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Measurement and models of electron-energy-loss spectroscopy core-level shifts
in nickel aluminum intermetallics
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Absolute measurements of theL-edge core-level binding energies are made for nickel-aluminum compounds
using electron-energy-loss spectroscopy~EELS!. The core-level shifts are found to compare favorably withab
initio calculations of the valence band shifts. The measured EELS oscillator strengths and core-level shifts are
used to test the local charge neutrality~LCN! approximation to self-consistency in extended Hu¨ckel tight-
binding calculations. Within the LCN approximation, the tight-binding calculations can provide estimates of
both the core-level shifts and, with the use of the force theorem, the alloy heats of formation for the Ni-Al
intermetallics.@S0163-1829~98!04341-0#
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I. INTRODUCTION

The threshold of an EELS~electron-energy-loss spectro
copy! edge occurs at the energy required to create a core
and to add an electron to the lowest-lying excited state of
system. This is the same energy~and electronic configura
tion! as the XPS~x-ray photoelectron spectroscopy! binding
energy in a metallic system with a well defined Fermi e
ergy. However, fewer studies of core-‘level shifts have be
performed with EELS than with XPS as the fine structure
an EELS edge above the threshold energy can complicate
determination of the precise binding energy. We overco
this difficulty in the EELS measurements by comparis
with both first-principles calculations and existing XPS da
Our interest in EELS core-level shifts is motivated by rec
atomic-scale EELS measurements of electronic struc
changes at grain boundaries in Ni3Al which were strongly
correlated with changes in the mechanical properties of th
interfaces.1 Extensive studies of the trends in XPS core-le
binding energies have been undertaken for the intermet
alloys.2,3 Rarely do the core levels shift more than an eV~out
of a few hundred eV’s binding energy! in these metallic sys-
tems. This is in marked contrast to the core-level shifts
tween insulating compounds which can typically be 5–
eV.4

The core-level shift in insulators can often be correla
with the formal valence of the ion.5 This has encouraged th
popular interpretation of core-level shifts as measures
charge transfer.6 In this traditional explanation, charge tran
fer from an atomic site leads to a more attractive potential
the core electron, increasing its binding energy, while
charge transfer onto an atomic site reduces the core-l
binding energy. This is a gross oversimplification~see Wat-
sonet al.7 or Andersonet al.8!, ignoring both the ambiguity
in defining the charge transfer and the final state screenin
PRB 580163-1829/98/58~18!/11970~12!/$15.00
le
e

-
n
f
the
e

.
t
re

se
l
lic

-
0

d

f

r
a
el

of

the core hole. For instance, of the eight binary alloys syste
studied by Steiner and Hu¨fner,9 half had core-level shifts of
the same sign for both atomic constituents. The simple in
pretation would require that both atomic species had los
gained charge. Consequently, a core-level shift does not
essarily imply that a charge transfer~assuming that the
charge transfer can even be defined! has occurred. Further
the signs of core-level shifts are opposite to those expe
from electronegativity arguments.3,10

Even in ionic solids, the situation is more complicat
than the charge transfer interpretation suggests. A deta
theoretical analysis of XPS core-level shifts
copper-oxides11 has shown that although the Cu core-lev
shift can be correlated with the formal valence of the Cu io
the variation in the number of 3d electrons is small and the
net charge is not related to the formal valence~for instance
Cu31 had a smaller positive charge than Cu11). Instead
Karlsson et al. found the core-level shift correlated mor
with the shift of the Cu 3d band, which was in a direction to
reduce the Cu→O charge transfer and maintain an appro
mate charge neutrality. The same concept is also relevan
metallic systems.12–14

Core-level shifts can occur even when the charge on e
valence orbital is fixed. For instance, if the valence ba
width is increased, the position of the center of the valen
band with respect to the Fermi energy will change~as the
number of electrons remains unchanged!. A shift in the po-
sition of the valence band implies a change in the local
tential, which is also experienced~to some extent! by the
core electrons. Consequently if the valence band shifts do
we might expect the core states to do so as well. If
valence band is more than half filled, then increasing
band width will increase the core-level binding energy~and
the center of the valence band must drop further below
Fermi level! while if the valence band is less than half fille
11 970 ©1998 The American Physical Society
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PRB 58 11 971MEASUREMENT AND MODELS OF ELECTRON-ENERGY- . . .
increasing the band width will reduce the core-level bind
energy.12–14 Citrin et al.12,13 and Eastmanet al.14 have used
this argument to explain the change of sign in surface X
core-level shifts across the transition metal series. That
core-levels do follow the shifts in the valence band has a
been noted by other groups7,8,15although they find that error
in ignoring the ‘‘final state effects’’ are on the order of 0
eV. For the present EELS measurements, this is compar
with the experimental precision, and so is not yet of gr
concern, but it may become so as experimental accuracy
proves.

Three approximations have been made in the above
cussion. First, the use of the core and valence states ar
herently single-particle descriptions. In Sec. II we use
force theorem of Pettifor,16 Mackintosh and Anderson17 to
relate core-level shifts~which are determined by difference
in the total energy of the system! to shifts in the single-
particle eigenvalues for the core states. Secondly, the
change with, and relaxation around the core have been
nored in the discussion~they are included in Sec. II!. Instead,
in the discussion, the core-level shift was assumed to re
predominantly from the changes in the ground state vale
electron distribution. For the present work, we can motiv
this approximation by the close correspondence of the m
sured NiL-edge oscillator strength to the calculated grou
state local density of states18 ~DOS! ~Fig. 1!. This is a stricter
condition than is necessary to predict the core-level shift,
which it is only required that the core hole relaxation en
gies are comparable. The error in ignoring the core hole

FIG. 1. Comparison of the theoretical~LAPW! and measured N
L3 EELS edges for the Ni(12x)Al x system~Ref. 18!. The oscillator
strength~dark solid line! is proportional to the Nid density of
states. Lifetime and instrumental broadening of the calcula
~light solid line! is described in Mulleret al. ~Ref. 18!. The good
match between theory and experiment, especially at the edge o
suggests that distortion due to the core hole is small and the s
of the Ni L-edge is determined predominantly by the ground st
density of states.
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laxation is probably about 0.1 to 0.2 eV in comparing
measurement from a surface atom with one in the b
~Weinert and Watson7 gives the case for Cu and Anderso
et al.8 consider Pd, both of which are less effective
screened than Ni, having lower DOS at the Fermi energ!.
The change in screening from bulk to surface~in part due to
the induced surface dipole layer! is probably more extreme
than from bulk to a dislocation or grain boundary, both
which are surrounded by bulk material. The contributi
from core hole relaxation is then likely to be smaller than t
other systematic errors in the models or the experime
measurements.

