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Mixed-basis band-structure interpolation scheme applied to the fluorite-structure compounds
Nisi2, AuA12, AuGa2, and AuIn2
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A mixed-basis band-structure interpolation scheme for fcc d-band metals has been extended to in-
clude fluorite-structure {CaF2) compounds by incorporating more plane waves in the basis set. Since
the fluorite and fcc structures belong to the same space group, the interpolation scheme originally
developed for fcc d-band metals is also capable of generating fluorite band structures. The interpo-
lation parameters for NiSi2, AuA12, AuGa2, and AuIn2 have been determined by fitting nonrelativis-
tic first-principles calculations using a nonlinear least-squares procedure. Good agreement with the
first-principles results is obtained up to about 5 eV above the Fermi level for a basis set containing
39 plane waves and 5 d functions. The parameters for the intermetallic compounds containing Au
were then adjusted to include the effects of spin-orbit splitting in the d bands and to improve the
agreement of the calculated density of states with the results of photoelectron spectra. The adjusted
d bands of AuA12, AuGa2, and AuIn2 differ considerably from those calculated by first principles.

I. INTRODUCTION

Mixed-basis band-structure interpolation schemes have
proven to be extremely valuable computational tools for
the study of the electronic structure of d-band metals.
The first routines were developed by Hodges, Ehrenreich,
and Lang' and Mueller for simple fcc d-band metals.
Smith and co-workers have continued the development
of an fcc d-band interpolation scheme over the past de-
cade and have applied it as an aid in interpreting photo-
emission and uv reflectance data. The advantages in us-
ing such a second-principles technique are the following:
(1) it is simple and inexpensive to generate E versus k and
densities-of-states plots; (2) the parameters in an interpola-
tion scheme may be easily adjusted to improve the agree-
ment between the calculated energy bands and experimen-
tal observations; and (3) the parameters may be reported
in the literature and used by other investigators to gen-
erate the identical band structure, which makes the results
of a band-structure determination very portable. Further-
more, Smith and co-workers have shown that transition-
matrix elements calculated using the parametrized Hamil-
tonian agree reasonably well with observed spectral inten-
sities in reflectance and angle-resolved photoemission
spectroscopy (ARPES). ' By fitting a band-structure in-
terpolation scheme to experimental data, it should be pos-
sible to experimentally determine the electronic structure
of solids to a high degree of accuracy.

In this paper the interpolation scheme of Smith
et al. is extended further to more complex systems,
i.e., the fluorite structure compounds AB2, which have
larger and more complex unit cells than the fcc d-band
metals. The fluorite structure is composed of one 2 and
two B fcc sublattices, with one 8 sublattice translated by
one-fourth the body diagonal of the cubic unit cell along
both the [111]and [1 1 1] directions with respect to the A
sublattice. Several intermetallic compounds involving Au

and Pt (the A elements of AB2) and the technologically
important silicides NiSi2 and CoSi2 have the fluorite
structure. In these cases, the 3 atoms have valence d or-
bitals that are very important in determining the electron-
ic structure of the compounds, but the d contribution of
the B atoms is probably extremely small. Since the A
atoms reside on an fcc sublattice with larger dimensions
than in the corresponding elements, the d-d interactions
in the compounds should be much smaller than in the ele-
ments. Thus it should be quite interesting to compare the
d-band regions of the various intermetallic compounds
with each other and with the corresponding fcc d-band
metals. However, to date very few band-structure calcula-
tions have been performed on the d-band fluorite com-
pounds.

