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Absolute measurements of theedge core-level binding energies are made for nickel-aluminum compounds
using electron-energy-loss spectroscOBiELS). The core-level shifts are found to compare favorably aith
initio calculations of the valence band shifts. The measured EELS oscillator strengths and core-level shifts are
used to test the local charge neutralityCN) approximation to self-consistency in extendedckil 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 [S0163-182808)04341-7

I. INTRODUCTION the core hole. For instance, of the eight binary alloys systems
studied by Steiner and Huer? half had core-level shifts of
The threshold of an EEL®&lectron-energy-loss spectros- the same sign for both atomic constituents. The simple inter-
copy) edge occurs at the energy required to create a core hofgretation would require that both atomic species had lost or
and to add an electron to the lowest-lying excited state of thgained charge. Consequently, a core-level shift does not nec-
system. This is the same ener(gnd electronic configura- essarily imply that a charge transféassuming that the
tion) as the XPSx-ray photoelectron spectroscodyinding  charge transfer can even be defindéds occurred. Further,
energy in a metallic system with a well defined Fermi en-the signs of core-level shifts are opposite to those expected
ergy. However, fewer studies of core-‘level shifts have beerfrom electronegativity arguments?
performed with EELS than with XPS as the fine structure of Even in ionic solids, the situation is more complicated
an EELS edge above the threshold energy can complicate thban the charge transfer interpretation suggests. A detailed
determination of the precise binding energy. We overcoméheoretical analysis of XPS core-level shifts in
this difficulty in the EELS measurements by comparisoncopper-oxide§ has shown that although the Cu core-level
with both first-principles calculations and existing XPS data.shift can be correlated with the formal valence of the Cu ion,
Our interest in EELS core-level shifts is motivated by recentthe variation in the number ofd3electrons is small and the
atomic-scale EELS measurements of electronic structureet charge is not related to the formal valerifm instance
changes at grain boundaries ingNI which were strongly Cu** had a smaller positive charge than ’Cj. Instead
correlated with changes in the mechanical properties of thoskarlssonet al. found the core-level shift correlated more
interfaces: Extensive studies of the trends in XPS core-levelwith the shift of the Cu @ band, which was in a direction to
binding energies have been undertaken for the intermetalli;ceduce the Cw»O charge transfer and maintain an approxi-
alloys?3 Rarely do the core levels shift more than an@ut  mate charge neutrality. The same concept is also relevant for
of a few hundred eV’s binding enerpin these metallic sys- metallic system$?~14
tems. This is in marked contrast to the core-level shifts be- Core-level shifts can occur even when the charge on each
tween insulating compounds which can typically be 5—10valence orbital is fixed. For instance, if the valence band
ev? width is increased, the position of the center of the valence
The core-level shift in insulators can often be correlatedband with respect to the Fermi energy will changs the
with the formal valence of the iohThis has encouraged the number of electrons remains unchanged shift in the po-
popular interpretation of core-level shifts as measures oéition of the valence band implies a change in the local po-
charge transfet In this traditional explanation, charge trans- tential, which is also experiencetio some extentby the
fer from an atomic site leads to a more attractive potential forcore electrons. Consequently if the valence band shifts down,
the core electron, increasing its binding energy, while ave might expect the core states to do so as well. If the
charge transfer onto an atomic site reduces the core-levehlence band is more than half filled, then increasing the
binding energy. This is a gross oversimplificatiG®e Wat- band width will increase the core-level binding enefgnd
sonet al’ or Andersonet al®), ignoring both the ambiguity the center of the valence band must drop further below the
in defining the charge transfer and the final state screening dfermi leve) while if the valence band is less than half filled,
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laxation is probably about 0.1 to 0.2 eV in comparing a

jgi: measurement from a surface atom with one in the bulk
S ous (Weinert and Watsongives the case for Cu and Anderson
Tow !l ] NIl etal® consider Pd, both of which are less effectively
.0.08 ] ' screened than Ni, having lower DOS at the Fermi energy
goos The change in screening from bulk to surfdoepart due to
8'03 =, ‘\/\‘\M the induced surface dipole layes probably more extreme
Fozs | NeAl [ Measured || tha_n from bulk to a dislocation or grai_n boundary, b_oth_of
(Ni d D0S)/10 || which are surrounded by bulk material. The contribution

from core hole relaxation is then likely to be smaller than the
other systematic errors in the models or the experimental
measurements.

The third approximation is the already mentioned corre-
lation between the core and valence band shifts. We investi-
gate this for the bulk Ni-Al compounds by comparing the
measured NL-edge(EELS) core-level shifts to shifts in the
center of thed band that have been determined self-
consistently withab initio LMTO (linear muffin-tin orbita)
calculations.