The third approximation is the already mentioned cor
lation between the core and valence band shifts. We inve
gate this for the bulk Ni-Al compounds by comparing th
measured NiL-edge~EELS! core-level shifts to shifts in the
center of the d band that have been determined se
consistently withab initio LMTO ~linear muffin-tin orbital!
calculations.

The agreement between the core and valence band s
is sufficiently good that we can test the validity of the loc
charge neutrality~LCN! approximation19–21for tight-binding
calculations of Ni-Al alloys. In a previous paper,18 we noted
that although the shape of the EELS NiL edge changed
dramatically across the Ni-Al compounds, the integratedL-
edge cross section did not. As the EELS oscillator strengt
proportional to a local density of states projected onto
atomiclike basis set, this implies that the occupancy of Nd
states~for a linear combination of atomiclike orbitals!, did
not change by more than 2% for a wide range of Ni-
concentrations. This suggested that a simple approxima
to ensure self-consistency in a tight binding calculation is
keep the charge on each orbital fixed upon alloying. This
one form of a local charge neutrality approximation.~An-
other is to keep the charge on each atom constant.!

An immediate consequence of the LCN approximation
that the self-consistent shift of the valence-band on-site
ergies to ensure LCN will cause the associated core-leve
shift as well. The sign and magnitude of the core-level sh
are physically measurable quantities and we test the pre
tions of the LCN approximation against the experimen
measurements. The tight-binding method used is the
tended Hu¨ckel ~EHT! method,22 which has as its chief ad
vantage a very small set of free parameters, which need
fitted only to the pure elements. No additional cross ter
need to be fitted to model an alloy. An additional test of t
method is the use of the force theorem to calculate the a
heats of formation from the EHT calculations.

This paper is organized as follows. In Sec. II we introdu
the framework we use for calculating core-level shifts.
Sec. III we describe theab initio calculations used to calcu
late the self-consistent shifts of the valence bands upon
loying. The EHT calculations, and their predicted allo
heats-of-formation and core-level shifts are also given. T
experimental method and analysis of the systematic error
measuring core-level shifts from EELS are presented in S
IV. The comparison of the theoretical and experimental co
level shifts, and a discussion of the consequences for
LCN approximation are given in Sec. V. The EHT param
eters and the tight-binding DOS can be found in the App
dix.
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II. CORE-LEVEL SHIFTS AND THE FORCE THEOREM

In a single particle picture for a metal, the EELS thresh
is simply the binding energy of the core-level with respect
the chemical potential~or the Fermi level at 0 K!. The many-
body case is more complicated. Koopmans’ theorem ide
fies the Hartree-Fock~HF! eigenvalues with the ionization
potentials of the system for which the Hartree-Fock eq
tions were solved.23 Consequently the same identification
the ionization potentials cannot be made for the Kohn-Sh
eigenvalues of a density-functional theory24 such as the loca
density approximation~LDA !. The difference between th
HF and LDA eigenvalues is~to first order in respective self
energies!, the difference between the HF exchange poten
and the LDA exchange-correlation potential. This is of t
same order as the correlation energy~defined as the energ
difference between the HF and theexacttotal energies!. The
Ni L shell contribution to the correlation energy is on t
order of ten eV. This will be the order of the error in usin
the 2p eigenvalues obtained from LDA as theL edge ioniza-
tion energies~and typically the LDA value will be an under
estimate!. Unfortunately the core-level shifts are very mu
smaller than this.

Instead, the smallness of the shifts makes possible t
calculation using the force theorem.16,17 The force theorem
provides a simple but still many-body expression for cal
lating small changes in total energy, even when the to
energies themselves are large. This becomes relevant w
we note that the core-level binding energyEB is defined as

EB5Etot* 2Etot , ~1!

whereEtot is the total energy of the ground state andEtot* is
the total energy of the final state. Now the force theor
states that given a self-consistent solution to the Kohn-Sh
equations~which can be readily obtained for the groun
state!, the first order change in total energy,dE, is given by

dE5dS (
i

nie i D 1dEes. ~2!

The first term is the change in the occupied one-elect
states of energye i and occupancyni , calculated using the
displaced~by the perturbation! but otherwise frozen one
electron potentials.dEes is the change in the classical ele
trostatic energy. If the cell defining the perturbed atom w
neutral and spherically symmetric thendEes would be zero.
Otherwise it would be the change in the Madelung ener
For the former case, the first orderchangein the total energy
is given simply by the change in the Kohn-Sham single p
ticle eigenvalues.~Even though the total energies are n
given by the eigenvalue sums!. The main consequence of th
force theorem is that the so called ‘‘double counting’’ term
in the Coulomb energies have been canceled out. Altho
these exchange and correlation energies do make an im
tant contribution to the total energy of the solid, they do n
contribute to a first order change in the total energy. T
change in total energy of interest here is the transition to
excited state. Further discussion of the force theorem ca
found in Heine25 or Sutton and Baluffi.26

Provided the excited states are confined within the sa
cell as the initial states, the electrostatic contributions,dEes,
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will cancel.Ab initio calculations of core hole effects in Fe27

and Co, Ni28 show the changes between the initial and fin
states are largely confined to the excited atom. This sho
be the case in most metals, where the screening lengt
smaller than the Wigner-Seitz radius29.

The creation of a core hole is then essentially a promot
energy, which in the framework of the force theorem c
then be written as

EB'(
i

dnie i1
1

2 (
i

dnide i , ~3!

where the second order term is also retained, as the re
ation energyde i5e i* 2e i is not small.„For a free Ni atom,
the exact~within LDA ! binding energy@Eq. ~1!# for the tran-
sition 2p63d84s2→2p53d94s2 is 855.172 eV. The first or-
der estimate of the binding energy( idnie i is 834.99 eV. The
second order correction of12 ( idnide i is 20.49 eV, which
brings the perturbative estimate to within 0.3 eV of the to
energy calculation.…

The excitation creates a single core hole, for instance
state j , so nj* 5nj21 and dnj521. The core electron is
excited to the Fermi level~in a metal!, increasing the occu-
pancy of a state there, which we labelf , so dnf511. The
occupancy of all the other eigenstates of the frozen poten
are unchanged so theirdn50. We choose to measure a
energies with respect to the Fermi level, i.e.e f50 ~as the
choice of reference energy is arbitrary!. With this choice, and
the simplified notation, Eq.~3! can be rewritten as

EB'2e j1
1

2 (
i

dnide i . ~4!