At first, the application of an interpolation scheme to
the fluorite compounds may seem complicated, but since
the fluorite structure has the same space-group symmetry
as fcc crystals, the mixed interpolation scheme developed
for fcc d-band metals is also quite satisfactory for the
fluorite structure. An interpolation scheme has been
developed similar to that of Smith and co-workers ex-
cept that more plane waves were included in the basis set
to enhance the convergence in the fitting procedure.
Single-g Slater orbitals were used to approximate the radi-
al part of the d-wave functions in calculating d-wave
overlap integrals, but this approximation was no better
than Smith's use of spherical Bessel functions for the
overlap integral. Using a nonlinear least-squares pro-
cedure, the interpolated bands may be fitted to the energy
eigenvalues at high-symmetry points in the Brillouin zone
(BZ) of first-principles calculations to determine the 19
parameters used in the interpolation scheme. The result-
ing band structures may be optimized by adjusting some
of the fitting parameters to agree with experimental obser-
vations, and then compared with one another to analyze
the effects of atomic structure and composition on elec-
tronic structure.
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The main purpose of the research reported here was to
determine how well a simple interpolation scheme could
compute the band structure of the d-band fluorite com-
pounds. In Sec. II the details of the present interpolation
scheme are summarized. These include a description of
the mixed interpolation scheme of Smith and co-
workers, the modification of the basis set, the single-
(-type overlap integrals, and a summary of the nonlinear
least-squares procedure. In Sec. III the results of the ap-
plication of the present scheme to fit nonrelativistic first-
principles band-structure calculations for NiSi2, AuAlq,
AuGa2, and AuIn2 are presented. Finally, Sec. IV con-
tains a discussion of these results, an extension of the cal-
culations to include spin-orbit effects and improve agree-
ment with experimental results in the Au 5d bands of
AuA12, AuGa2, and AuIn2, and a further comparison of
the results to experimental data and band structures of the
fcc metals, Ni and Au.

II. INTERPOLATION SCHEME
AND FITTING PROCEDURE

portion of the parametrized Hamiltonian for the fluorite
structure may be expected to differ from that for fcc met-
als. The total local pseudopotential of 282 can be written
as follows:

VG(A82) = VG(A)+ VG(8) cos(G r), (3)

where r=(a/4)(1, 1, 1) and r is a vector connecting an A
atom to one of the 8 atoms in the primitive unit cell (the
other 8 atom is at —r) of the fluorite lattice structure.
The VG(A) and VG(B) pseudopotential terms are in prin-
ciple dependent only on the identity of the A and 8
atoms, respectively. For the G vectors of the reciprocal
lattice of the fluorite structure, the values of cos(G; r) are
limited to —1, 0, or 1 and are determined only by the
magnitude of G;, not its direction. Although Eq. (3) is
expressed as a sum of the pseudopotential coefficients for
two different atoms, the total local pseudopotential has
exactly the same functional form as the pseudopotential
parameters in Smith's fcc d-band scheme. Thus the
values of VG for A82 are all constants, with

l

This work basically adopts the mixed interpolation
scheme developed by Smith and co-workers. Accord-
ing to this scheme, the nonrelativistic Hamiltonian for fcc
d-band metals is

H„H,dH=

VG (A) —VG (8) for
~
G;

~

=2,~12,

V (AB )= V (A) for
~

6
i
=V'3, V 11,

VG;(A)+ VG, (8) «r
l
G

(4)

where H„, H,d, and Hdd represent the plane wave, the
hybridization, and the d-orbital tight-binding blocks,
respectively.

All of these blocks retain the same parametrized forms
as in the interpolation scheme of Smith and co-
workers. However, the plane-wave block of H«has
been extended to a 39&39 rather than 16&(16 submatrix
in order to reproduce the valence-band structure of the
fluorite compounds. In terins of the reduced wave vector
k, the 39 plane waves included in the basis set are those
with wave vectors k; =@+Ca;, where k is constrained to
be within the first BZ and G; includes the reciprocal-
lattice vector (0,0,0), all eight vectors of the type
(2m/a)(+1, + 1,+1), all six of the type (2m/a)(+2, 0,0), all
12 of the type (2m. /a)(+2, +2,0), and all 12 of the type
(2~/a)( —3, +1,+1).

The Hamiltonian elements of the plane-wave block,
H«, are expressed in the same form as in Smith's scheme,

H J =ak; 5q+ VJ+Sgp(k;R)J2(k~R)P2(k;. kj ) . (2)

The first term is the free-electron energy in which
a=(A' /2m)(m/4a) and a is the lattice constant. The V~
are local pseudopotential terms, of which the lowest six,
Vppp V& ~ & V2pp V22p V3& ~ and V222, are assumed to be
nonzero. The parameter S is a constant in the orthogo-
nalization term, j2 is the usual spherical Bessel function
of order 2, and I'2 is the Legendre polynomial of the or-
der of 2. The S term may be regarded as a nonlocal pseu-
dopotential and the parameter R as a muffin-tin radius;
both are treated as disposable parameters for this scheme.

