi a continuous change from states of nearly pure A1 and Si p character 
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to states of nearly pure metal d character. The bonding metal d-A1 (Si) p states are 
observed in the range from -2 to -7 eV binding energy. Much of the main d-band 
structure, near -2eV,  is situated in a region of low A1 (Si) sp-state density and is 
normally referred to as ‘non-bonding’. Anti-bonding metal d-A1 (Si) p states constitute 
the main part of the unoccupied states and are thought to contribute also to the occupied 
states right at EF. Note that we also find some unoccupied A1 (Si) s-state character above 
the Fermi level, implying that these states also have a net bonding effect and contribute 
to the cohesion energy of the compounds. 

Comparing NiAl and Nisi, we are also able to relate some of the differences directly 
to the different effective atomic energy levels of s and p states for A1 and Si. The p DOS 
in the case of NiAl peaks at around -3 eV and extends all the way down to -11 eV. In 
the case of Nisi the Si p partial DOS shows peaks between -3 and -7 eV and extends 
altogether down to -12 eV. The p state DOS peaks again in the anti-bonding region 
above the Fermi level at about 4 eV in Nisi and at about 6 eV in NiAl. 

The details in the forms of the s and p DOSS in NiAl and Nisi are quite different. This 
is mainly a crystal structure effect. Similarly we attribute the differences in spectral shape 
within the d band and above the Fermi level to the different coordination spheres. 
Interestingly enough the energy position of the main Ni d structure and also the extent 
below and above E, are similar in both cases. 

The interpretation of the electronic structure of NiAl and Nisi in terms of a common 
sequence of levels (light elements s, p-d bonding, d non-bonding and p d  non-bonding) 
relied on the fact that similar structures in the different partial DOS reflect orbital overlap 
[27]. However, this analysis does not provide any information on the detailed character 
of interaction nor its energy dependence. Since band-structure calculations are not 
immediately transparent to these questions, we decided to study the bonding interaction 
by a molecular orbital approach. Cluster calculations within a multiple-scattering 
approach have been applied to the problem of aluminides [28] and silicides [29]. We 
extend these works for NiAl to follow the development of orbital interaction from the 
basic microscopic unit and subsequent addition of neighbour interaction in order to 
proceed from the atomic levels via the cluster to the actual solid state. 

Our results for clusters of NiAl, and NiA1,Ni6 by the multiple-scattering scheme 
together with the final full band-structure calculation for the CsCl lattice are summarised 
in figure 4. The results illustrate the change in electronic structure as we go from simple 
nearest-neighbour interaction of Ni with eight surrounding A1 atoms to additional 
second-nearest-neighbour metal-metal interaction to, finally, the infinite compound. 
On the level of the simple NiAl, cluster we recognise that all orbitals are mixed and form 
a wide spectrum of Ni d-A1 sp bonding-anti-bonding states. By closer inspection we can 
observe the characteristic distribution of weight for the molecular orbital interaction 
expected from the energy positions of the elemental atomic orbitals. We find strong A1 
s-state character at the bottom of the valence band, then metal d with contribution from 
A1 p and some A1 s character and finally the A1 p character dominating in the range of 
anti-bonding states. Note that there are no non-bonding states for a Ni atom with eight 
nearest-neighbour A1 atoms and there is evidence for significant inter-mixing of A1 and 
Ni d states at all energies. This clearly establishes that the presence of the so-called ‘non- 
bonding’ d states in NiAl solid cannot be attributed to local symmetry or to weak orbital 
overlap, as is normally the case for a true non-bonding state. If they had been important, 
both symmetry constraints, or very weak overlap, would have been reflected in the 
results from this small cluster. 

Addition of extra Ni atoms at the centre of the neighbouring cubes causes a major 
redistribution of states. At  the bottom of the valence band we still find the A1 s states 
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Figure 4. The multiple-scattering calculation for 
two different NiAl clusters (NiAI, and NiAl,Ni,) 
are compared with the full band-structure result 
for the solid CsC1-type crystal. The Ni d ,  A1 s and 
AI p symmetries are shown. Gaussian broadening 
has been introduced to facilitate comparison of 
the intensity and energy distributions of the cal- 
culated molecular eigenvalues in the cluster with 
the DOS of the infinite solid state. 

mixed with A1 p and Ni d states and then the bonding Ni d-A1 p states, but this is now 
followed by a range dominated by metal d character, with little admixture of any other 
symmetries. Finally the anti-bonding Ni d-A1 p states are found above EF. The results 
summarised in figure 4 also clearly show that there is substantial contribution of A1 s 
character in the unoccupied states. This supports our earlier conclusion that the A1 s 
states make a significant contribution to the bonding interactions in these compounds. 