A similar result has been obtained for the Hartree-Fo
Hamiltonian by Hedin and Johansson30 although it should be
noted that the Kohn-Sham eigenvalues used here have
ferent values and interpretations from the Hartree-Fock
genvalues.

The core-level shift between two different environmen
~labeled primed and unprimed! is

DEB5EB82EB . ~5!

The force theorem approximates the difference in core-le
binding energies as

DEB'~e j2e j8!1
1

2S (
i

dnide i2(
i

dni8de i8D . ~6!

As the relaxation energies are determined largely by the
site screening~so ( idnide i'( idni8de i8), the second term is
expected to cancel itself out. In comparing the core-le
shifts for a free Ni atom in the initial states 2p63d84s2 and
2p63d94s1, we find (e j2e j8)521.252 eV, while the relax-
ation term only contributes20.028 eV. The core-level cal
culated using the total energy differences~the ‘‘exact’’ an-
swer! is 21.34 eV. The error between the force theore
@both terms of Eq.~6!# and the total energy calculations
then 0.06 eV. If only the first order term is retained in t
force theorem estimate, then the error is 0.09 eV. As thi
comparable to the expected experimental errors, we will
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PRB 58 11 973MEASUREMENT AND MODELS OF ELECTRON-ENERGY- . . .
tain only the first term, which is simply the difference in th
LDA single particle eigenvalues.

While the absolute binding energies cannot be accura
calculated from the ground state LDA single particle eige
values alone, the force theorem gives a simple prescrip
for calculating theshifts in binding energy from them~see
Fig. 2!. Notice that the core-level shift contains both initi
state effects@chemical shifts from changes in the groun
state such as (e j2e j8)# and final state effects@relaxation
(e i* 2e i)# due to the presence of the resulting core ho
Although the final state effects are often larger than
chemical shifts,7 the core-level shift is dominated by the in
tial state effects. This is because the screening of the
hole is mostly intra-atomic, making the relaxation ener
relatively insensitive to changes in the local environment11

III. CALCULATIONS OF VALENCE BAND SHIFTS

The approximation that the core-level shifts will follo
shifts in the valence band relies on the core electrons e
riencing a similar change in potential to the change exp
enced by the valence electrons. This is more likely to
satisfied for wave functions such as 3d states, which pen-
etrate the atom core, than for valence states which are
thogonal to the inner shell electrons such as the 4s or 4d
states. An immediate implication is that we would expect
approximation to be best obeyed for precisely those ma
als that do not have soft pseudopotentials~for which or-
thogonality to the core states is generally required!. Conse-
quently we would expect better agreement between core
valence band shifts for the 3d transition metals than for the
4d or 5d series. As theL-edge binding energies are also a
smaller for the 3d series than the 4d series, we might also
expect that the absolute errors made will be smaller also
particular, the errors introduced by ignoring final states
fects should be smaller.

A. Ab initio calculations

The self-consistent linear-muffin-tin-orbital~LMTO!
method31 was used with the local density approximatio

FIG. 2. Measured NiL2,3 binding energies in Ni-Al alloys.
Spectra were recorded on the IBM STEM with a Wien filter sp
trometer.
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~LDA ! for the exchange and correlation potentials.24,32 The
ratio of sphere radii in the alloys were chosen according
Anderson’s prescription,33 but the choice of different ratios
such as those used by Moruzzi and Marcuset al.34 or Nau-
tiyal and Auluck,35 resulted in changes of less than 0.05 e
to the valence band shifts and heats of formation. The ca
lations were much more sensitive to the choice of latt
constant, as the bandwidth can vary rapidly as the fifth po
of interatomic spacings.31 The minimum in LMTO total en-
ergy was generally found to occur at lattice constants t
were roughly 3% smaller than is measured experimenta
The experimental total energies and valence band wid
were typically 0.2 eV less at the experimental lattice const
than at the LMTO energy minimum. However, thediffer-
encesin total energy and valence band shifts were less t
0.03 eV, provided the lattice constant was chosen accord
to the same prescription~i.e., experimental or LMTO energy
minimum! for all the systems being compared. The resu
reported here are for the experimentally observed lattice c
stants.

Ni and Al have fcc structures with lattice constants~for
the cubic unit cells! of 6.650a0 and 7.651a0 , respectively.
Ni3Al has theL12 or Cu3Au crystal structure of the Al atoms
at the corners of a cube and the Ni atoms at the face cen
of the cube.36 The lattice constant is 6.743a0 . NiAl has the
B2 or CsCl structure with the Al at the corners of a cube a
the Ni atom at the body center.36 The lattice constant is
5.450a0 .

Spin polarization was included only for the Ni calcul
tion. Although Ni3Al is thought to be a weak itineran
ferromagnet,37 its Curie temperature of 43 K is well below
the measurement temperature ('300 K). For comparison
with experiment, Ni3Al is assumed to be paramagneti
Simulations of the magnetic properties of Ni3Al can be
found in Refs. 38, 34, 39 and 35. The magnetic effects, e
at 0 K, are very weak, and the error made in neglecting th
('0.003 eV) is much smaller than the energy scale of
terest in this work.

The potentials were obtained self-consistently using 28k
points in the irreducible part of the Brillouin zone for N
NiAl, and Ni3Al. This was roughly double the number ofk
points required to converge the total energy to 1028 Ry.
However, as the calculations can be~and were! performed in
a few minutes on a laptop computer, the largerk point sets
was used. 1240k points in the irreducible part of the Bril
louin zone were for the Al calculations, to ensure an a
equate sampling close to the zone boundaries and edges
basis sets includeds, p, d, and f orbitals for each site. The
densities of states were calculated using the analytic tetr
dron method.40

In the atomic sphere approximation~ASA!, the center of
eachl projected DOS,Cl , are defined41,31to be the energy a
which the logarithmic derivative of the wave function at th
sphere boundary is2 l 21. As the Ni DOS is dominated by
the d electron contribution, a weighted average of all t
valenceCl ’s is little different from Cd . Consequently, we
useCd ~referenced to the Fermi energy! to measure shifts in
the valence band.