The form of the local pseudopotential in the plane-wave

where
~

G;
~

is in units of 2m/a. As long as the d-orbital
contribution of the 8 atoms to the band structure is negli-
gible, the interpolation Hamiltonian of the fluorite struc-
ture is identical to that of the fcc structure.

The Hamiltonian elements of the hybridization block,
H,d, are expressed in the following form:

H~J B,,j2(kR)Y——j(k;),
where 8, and 8, are constants in the hybridization terms
that are treated as disposable parameters for orbitals with
t2g and eg symmetry, respectively. The functions YJ(k;)
represent the set of real spherical harmonics. The spheri-
cal Bessel functions in Eqs. (2) and (5) are overlap in-
tegrals involving the radial parts of the d orbitals and
plane waves in which the function r R„d(r) is approxi-
mated by a 5 function. A possible improvement to the
overlap integral might be to approximate R„d(r) with
Slater wave functions. The resulting overlap integrals
used in this work are listed in Appendix A. In the fitting
procedure, the initial value of the orbital exponent, g, was
taken from the tables of Clementi and Roetti for the ap-
propriate atomic d-wave function, after which g was
treated as a disposable parameter in the fitting procedure.

The matrix elements of the Hdd block may be expressed
in the tight-binding forms given by Slater and Koster or
Fletcher and Wohlfarth. ' The nearest-neighbor three-
center form of Fletcher" was used in the present scheme.
The Fletcher notation" involves eight parameters: Fp, 6,
A ] A 2 A 3 A 4 A 5 and A 6. The A parameters specify
the dispersion of the bands, while Ep and Ep+5 are the
mean energies of the t2g and eg subbands, respectively.

For relativistic band-structure calculations, the effect of
spin-orbit coupling on the d bands may be included in the
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manner of Friedel et al. ' The total Hamiltonian has the
following form:

H„H,d 0 0 3'

Hg, Hdd+gM 0
H ref 0 0

0 gN —Hd, Hdd —gM*

where M and X are given by Friedel et al. ' The spin-
orbit splitting parameter g may be determined from
ARPES measurements' or be taken from atomic values.

The parameters of the mixed interpolation scheme for a
particular system were determined by appling a nonlinear
least-squares procedure to fit the energy eigenvalues of
first-principles calculations. ' ' In this fitting pro-
cedure, each energy eigenvalue was given equal weight re-
gardless of its degeneracy. The parameters of Ni and Au
given by Smith et a/. ' were used as an initial guess of
the parameters for the fluorite structure compounds, ex-
cept that the a and R parameters were changed to reflect
the different lattice constants of the intermetallic com-
pounds, where o; is proportional to 1/a and R is ex-
pressed as a fraction of a. Using this procedure, the pa-
rameters usually converged to values which yielded a
root-mean-square (rms) error in the energy bands of the
fluorite structure compounds of about 0.15 eV after 3—4
iterations.

After the fitting parameters for a band structure were
determined, the total density of states (TDOS) of the sys-
tem was obtained by summing a set of Gaussian peaks
with a 0.3 eV full width at half maximum that were cen-
tered at the energy eigenvalues calculated at 60 specia1
points' in the BZ. These special points were chosen to
efficiently calculate averages over the BZ of periodic
functions of the wave vector. ' The TDOS plots may
then be compared to x-ray photoemission (XPS) data or
other probes which sample an average over the valence or
conduction bands.

All the calculations were performed using a VAX
11/780 computer. The central processing unit (CPU)
time of the VAX required to produce the eigenvalues at a
single k point for nonrelativistic and relativistic calcula-
tions was 3.7 and 33 s, respectively, for the cases in which
the H„blocks contained 39 plane waves.
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FIG. 1. Energy bands of NiSi& generated using the parame-
ters of Table I and plotted along high-symmetry lines in the fcc
Brillouin zone. Also shown is the corresponding TDOS. The
energy scale is referenced to the Fermi energy and the TDOS
scale has arbitrary units.
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especially noteworthy feature associated wi'th AuGa2 is
the flat band with b, 2 symmetry calculated by the APW
procedure of Switendick and Narath' and reproduced by
the interpolation scheme in Fig. 3. In Figs. 5 and 6, the
effects of including spin-orbit coupling in the d bands of
AuGa2 and AuIn2 as well as adjusting the d bands to
agree with ARPES data' by varying the Eo and 6 pa-
rameters are shown.