Note in the NiA1,Ni6 cluster the characteristic splitting of AI p states around the 
metal d peak which must be related to the introduction of direct transition-metal d- 
transition-metal d interaction. It clearly demonstrates that, even for late transition 
metals, this d-d coupling causes a redistribution by ‘pushing out’ bonding-anti-bonding 
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d-sp states, with the formation of a dip in the position of the main density of transition- 
metal d states and giving rise to the so-called non-bonding features. In the final solid 
state this dip becomes part of the ‘quasi-gap’ of minimal density of A1 s and p states. 
Note also that the position of the Ni d band does not change appreciably on increase in 
the cluster size and thus is mainly determined by the original nearest-neighbour Ni d- 
A1 sp interaction. 

These results of the cluster calculation clearly show that the main metal d band 
cannot be simply viewed as a ‘non-bonding’ state, that is not involved in the bonding, 
but rather plays a crucial role in the general distribution of states. We believe that this 
viewpoint has not been extensively stressed until now. 

The conclusions reached here for the case of NiAl can be transferred to the case of 
Nisi. Of course the different positions in energy of the original atomic orbitals influence 
the weight and splitting of the various states and clearly the different crystal structure 
determines the details of the spectral distribution. For example we find less s character 
in the unoccupied states in the case of the silicide (figure 2)  than in the case of the 
aluminide (figure l), which is related to higher binding energy of the s level in Si 
compared with Al. However, the general bonding characteristics and the type of inter- 
action found for NiAl is expected to be very similar for Nisi. In fact, these results provide 
a detailed analysis and extend the more general description for the electronic structure 
of the Ni silicides given by the pioneering work in [6]. 

5.  Conclusions 

By means of spectroscopic data and the detailed theoretical analysis we have been able 
to describe the observed spectral distribution and contributions of the states of different 
symmetries in XPS-BIS spectra of NiAl and Nisi. This analysis provided the material for 
discussing the electronic structure of late-transition-metal aluminides and silicides within 
the same conceptual framework of bonding interaction. Some of our conclusions are 
common to those in our study of 4d and 5d silicides [ 5 ] .  Thus we find the following. 

(i) The Ni d band splits the A1 and Si p bands into a bonding region, mostly below 
the Ni d band, and an anti-bonding region, mostly above EF. This splitting is similar to 
that found in other transition-metal silicides and is clearly important for the cohesion of 
the solid. 

(ii) There is A1 and Si s-state character in the anti-bonding states above EF, from 
which we conclude that these states contribute to the bonding of the solid. 

(iii) We also deduce from cluster calculations that direct metal d-metal d interaction 
plays a crucial role in the general distribution of states of late-transition-metal aluminides 
and silicides. The Ni d orbitals are not ‘non-bonding’ in the conventional sense of 
states which are forbidden by symmetry considerations from overlap with states on 
neighbouring atoms. Neither do the Ni d orbitals have such small dimensions that they 
cannot overlap. In particular the term ‘non-bonding’ for the main d band is misleading 
since these states are obviously important for determining the precise form and position 
of the bonding-anti-bonding metal d-A1 (Si) p states in the region of the metal d 
resonance and contribute in this way to the bonding energy, apart from the direct d-d 
bonding. We believe that this may be the single most important conclusion of our paper. 
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In addition we reach the following conclusion specific to late-transition-metal com- 
pounds. 

(iv) Ni d character is found in the anti-bonding states above E,. The d band of the 
silicide is filled and has 10 electrons per metal atom because it contains contributions 
from states centred on Si or A1 atoms. However, there is still d character above E,, just 
as for the transition metals themselves, and the net effect of the d bands is bonding, 
again just as for the pure transition metals. 
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