We defer a full discussion of the results to Sec. V. Ho
ever, it should be noted that the shifts inCd track the mea-
sured EELS core-level shifts to within the experimental

-
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rors. Although more accurate methods of calculating co
level shifts do exist, the interest here is rather to test
simpler theories that connect the core-level shifts to chan
in the ground state electronic structure.

B. Extended Hückel tight binding calculations using the local
charge neutrality approximation

Having demonstrated that the core-level shifts track
valence band shifts for the Ni-Al compounds, we now a
the next question:why do the valence bands shift upon a
loying?

We address this by constructing a simpler model of
solid using an extended Hu¨ckel tight-binding theory, which
is described more fully in Appendix A~see Fig. 3!. The
extended Hu¨ckel theory~EHT! is one of the more popula
semiempirical tight binding methods used in quantum che
istry. Originally used by Wolfsberg and Helmholtz in mo
eling inorganic complexes,42 the method was further deve
oped and widely applied by Hoffman.22 A survey of most of
the chemistry using EHT can be found in Ref. 43.

The force theorem@Eq. ~2!# suggests that a tight bindin
model should be able to provide a description of the cohe
energy of a solid, provided the reference system is cho
with care. The tight binding bond model44,45,20,46 ~TBB!
gives a clear prescription of how to do so, and attac
physical interpretation to what are otherwise apparentlyad
hoccorrections to the tight-binding formalism. Applying th
force theorem, as in Sec. II, the cohesive energy of a s
can be written as

Ucoh5Ubond1Uprom1dEes. ~7!

If the reference system chosen is a free atom with orbi
at energies$e i% then the bond energy can be rewritten as20

Ubond5(
i
E

2`

EF
~E2e i !ni~E!dE, ~8!

whereni(E) is the i projected LDOS andEF is the Fermi
energy ~for simplicity only metals at T50 K are
considered—a Fermi function must be introduced at fin
temperatures!. This describes the covalent bonding that o
curs when the solid is formed from the free atoms.

The promotion energyUprom takes into account the
change in occupancy of the orbitals on forming the so
from the reference system

FIG. 3. Comparison of band structures for paramagnetic Ni
culated by~a! orthogonal tight-binding@p. 486 of Harrison~Ref.
67!#; ~b! APW ~Ref. 71!; ~c! extended Huckel tight-binding~from
this work!.
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Uprom5(
i

dnie i . ~9!

Together,Ubond1Uprom can be identified as the first term o
the force theorem@Eq. ~2!#. If the system is kept charge
neutral then these will be the only contributions to the forc
theorem calculated binding energy.

EHT is most successful for compounds formed from e
ments of similar electronegativity.47 This is because the lac
of self-consistency and electron-electron interactions in
standard EHT leads to a large overestimation of the cha
transfers between elements with dissimilar electronegativ
An electron-electron term of the formUmnQmQn can be
added to the Hamiltonian which leads to a tight-binding H
tree model.48 Umn is the effective intrasite Coulomb interac
tion andQm is the charge associated with themth orbital. An
alternative approach, more common in the chemistry co
munity, is to add the Coulomb integral to the diagonal mat
elements of the Hamiltonian.49 In both cases, a self
consistent solution is found through iteration, the effect
which is to greatly reduce the charge transfers. For insta
in tight-binding Hartree calculations of the Ni-Al phas
diagram,50,51 the charge transfer did not exceed 0.1e2. For d
electrons, the Coulomb integrals are of the order of 10
which is much larger than any of the heats of formation
the metal alloys. It is not then a very drastic approximati
to set the Coulomb integrals to infinity. This has the effect
making the charge on each site in the alloy to be the sam
in the reference system~and has the advantage of reducin
the number of fitting parameters in the Hamiltonian!. The
simplest modeling of this self-consistency is to impose
local charge neutrality on the system. This can be done
either rigidly shifting all the diagonal Hamiltonian matri
elements on a given atom by the same amount19,20 or by
adjusting the individual atomic orbital21 ~in which case the
promotion energy is zero!. In both cases, the calculatio
must be iterated to self-consistency. From the force theo
we know that a self-consistent redistribution of charge d
not contribute to the force on the atom so the bond energ
calculated with respect to the self-consistently determin
on-site energies.

In the present work, the EHT is used as a framework
implement the tight-binding bond model so no special s
nificance is attached to the Slater-type orbitals. They are
garded as parameters to be fitted to bulk band structures.
modifications necessary to convert EHT to a TBB model
as follows.

The matrix elements of the Hamiltonian are fitted to re
erence band structures~e.g., from LMTO calculations! for
the pure elements. This allows the force theorem to be u
to estimate the energy changes upon alloying.

Local charge neutrality is imposed on each orbital, i.e.,
orbital in the alloy must have the same number of electr
as it did in the reference system. The diagonal matrix e
ments are iteratively adjusted until charge neutrality
reached. (Hii8 5Hii 1ldQi where the mixing constantl is of
order unity.! Typically 10–15 iterations are needed to co
verge the charge imbalance,dQi , to less than 0.01e.

The bond energies( ini(Ei2Hii ), not the band energie
( iniEi , are used to calculate changes in the total energy
accordance with the TBB model, the self-consistent readj

l-
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ment ofHii does not change the total energy. There are a
no contributions from the promotion or electrostatic energ
as the system remains strictly charge neutral.

It was found that keeping each orbital charge neut
rather than just each atom, improved the calculated hea
formation by a factor of 4. This may be an artifact of th
EHT method as the hopping parameters~off-diagonalHi j )
are affected by changes ofHii on an absolute energy scale.
may also reflect the difference in Coulomb integrals for
Ni s andd states. If thes-d energy difference was kept fixe
on alloying there would be a significant redistribution
charge between the Nis andd states, even if the total charg
per Ni atom was kept fixed. Ased'es in the EHT fit, the
promotion energy is small, and comparable to the Coulo
integrals neglected by the force theorem. Consequently,
energy cost of thes-d transfer cannot be accurately dete
mined, a problem which the orbital neutrality conditio
avoids.

The crystal structures and lattice constants are the sam
those used in the LMTO calculations of the Ni-Al system.
cubic supercell was used for all calculations so the same
of 200k points in the irreducible Brillouin zone could b
used when calculating the DOS. The Hoffman group E
packageYAeHMOP, written by Greg Landrum~1994!, was
used.52 The EHT parameters and DOS are given in the A
pendix.