In Fig. 7, the TDOS for AuA12, AuGa2, and AuIn2 are
compared with the corresponding XPS data. ' In this
comparison, the raw experimental data with no back-
ground subtraction are displayed. For each compound,
two TDOS curves calculated using the interpolation
scheme are shown: one for the fit to first-principle's re-
sults and the other for the empirically adjusted d bands
(for AuA12, the Auoa2 spin-orbit coupling parameter was

III. RESULTS ~ ~

The number of first-principles band structures for d-
band fluorite compounds is limited to nonrelativistic
augmented-plane-wave (APW) calculations for Au in-
termetallic compounds with Al, Ga, and In (Ref. 14) and
NiSiz. ' ' The energy bands generated by the interpola-
tion scheme and the TDOS for NiSiz, AuAlz, AuGaz, and
AuIn2 are illustrated in Figs. 1—4, respectively. The fit-
ting procedure utilized 33—39 energy eigenvalues taken
from the APW results' ' at 4—5 symmetry points.

The main difference between NiSi2 and the Au alloys is
that in NiSi2, the d bands -mix strongly with the plane-
wave states, whereas the d bands in the Au alloys essen-
tially reside in a band gap of the plane-wave states. One
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FIG. 2. Energy bands and TDOS of AuA12 with the same re-
marks as Fig. l.
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FIG. 3. Energy bands and TDOS of AuGa& with the same

remarks as Fig. 1.

FIG. 5. Energy bands and TDOS of AuGa2 with spin-orbit
interactions in the d bands and adjustments to agree with the
ARPES data of Ref; 13.

used and the Eo and 6 parameters were adjusted to
enhance the agreement with the XPS data of Ref. 19). A
Gaussian broadening of 1.0 eV was applied to all these
TDOS curves to roughly simulate the total experimental
resolution of the spectra.

The parameters determined from the fitting procedure
for the fluorite compounds are listed in Table I, along
with the standard deviation for each parameter deter-
mined by the fitting procedure. For the purpose of com-
parison, this table also lists the parameters of Ni and Au
calculated by this scheme for 39 plane waves in the H„
block. Some of the A parameters for the fluorite com-
pounds have negative values, unlike those of the fcc d
metals, but in most of these cases the uncertainty in deter-
mining the negative values is as large as those A parame-
ters (i.e., they are effectively zero). Both the 8 hybridiza-
tion and S orthogonalization parameters of the interme-
tallic compounds are smaller than those of the fcc metals.
The pseudopotential coefficients V200, Vzzo, and V3» of
the compounds are larger and V222 is smaller than those

of the corresponding fcc metals, which is the result of the
contribution to the pseudopotential of the Si or group-III
atoms in the compounds. As expected from Sec. II, the
values of V~» for NiSi2 and Ni are nearly identical, since
the form factor of the pseudopotential of the 8 atoms in
282 is zero. However, for all other cases involving NiSiz
and the Au intermetallics, the values of V~~~ and V3~~

differ substantially.
The entries at the bottom of Table I indicate the rms er-

rors and the average deviations for each of the fits. The
rms errors in the fits to the Ni and Au energy bands are
larger than those for NiSi2 and Au alloys because more
APW energy eigenvalues ' ' (5l for Ni and 90 for Au)
were used in the fitting procedure. The rms errors in the
fits to the energy bands of the fcc metals using the present
39 orthogonalized plane-wave (OPW) scheme were less
than those using Smith's original 16 OPW scheme. Thus
increasing the number of plane waves in the basis set en-

ables a substantial improvement in the fit to a band struc-
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IV. DISCUSSION

I-9
Electr on Ener cIy (eV)

FIG. 7. Comparison between the TDOS for AuA12, AuGa~,
and AuIn2 and the corresponding XPS spectra of Ref. 19, all
plotted versus binding energy referenced to the Fermi level.
XPS spectra are shown as circles, and only represent occupied
states. TDOS corresponding to nonrelativistic and relativistic
energy bands are represented as dashed and solid lines, respec-
tively, and represent both occupied and empty states.

ture without increasing the number of fitting parameters.
Finally, the d-orbital contributions to the wave function
of several bands at the I and X points of the BZ obtained
from the eigenvectors of the parametrized Hamiltonian
are listed in Table II, along with those of Bylander et al. '

for NiSi2.

As mentioned in Sec. II, the purpose of increasing the
number of plane waves in the basis set of the interpolation
scheme from the 16 used by Smith to 39 is to recover the
flat band (I q

—X3) in the AuGa2 valence band, and to
improve the fit to the higher-energy conduction bands.
The rms error obtained after convergence of the original
I6 OP& scheme of Smith to 36 energy levels of AuGa2
(Ref. 14) at five symmetry points was 0.54 eV, and the
flat band (I z —X3) was not well reproduced. When the
39 plane-wave scheme was used to fit the same set of en-

ergy eigenvalues, the rms error quickly converged to 0.115
eV within four iterations. However, even with 39 plane
waves, the second band with I'&q and the first with I ~

symmetry above the Fermi level Ez deviate 1—2 eV from
the results of the first-principles calculations for all four
compounds. In order to improve the fit to these and other
conduction bands, V4OO and V42O pseudopotential terms
were included in the Hamiltonian, but they had a negligi-
ble effect on the quality of the fits. Improving the fit to
these conduction bands may require more plane waves in
the basis, more terms in the Hamiltonian (for instance, to
explicitly account for the presence of the d orbitals of Ga
or In in AuGa2 and AuIn2), or both extensions. The
above-mentioned I ~5 and I"~ conduction-band eigenvalues
were omitted in the final fitting procedure for all four in-
termetallics, since including them in the fit increased the
rms error greatly, resulted in unreasonably large values of
the standard deviation of several of the fitting parameters,
and distorted the valence bands.

Another possible improvement would be in the plane-
wave —5d overlap integrals, which one would not expect to
be well approximated by simple spherical Bessel func-
tions. An attempt was made to use single-g Slater func-
tions to approximate the radial portion of the Sd orbitals,
as described in Sec. II. For NiSiz, the rms error in the fit
to the APW results using the 39 QPW scheme after three
iterations improved slightly when compared to the spheri-
cal Bessel function approximation to 0.133 from 0.146 eV

TABLE II. d-orbital contribution to the wave function of the bands at I" and X points (units in %%).

Band'
(eV)

NiSi2

AP%"
This
work

Band
(eV)

AuA12
This
work

Band
(eV)

AuGa2
This
work

Band
(eV)

AuIn2
This
work

—3.56 94 91.0 —7.66 99.1 —6.66 99.8 —6.46 99.9

I vs

I vs

—5.24
1.94

74.4
25.5

—7.02
3.02

94.9
5.0

—7.34
3.03

94.1

5.8
—6.91

2.56
95.8
4.2

Xs —3.70 95 98.3 —7.12 99.6 —6.70 99.5 —6.68 99.6

X3
X3

—7.34
—0.55 69

45.0
54.8

—8.17
—0.18

87.0
12.9

—8.10
—1.39

79.S
20.2

—7.23
—0.77

87.6
12.3

Xl
Xl
Xl

—7.96
—3.40

1.49

14
74
32

13.5
66.8
19.2

—7.94
—4.19

1.08

91.9
6.8
1.3

—7.52
—3.80

2.17

95.5
1.6
0.25

—6.95
—3.96

1.11

99.1

0.8
0.1

'Energy referenced with respect to E~.
From Ref. 15.
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without including the I ~5 and I
&

conduction-band points,
but when these points were included, the same difficulty
of convergence was encountered. It was found that there
were no negative A values using this single-g approxima-
tion.

In the case of AuGa2, the single-g wave functions were
not effective in achieving a fit, even if the I && and I'&

conduction-band points were not included. The rms error
for this trial was 0.335 eV after the third iteration, which
is about three times larger than that of the Bessel-function
approximation. This is perhaps contrary to initial expec-
tations in view of the severe approximation of using the
spherical Bessel functions for overlap integrals. In fact,
no improvement in the accuracy of the fit occurred when
the Slater wave-function approximations were used. This
may be because both overlap approximations actually
have very similar k dependence for small k, but both may
still be poor approximations to describe the exact overlap
integrals.