C. Results

EHT parameters were fitted only for bulk Ni and Al~Ap-
pendix A!. No changes or new parameters are introduce
the calculation of the alloys, other than the requirement
local charge neutrality and the use of the experimental lat
constants. The calculated alloy DOS, heats of formationDH,
and shifts in band energies are then predictions of, ra
than fits to, the properties of the alloys themselves. The
timate test of the method is how well the calculations ag
with experiment.

There are two tests of the local charge neutrality~LCN!
approximation we can perform on our tight-binding calcu
tions. First, the experimentally measured core-level s
should match the valence band shift required to keep
charge per orbital unchanged during alloying. Secondly,
force theorem can be applied to the calculated DOS to e
mate the alloy heats of formations. The extended Hu¨ckel
method provides a useful framework for both these tests
the semiempirical tight-binding parameters need only be
ted to pure elements and not the alloys of interest.

The DOS for the various Ni-Al alloys are shown in Fig.
The Ni d band appears to shift lower in energy with increa
ing Al concentration, yet the number ofd electrons is fixed.
This implies that in some sense, thed DOS is being broad-
ened as the system is made increasingly Al rich. At the sa
time the sharply peaked central portion of the atomicd DOS
appears to become narrower. The overall effect is to tran
states from the centroid to the tails of the DOS~i.e., increase
the 4th moment of thed DOS!. Both these trends can b
understood in terms of the loss of Nid-d interactions and
increaseds-d hybridization.53,18

The STO’s for Ni, Al as well as the self-consistent io
ization potentials for NiAl and Ni3Al have already been
o
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given in Table VII. The ionization potentials should not b
interpreted on an absolute scale—removing an electron
infinity in a real solid would involve a calculation of th
dipole potential present at the surface. Instead, the chem
potential of the solid can be used as a meaningful refere
energy.~This is the Fermi energy as the calculations are
metals at 0 K.! This is also the quantity that is measured w
EELS while the ionization energy has no special significan
in EELS and cannot be directly determined.

When the band centers~first moment of the LDOS! are
measured with respect to the Fermi energy~Table I!, the
effects of the local charge neutrality can be seen. The Nd
band has shifted further below the Fermi surface while the
band centers have shifted up. A shift of the valence ba
with respect to the Fermi level also implies that the co
levels must be shifted. For orbital charge neutrality, the c
shift is the weighted average of the valence levels. The co
level shifts due to orbital charge neutrality are in very go
agreement with the experimental core-level shifts reporte
Sec. IV.

The tight-binding bond energies obtained from Eq.~8! are
given in Table II. This is the only term that will contribute t
the force theorem estimate of the heats of formation of
alloys:

FIG. 4. EHT calculated density of states for the Ni-Al com
pounds. The atomicd DOS is indicated by the shaded area and
unoccupied portion of thed DOS ~which determines the shape o
the Ni EELSL edge! is represented by the solid area. Although t
d band appears to shift to a lower energy as Al is added to Ni,
number ofd electrons remains the same.

TABLE I. EHT band centers measured with respect to the Fe
energy in the Ni-Al compounds~in eV!.

Ni Al
ms

12EF md
12EF ms

12EF mp
12EF

Ni 20.85 21.18
Ni3Al 20.40 21.24 22.12 12.15
NiAl 10.45 21.59 22.19 12.29
Al 22.75 11.77
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DH~Ni12xAl x!'Ubond~Ni12xAl x!2xUbond~Ni!

2~12x!Ubond~Al !. ~10!

The EHT calculations overestimate the experimental h
of formation by approximately 0.1 eV for Ni-Al and unde
estimate it by 0.1 eV for Ni3Al. The EHT heats of formation
would be reduced by approximately 0.05 eV if magnetic
fects were included. The errors in the EHT estimates
~probably fortuitously! no worse than those in theab initio
calculations of Hackenbracht and Kubler38 or the LMTO-
ASA calculations of Sec. III A, both of which consistent
overestimate the heat of formation by about 0.1 eV. If
EHT parameters for the bulk materials were used directly
the alloy calculations, without correcting the charges s
consistently, then the Ni-Al heat of formation is overes
mated by 0.4 eV. Self-consistency, even when approxima
by local charge neutrality, seems to be an important facto
describing the trends in cohesive properties.

The good agreement between the EHT calculations
the experimental heat of formation raises an interes
point: As no charge transfers were allowed in the EH
model, the stability of the alloys is predominantly the res
of covalent bonding. The ionic contribution is not importa
for considering the phase stability. Instead, it is sufficient
consider only the changes in the LDOS when estimat
changes in cohesion. This will prove to be very useful
relating the EELS measurements to grain boundary energ

D. Summary

The tight-binding bond approach to the EHT model h
successfully reproduced the heats of formation and the c
level shifts for the Ni-Al compounds studied, to within 0
eV. Only bulk Ni and Al parameters were fitted but the all
cohesive properties and DOS trends were accurately
dicted. This was only possible when local charge neutra
was imposed on the system and energies were measure
ing the force theorem.

IV. EXPERIMENTAL METHOD

Details of the specimen preparation and processing of
recorded spectra are the same as those desc
previously.18 The effects and prevention of electron bea
radiation damage in the Ni-Al system can be found in Mul
and Silcox.54

TABLE II. EHT bond energies and alloy heats of formatio
DH. The LMTO-ASA calculations ofDH from this work are simi-
lar to the ASW calculations of Hackenbracktet al.38 The experi-
mentalDH is from Hultgrenet al.84 All energies are in eV.

Ubond EHT Experimental LMTO-ASA ASW
DH DH DH DH

Ni 21.964
Ni3Al 22.962 20.31 20.3860.05 20.48 20.47
NiAl 24.051 20.72 20.6160.05 20.76 20.74
Al 24.698
at
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A. Specimen preparation

Electron spectroscopy in a scanning transmission elec
microscope~STEM! is performed in a transmission mod
usually with a small focused probe.55 An additional advan-
tage of spectroscopy in an electron microscope is that
specimen can be imaged and regions with obvious def
can be examined separately. The high lateral spa
resolution56–58 ~2–8 Å! means the specimen need only
defect free over distances as small as a few nanometers
course, very much larger areas are used to avoid finite
effects.

Al thin films were deposited directly onto formvar grid
by magnetron sputtering. This meant only one surface of
film was exposed to atmosphere when the specimens w
transferred to the STEM. The nominal mass thickness w
20 nm but grains as large as 50 nm were observed. TheL
edges were recorded on these larger grains where the su
oxide accounted for less than 5% of the probed volume.

The Ni, Ni-Al, and Ni3Al specimens were prepared fo
transmission electron microscopy by jet polishing with
10% sulfuric acid solution in methanol.

B. Instrumentation

A VG-HB501 STEM equipped with a Wien filte
spectrometer59 was used to measure the EELS spectra of
Ni-Al compounds on an absolute energy scale. The fi
floats at the electron beam acceleration voltage of 120 kV
the spectrometer is insensitive to instabilities and drift of
microscope’s high voltage supply. By applying a know
voltage to the Wien filter, energy losses can be measure
an absolute scale, with a precision of650 meV at the NiL
edge and somewhat better,620 meV at the AlL edge.~The
binding energy of bulk Ni spectra, measured six mon
apart, were also reproduced to within650 meV.) The en-
ergy resolution of the spectrometer is about 0.15 eV so
resolution of the spectra is limited by that of the electr
source. For low extraction voltages, the resolution of a fi
emission gun is 0.25 eV. When larger currents are requ
~as in this work! and a higher extraction voltage is used, t
energy resolution is 0.3–0.4 eV. At large energy losses,
signal is dominated by a large background, possibly due
stray electrons from the deflected zero-loss beam striking
side of the spectrometer. This limits the sensitivity of t
detector and makes deconvolution of the spectra difficul
the background shape is unknown. While this limits t
quantification of EELS cross sections, it has little effect
the position of the edge onsets, and hence little effect on
measured core-level shifts, which are the quantities of in
est in this paper.

C. Measuring the core-level binding energy

Although the energy axis for an EELS measurement
be determined on an absolute scale, a precise determin
of the core-level binding energy is not always straightfo
ward. The EELS edge has considerable structure whic
convolved with the finite resolution of the microscope
well as the core hole lifetime. Consequently the peak of
EEL spectrum need not~and often does not! mark the onset
of the spectrum~see Fig. 1!.
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The definition of our edge onset is somewhat arbitra
but if a consistent definition is used, the systematic err
will be similar, and can be expected to cancel when mea
ing thedifferencesbetween edge onsets. The accurate rep
duction of the measured EELS edges with LAP
calculations18 allows us to test various definitions. If th
spectrum were a simple step function, then for a symme
blurring, the binding energy would be given by the inflexio
point ~the first maximum ofdI/dE). This is a stable and
well-specified definition of the core-level binding energ
While exact for a step function, it will underestimate th
binding energy for a delta-function feature. An estimate
the systematic errors in using the inflexion point can be
tained from treating the LAPW calculated EELS spectra
the same manner as the experimental data which
matched so well~Fig. 1!. The results are shown in Table II
As expected, the binding energy is underestimated~by 0.4
eV!. However, all the binding energies are all underestima
by a similar amount so the relative error in the core le
shift is closer to 0.1 eV. This is comparable to the unc
tainty in the experimental data.

An additional attraction of using the inflection point
determine the core-level shift is its insensitivity to errors
the background subtraction of the measured spectra.
background should be slowly varying at the NiL edge so the
error in background slope over the edge onset is first orde
the binding energy. Thus it only adds a constant to the
rivative of the spectrum. As the inflection point is obtain
by a second differentiation, the background does not cont
ute. The experimental core-level binding reported in Ta
IV was determined using the inflection point definition.

TABLE III. Modeled Ni L-edge core-level shifts in Ni-Al al-
loys. The binding energies are determined from the inflection p
in the simulated EELS spectra, calculated from the broade
LAPW LDOS. The actual edge onsets are all at 0 eV.DEB is the
systematic error in using the inflection point to measure core-le
shifts with respect to bulk Ni.

Binding energy~eV! DEB ~eV!

Ni 20.39
Ni3Al 20.39 0
NiAl 20.27 10.12

TABLE IV. Measured NiL-edge core-level binding energies
the Ni-Al intermetallics. The roughly 0.4 eV difference between t
EELS and XPS measurements can be attributed to the use o
inflection point to define the EELS core level binding energy~see
Table III!.

EELS L3 XPSb L3 XPSa L3

binding binding binding
energy~eV! energy~eV! energy~eV!

Ni 852.260.05 852.6560.2 852.860.1
Ni3Al 852.360.05 852.6560.2
NiAl 852.960.1 852.860.2 853.360.1

aF.U. Hillebrechtet al., Phys. Rev. B27, 2179~1983!.
bS.C. Liu et al., Phys. Rev. B42, 1582~1990!.
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V. RESULTS AND DISCUSSION

Table V shows the NiL3-edge core-level shifts with re
spect to bulk Ni. Similar shifts are seen with XPS and EE
although the errors are somewhat larger in the XPS meas
ments. The systematic errors expected for the EELS m
surements~Table III! suggest that the Ni-Al EELS core-leve
shift may be overestimated by 0.1 eV. Overall the core-le
shifts are seen to be small but they are nonzero and do
crease with increasing Al concentration.

Table VI shows the core-level shift is found to be in go
agreement with that predicted by EHT calculations when
cal charge neutrality is imposed. The agreement is g
~within the 0.1 eV uncertainty of both theory and expe
ment!. This is not unexpected since the calculated grou
state DOS agrees well with the shape of the EELSL2,3 edges
as shown in Fig. 1; see also Mulleret al.18!. The agreement
for both the core-level shifts and EELS shapes suggest
interactions between the core hole and the valence elect
are weak in this system.

The physical picture of the core-level shift in the TB
model is then that the local densities of states can cha
shape and width, but that each atom remains neutral. T
means that the atomic levels must shift in a direction
reduce the charge transfer and maintain an approxim
charge neutrality. The AlL-edge core-level shift is furthe
evidence of this effect. The AlL-edge core-level shift be
tween Al and Ni-Al is10.3 eV and the EHT shift of the Al
valence bands with respect to the Fermi energy
10.32 eV. This picture may be applicable to insulators

t
d

el

the

TABLE V. Measured NiL-edge core-level shifts in the Ni-A
alloys. The core-level shifts are referenced to the bulk Ni meas
ment. From Table III we would expect the measured Ni-Al EEL
core-level shift to be overestimated by about 0.1 eV.

EELS XPSa XPSb

core-level core-level core-level
shift ~eV! shift ~eV! shift ~eV!