It is useful to compare the energy-band results for the
fluorite compounds among each other and with those for
the fcc d metals. A common measure of the d-band
width, E(X~ ) —E(Xz), is 4.8 eV for NiSiz, which is larger
than the 4.4-eV bandwidth of paramagnetic fcc Ni even
though the larger spacings between Ni atoms in the in-
termetallic compound might be expected to produce a d-
band narrowing. In fact, examination of Table II shows
that a significant amount of d-orbital character is present
in bands separated by almost 10 eV. Table II also shows
that the d-orbital contribution to the various energy bands
of NiSi2 calculated using the interpolation scheme agrees
very well with the first-principles calculation of Bylander
et al. ' Thus the eigenfunctions of the interpolation
Hamiltonian are also good approximations to the first-
principles results, and perhaps can be used in the calcula-
tion of various one-electron properties.

The broadening of the 3d bands of NiSiz with respect
to Ni is caused by hybridization effects, since the 2 pa-
rameters of Table I show that the direct d-d interactions
are much smaller in the compound than in the metal. The
larger lattice constant of the intermetallic compound has
the effect of pushing the plane-wave bands downward en-
ergetically and increasing the density of plane-wave states
below EF relative to fcc Ni. The d bands are degenerate
with some of these additional plane waves, and the mixing
that results produces d-like states that are strongly split at
I and highly dispersive.

A similar comparison of the d-band widths can be
made between the Au intermetallic compounds and Au by
using the interpolation scheme to generate a nonrelativis-
tic Au band structure. The 5 d-band width E (X5 )
—E(Xs) for Au is 4.9 eV, while equivalent band widths
for AuAlz, AuGaz, and AuIn2 are 1.05, 1.40, and 0.56 eV,
respectively. In this case, the larger lattice constants of
the compounds clearly lead to narrower d-band widths in
the APW calculations. ' This is because the 5d bands
essentially appear in a band-gap region of the plane-wave
states, and do not hybridize appreciably with them, as
may seem by looking at the d-orbital contributions to the
various bands in Table II. Comparing the A parameters
of Au and its compounds show that A~ and A2, which

directly affect the d-band dispersion and thus the width,
are very much smaller for the compounds than for Au.
The S orthogonalization term and the 8 hybridization
term for the fluorite compounds are also significantly less
than those of the fcc metals. However, as observed in the
case of NiSi2, this does not necessarily imply that the d
bands and plane waves interact weakly. The B values for
the Au compounds are generally smaller than those for
NiSi2, but the S terms are approximately the same for all
four intermetallics. The importance of these terms in the
compounds as compared to the fcc elements comes from
the higher plane-wave state density in the energy region
near the d bands. The values of 8, and 8, for the Au
compounds are quite different from one another, unlike
the case of elemental Au. This is reflected in the smaller
dispersion of es bands than that of t2s bands for the Au
compounds.

The spin-orbit splitting in the 5d transition metals is
quite large, but performing a first-principles band-
structure calculation including spin orbit and other rela-
tivistic effects is a demanding task. However, once a set
of parameters for the nonrelativistic interpolation Hamil-
tonian has been determined, it is relatively straightfor-
ward to generate a band structure including spin-orbit
coupling using Eq. (6), which only requires one additional
parameter. The spin-orbit parameter g may either be tak-
en directly from spectroscopic determinations of atomic
energy levels, or it may be determined explicitly for the
material of interest if ARPES data exist which show the
d-band splittings at the I point of the BZ. Since
ARPES data exist for both AuCia2 and AuIn2, ' the latter
approach was used here.

The ARPES data' showed three clearly resolved d
bands at I, which could be analyzed in terms of the fcc
tight-binding Hamiltonian including spin-orbit coupling
to yield the values of g for AuGa2 and Aulnz shown in
Table I. However, this analysis also showed that the bind-
ing energies of the eg and t2~ levels at I determined by
the APW calculations' were incorrect. Therefore, to gen-
erate the band structures shown in Figs. 5 and 6, the ex-
perimentally determined g value was used and the Bo and
6 parameters of the interpolation Hamiltonian were ad-
justed to force the band structure to agree with the three
experimentally determined d bands at I". All the other
parameters used in generating the optimized Auoa2 and
AuIn2 band structures were the same as those used in
Figs. 2 and 3, respectively. The newly determined d
bands were less strongly bound and much broader than
the APW bands. '" A rather fascinating observation is
that the relative splittings of the Sd bands at I are very
similar for Au, AuGa2, and AuIn2, ' but the overall d-
band width still decreases for this series since the disper-
sion of the bands decreases with increasing lattice con-
stant. However, for AuCza2 and AuIn2, the d-band width
determined experimentally' is substantially larger than
the APW calculations suggest.