Ni3Al 0.160.07 0.060.3
NiAl 0.760.1 0.260.3 0.560.1

aF.U. Hillebrechtet al., Phys. Rev. B27, 2179~1983!.
bS.C. Liu et al., Phys. Rev. B42, 1582~1990!.

TABLE VI. Comparison of the NiL-edge EELS core-leve
shifts and calculated valence band shifts in the Ni-Al alloys. T
core-level shifts should follow the valence band shifts if the co
states experience the same change in potential. The LMTO s
are with respect to ferromagnetic Ni. The shifts are increased
0.04 eV when spin polarization is ignored. A positive value is
increased binding energy~or position below the Fermi energy! with
respect to fcc Ni. From Table III we would expect the measu
NiAl EELS core-level shift to be overestimated by about 0.1 eV

EELS LMTO EHT
core-level Cd valence band
shift ~eV! shift ~eV! shift ~eV!

Ni3Al 0.160.07 0.06 0.1060.1
NiAl 0.760.1 0.53 0.5260.1
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well as metal alloys as a similar behavior has been foun
the copper-oxide system.11

If a system does remain charge neutral~in a tight binding
sense! then the sign of the core-level shift can be predic
from the changes in bandwidth that occur on alloying. Sin
the number of electrons per atom is fixed, an increase in
width of valence DOS associated with a particular atom
plies that the average energy of that atom’s valence st
must lie further below the Fermi energy. As the core lev
~of a given atom! follow the average shift of the valenc
states~on that atom!, the core-level binding energy~for that
atom! is also increased.

VI. APPLICATION TO OTHER SYSTEMS

The close correlation between the core-level and vale
band shifts has been widely used in the analysis of X
data.12–15 Quantitative analysis~both for EELS and XPS! is
restricted to metallic systems as the core-level shift can o
be related to valence band shift if there is a well-defin
Fermi energy. As mentioned in the Introduction, the fin
state contributions are expected to be less severe at int
interfaces than at free surfaces. Generally, if the EELS sp
trum reproduces the unoccupied, single-particle density
states then core-hole and final-state effects are likely to
small. In the self-consistent LMTO calculations, the co
level shift was assumed to track the center of thed band.
Strictly speaking, the core-level shift should track the av
age valence band shift, weighted by number of electrons
the proximity of their wave functions to the core state
However, most of the electrons in the Ni valence band h
a d-like character so it was not necessary to make this
tinction in the present work. For metals on the left side of
Periodic Table, the contribution from the other electrons
likely to become significant and the average valence b
shift should be used.

A far more restrictive approximation is the local char
neutrality imposed on the tight binding calculations in S
III B. If small charge transfers do occur, the method will
in error by the neglected difference in Madelung energ
@which was discarded in Eqs.~2! and~7!#. As a rough rule of
thumb, the charge neutrality approximation will break dow
when the Pauling ionicity exceeds 10%~Ref. 60! ~the Fe:B,
Fe:P, Cu:Bi, Ni:Si, and Ni:Al systems all satisfy this ru
very comfortably!.

EELS core-level shifts have been measured in the N
system61 and provided an additional check on these appro
mations. Nickel silicides have been heavily studied, mo
vated by their potential applications as Schottky barriers
Ohmic contacts in the microelectronics industry.62–64Conse-
quently, XPS core-level shifts have also been published.
Ni 2p core level shifts~corresponding to the NiL-edge bind-
ing energy! for Ni2Si and NiSi with respect to Ni are 0.6 an
1.1 eV, respectively64 ~no error bars were given!. From
EELS, the core-level shifts for Ni2Si, NiSi, and NiSi2 are
0.560.4,1.560.4, and 2.560.4 eV.61 Core-level shifts have
also been reported for the Ni 3p core states~the Ni M
edge!;65 however, the presence of a strong Fano resona
on the Ni M edge66 is likely responsible for the anomolou
behavior reported for Ni2Si and NiSi.

We find the core-level shift predicted by self-consiste
in
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LMTO calculations for Ni3Si is 0.37 eV, and 0.360.1 eV
by applying the LCN approximation to EHT~Wong’s EELS
measurement is 0.560.4 eV). For Ni2Si, LMTO predicts a
2.1 eV core-level shift with respect to Ni, and LCN-EH
predicts a 2.460.2 eV core-level shift~Wong’s EELS mea-
surement is 2.560.4 eV). Given the large change in chem
cal environment from Ni to NiSi2 , the ability to reproduce
the experimental core-level shift is very encouraging.~For
the EHT calculations, the Ni parameters were the same u
for the Ni-Al system described earlier in the paper. The
parameters were the defaults provided byyaeht.52!

VII. CONCLUSION

The experimental NiL3 core-level binding energy wa
determined from the first inflection point of the EELS spe
trum. By testing this definition on modeled core edges for
bulk Ni-Al alloys, it was found that this resulted in a system
atic underestimate of the absolute binding energy by ab
0.4 eV. The error results largely from the energy resolut
of the microscope and the core hole lifetime, which are
dependent of the Ni atom’s environment, and so is larg
canceled in the estimate of the core-levelshifts, as it is a
difference in binding energies. The largest error, of 0.12 e
was in estimating the shift of the NiL3-edge between Ni and
Ni-Al. This is comparable to the experimental precisio
which is limited by the signal to noise ratio in the EEL
spectra. The difference between EELS and XPS core-le
binding energies can be largely attributed to the differ
methods required to precisely define the edge onset.

The force theorem provides a framework for calculati
the core-level shifts resulting from small perturbations to
atom. In the extended Hu¨ckel tight-binding approximation
model, the core-level shift is assume to follow the shift of t
valence band center with respect to the Fermi energy.
measured core-level shifts with respect to pure Ni for
bulk Ni-Al alloys were found to be within 0.1 eV experimen
tal error of the shifts predicted from the EHT model whe
local charge neutrality had been assumed. As the shifts a
consequence of the EHT model, and not fitted paramet
this is a successful microscopic test of the thesis that
local charge neutrality is a good approximation~to within 0.1
eV! of the self-consistent screening in bulk Ni-Al alloys.
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APPENDIX: THE EXTENDED HU¨ CKEL METHOD
AND TIGHT BINDING PARAMETERS

The starting point for the extended Hu¨ckel theory
~EHT!,42,22as with most tight binding theories, is the secu
equation67,68
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(
j

~Hi j 2EmSi j !cm j50, i 51,2, . . . , ~A1!

wherem labels the eigenstates andi , j label the atomic basis
states. The eigenfunctionswm are linear combinations of th
atomic orbitals,f i ,

uwm&5(
i

cmiuf i&. ~A2!

The matrix elements of the Hamiltonian areHi j

5^f i uĤeffuf j& and the overlap integrals areSi j

5^f i uf j&. Ĥeff is the ~as yet unspecified! one-electron
Hamiltonian. The overlap integrals are central to the E
method, determining the distance dependence of interact
~both forSi j andHi j ). The overlaps are explicitly calculated
using Slater-type orbitals~STO’s! for each of the basis state
i , rather than fitting the overlap integral to eachi , j pair.
Consequently, onlyN sets of parameters are needed for d
ferent N types of atoms, rather than the neededN2 if cross
terms were fitted directly. The result is a much smaller se
parameters than a conventional tight-binding fit.

The diagonal matrix elements are taken to be the ion
tion potentials of a reference system~usually fitted to the
single-particle eigenstates of a free atom or a measured
ization energy of a solid!

Hii 5e i . ~A3!

The parameter set is reduced further by the use of
Wolfsberg-Helmholtzansatzfor the off-diagonal matrix ele-
ments of the Hamiltonian:42,69,70

Hi j 52K
Hii 1H j j

2
Si j , ~A4!

whereK is a numerical constant, usually between 1 and
Hoffman choseK51.75 which was optimized for the com
parison of the staggered and eclipsed conformations
ethane.22 Bisi and Calandra have usedK52.5 in their calcu-
lations of nickel silicides.62 In the present work, this modifi

TABLE VII. Summary of parameters used in the EHT calcu
tions. The STOs are not altered upon alloying but the ionizat
potentials are adjusted to ensure charge neutrality.

Ionization potentials~eV!

Ni Al
es ed es ep

Ni 29.500 28.000
Ni3Al 29.721 27.688 211.793 26.424
NiAl 29.615 27.781 212.066 26.218
Al 212.3 26.5

Slater type orbitals
zs zp z1d c1 z2d c2

Ni 2.25 5.75 0.5683 1.90 0.629
Al 1.55 1.6
ns

-

f

-

n-

e

.

of

cation did not lead to improved fits to band structures so
constant was left at Hoffman’s value.

The EHT parameters were fitted to the band structure
bulk Ni and Al. No fitting to the alloy band structures wa
attempted. The onsite terms in the alloys were determined
the local charge neutrality approximation discussed in S
III B. The results are summarized in Table VII.

1. Fitting parameters for FCC nickel

The tight binding parameters for fcc Ni were chosen
reproduce the augmented plane wave~APW! band structure
of paramagnetic Ni ~Ref. 71! ~and p. 19 of
Papaconstantopoulos72!. The error in ignoring the stabilizing
effect of the ferromagnetic ground state is 0.05 eV, which
smaller than errors in the fit~0.1–0.2 eV!. As the Nip bands
are largely unoccupied, a minimals,d basis for Ni~i.e., nop
orbital! was used to model the valence band structure. T
fitting of the EHT parameters to the band structure require
compromise between the widths of the pure (s-s and d-d)
and mixed bands (s-d). The resulting fit has ad band that is
10% too narrow. Thes-d hybridized band betweenG12 and
X48 is too broad near the X point. The largest errors are
states above and near the Fermi energy. As a consequ
the shape of the Fermi surface will not be accurately rep
duced. However, the cohesive energy@Eqs. ~7! and ~8!# is
determined by integrals over the entire valence band wh
have a smoothing effect. Provided the coarser features o
band ~such as its width and asymmetry or skewness! are
reproduced, the changes in local cohesive properties will a
be reproduced. A more formal proof of this is given by t
moments theorem.73

The minimal s,d basis cannot model the unoccupie
states, except near the Fermi energy~within one to 2 eV!.
The Ni p states are not included in the EHT calculation
the Wolfsberg-Helmholtz approximation forHsp greatly
overestimated thes-p mixing in Ni. This leads to a largep

FIG. 5. ~a! Comparison of the LMTO DOS for fcc Al~from Sec.
III A ! with the EHT fitted DOS.~b! The integrated DOS from both
calculations. The discrepancies in the integrated DOS are m
smaller than the DOS itself.
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contribution nearG1 which should be almost purelys char-
acter~this problem can also be seen in the Ni DOS of Sa
lard and Hoffmann74!. The combined interpolation
scheme75,76 where thes andp bands are modeled as a nea
free electron~NFE! gas and only thed states remain tightly
bound~see Ref. 77! gives a better fit than the EHT metho
A tight-binding–NFE Hamiltonian gives a remarkably goo
fit to APW calculations of Ni-Al.78,79 This would be a very
attractive method for future work if a real-space basis for
NFE gas could be found.

The EHT method should not be used for properties t
rely quantitatively on the shape of the DOS directly~such as
Fermi surface, transport properties, and EELS spectra a
from threshold!. It should, however, be acceptable to use
EHT method to simulate properties that rely on integr
over all occupied states, such as the cohesive energy, s
in band centers and general trends in the shapes of the b
~such as the second, third, and fourth moments of
LDOS!.

2. Fitting parameters for FCC aluminum

The tight-binding parameters for Al are taken from t
s,p minimal basis fitted by Zheng and Hoffman80 to the mea-
sured Al band structure.81 The nonorthogonals band has
d

k,

G

y

e

S

ys

,

-

e

t

ay
e
s
ifts
nds
e

sufficient dispersion to reproduce the free-electron chara
of the band at low energies. However, the next three ba
are not well reproduced. Although they have the corr
width ~important for reproducing the cohesive energy!, in
general, the energy gaps at the zone boundaries are ov
timated. This is worst at theX point. The most obvious prob
lem is that the dispersion of a second band between th
and W points has the wrong sign. For the same numbe
parameters~four!, a nearly-free electron~NFE! model gives
a better description of the band structure.82,83.

Once again, the EHT band structure will not reprodu
the Fermi surface or the optical spectrum of Al. However,
the bond energy involves an integral over all the occup
states, the states near the Fermi surface~which have the larg-
est errors! make only a small contribution.

The EHT calculated DOS is shown in Fig. 5. While
reproduces the coarser features of the LMTO calculation
lower energies, thep states do not provide a good descriptio
of the higher energy states. However, the differences
tween the integrated densities of states are much smaller
differences between the densities of states themselves.
key point of Fig. 5 is that although the singular features
an important contribution to the single particle DOS, they
not have a significant effect on theintegrated density of
states.
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