A common method of determining the quality of a
band-structure calculation is to compare the energy
dependence of the TDOS to spectral features in a
valence-band XPS spectrum. Since the TDOS curve for
NiSi2 in Fig. 1 agrees in almost every detail with that cal-
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culated by Tersoff and Hamann, the procedure for gen-
erating the TDOS using the interpolation scheme as
described in Sec. II may be used with confidence. In mak-
ing direct comparisons with XPS data, however, the
Gaussian broadening in the TDOS curves should be larger
than the 0.3 eV used in Figs. 1—6 in order to account for
lifetime and instrumental resolution effects. Using a
broadening of 1.0 eV to generate the NiSi2 TDOS pro-
duced a curve with one broad feature that agreed very
well with reported XPS valence-band spectra. ' Using
the same 1.0-eV broadening for the nonrelativistic bands
of the Au intermetallic compounds in Figs. 2—4 produced
TDOS plots with a single peak in the valence-band region
in Fig. 7, which were in severe disagreement with the cor-
responding XPS spectra of van Attekurn et a/. ' The ex-
perimental XPS d-band features were broader, lower in
binding energy, and had a distinct overlapping double-
peak shape. However, when the TDOS corresponding to
AuGaz and AuInz bands in Figs. 5 and 6, respectively,
and the adjusted AuAlz bands were generated with 1.0-eV
broadening as shown in Fig. 7, the agreement with the
corresponding XPS spectra was very good. The double
peak is apparent in the adjusted TDOS, and the relative
heights of the two peaks agree well for all three com-
pounds. The detailed differences between the XPS data
and the TDOS curves may be the result of photoelectron
cross-section effects.

V. CONCLUSION

The mixed interpolation scheme for fcc d-band metals
was extended to include fluorite-structure compounds by
using 39 plane waves in the basis set. The band structures
for NiSiz, AuAlz, AuGa2, and AuIn2 produced by this
scheme were in good agreement with the corresponding
first-principles calculations up to 5 eV above the Fermi
level, with rms deviations between the first principles and.
interpolated bands -0.1 eV. The fit to the higher-energy
bands was not as good, but can be improved by using
more plane waves in the basis set, more terms in the Ham-
iltonian, or perhaps a better approximation to the plane-
wave —d-overlap integrals. Using the interpolation
scheme, spin-orbit effects were added in a very direct
manner to a nonrelativistic band-structure calculation.
Also, it was possible to adjust the parameters of the inter-
polation Hamiltonian to obtain agreement of the calculat-
ed bands at I of the BZ with AuGa2 and AuIn2 ARPES
data. The TDOS generated using the interpolated bands
of NiSi2 and the empirically adjusted bands of AuA12,
AuGa2, and AuIn2 agreed very well with XPS valence-
band spectra. In the case of the Au intermetallic com-

pounds, the adjusted d bands were substantially different
from those reported by Switendick and Narath, ' which
did not agree with the XPS results.
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APPENDIX A: OVERLAP INTEGRALS
WITH SLATER ORBITALS

R„d(r)=cr" 'e (Al)

The resulting radial overlap integrals are represented as
follows:

f j (kr)r e &dr=, n=34 „48/k
(g'+k')4
48k (7g —k )

($2+k2)5
n=4

384k (7g —3k )

(g2+k2)6

f j (kr)r e ~dr=

f j (kr)r e &"dr=

(A2)

(A3)

APPENDIX 8: SYMMETRIZING FACTORS

The purpose of the symmetrizing factors is to compen-
sate for the use of a truncated basis set. In this paper the
symmetrizing factor I'; corresponding to plane wave k;
has the following form:

1 tf k; ~560,
I";= -0 if k; ~700,

1 —(k; —560) /19600 otherwise .

The units of k; are such that the X point in the first BZ is
at (0,0,8), as in Smith's scheme. In the region of
560&k; &700, the symmetrizing factors vary smoothly
from 0 to 1.

The radial parts of d-wave functions R„d(r) are approx-
imated with single-g Slater wave functions,
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