: The agreement between the core and valence band shifts
5 -2 1 5 8 11 14 is sufficiently good that we can test the validity of the local
Energy (eV) charge neutralityLCN) approximation®=2for tFi,g@r:‘tA—/binding
. ) . calculations of Ni-Al alloys. In a previous pa e noted
e 10, e sy ha altough the shape of the EELS Wicige changed
3 g R -Al sy o dramatically across the Ni-Al compounds, the integrdted

strength(_dar_k solid I|n_e Is proportional to t_he Nid density of . edge cross section did not. As the EELS oscillator strength is
states. Lifetime and instrumental broadening of the calculation i |t | I d itv of stat ‘ected ont
(light solid line) is described in Mulleret al. (Ref. 18. The good proportional o a local densily ol stateés projected onto an

match between theory and experiment, especially at the edge ons omiclike basis set, this implies that the occupancy otiNi

suggests that distortion due to the core hole is small and the shapcéates(for a linear combination of atomiclike orbitalsdid

of the Ni L-edge is determined predominantly by the ground statd0t change by more than 2% for a wide range of Ni-Al
density of states. concentrations. This suggested that a simple approximation

to ensure self-consistency in a tight binding calculation is to

increasing the band width will reduce the core-level bindingkeep the charge on each orbital fixed upon alloying. This is
energy*?~** Citrin et al}>*®and Eastmaret all* have used one form of a local charge neutrality approximatigAn-
this argument to explain the change of sign in surface XP®ther is to keep the charge on each atom congtant.
core-level shifts across the transition metal series. That the An immediate consequence of the LCN approximation is
core-levels do follow the shifts in the valence band has alsthat the self-consistent shift of the valence-band on-site en-
been noted by other groupfs'®although they find that errors ergies to ensure LCN will cause the associated core-level to
in ignoring the “final state effects” are on the order of 0.1 shift as well. The sign and magnitude of the core-level shifts
eV. For the present EELS measurements, this is comparabtge physically measurable quantities and we test the predic-
with the experimental precision, and so is not yet of greations of the LCN approximation against the experimental
concern, but it may become so as experimental accuracy inmmeasurements. The tight-binding method used is the ex-
proves. tended Hekel (EHT) method?? which has as its chief ad-

Three approximations have been made in the above disrantage a very small set of free parameters, which need be
cussion. First, the use of the core and valence states are ifitted only to the pure elements. No additional cross terms
herently single-particle descriptions. In Sec. Il we use theneed to be fitted to model an alloy. An additional test of the
force theorem of Pettifol Mackintosh and Andersdhto  method is the use of the force theorem to calculate the alloy
relate core-level shiftéwhich are determined by differences heats of formation from the EHT calculations.
in the total energy of the systgnto shifts in the single- This paper is organized as follows. In Sec. Il we introduce
particle eigenvalues for the core states. Secondly, the exthe framework we use for calculating core-level shifts. In
change with, and relaxation around the core have been igsec. Il we describe thab initio calculations used to calcu-
nored in the discussiofthey are included in Sec.)llinstead, late the self-consistent shifts of the valence bands upon al-
in the discussion, the core-level shift was assumed to resulbying. The EHT calculations, and their predicted alloy
predominantly from the changes in the ground state valenckeats-of-formation and core-level shifts are also given. The
electron distribution. For the present work, we can motivateexperimental method and analysis of the systematic errors in
this approximation by the close correspondence of the meaneasuring core-level shifts from EELS are presented in Sec.
sured NiL-edge oscillator strength to the calculated groundlV. The comparison of the theoretical and experimental core-
state local density of stat'qDOS) (Fig. 1). This is a stricter  level shifts, and a discussion of the consequences for the
condition than is necessary to predict the core-level shift, fot. CN approximation are given in Sec. V. The EHT param-
which it is only required that the core hole relaxation ener-eters and the tight-binding DOS can be found in the Appen-
gies are comparable. The error in ignoring the core hole redix.
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II. CORE-LEVEL SHIFTS AND THE FORCE THEOREM will cancel. Ab initio calculations of core hole effects in Ee
and Co, Nf® show the changes between the initial and final

. - . states are largely confined to the excited atom. This should
is simply the binding energy of the core-level with respect tobe the case in most metals, where the screening length is

borly case 15 more complicated. Kooprans. theorem iengSMalT thah the Wigner-Seitz racids
y b ' P The creation of a core hole is then essentially a promotion

fies the Hartree-FockHF) eigenvalues with the ionization L
potentials of the system for which the Hartree-Fock equag—:-nergy, which in the framework of the force theorem can

tions were solved® Consequently the same identification of then be written as
the ionization potentials cannot be made for the Kohn-Sham 1
eigenvalues of a density-functional the%fryuch as the local EBNE Snig+ = 2 on;de;, 3
density approximatior(LDA). The difference between the i 25
HF and LDA eigenvalues i&o first order in respective self-
energiey, the difference between the HF exchange potenti
and the LDA exchange-correlation potential. This is of the
same order as the correlation enefggfined as the energy
difference between the HF and tbgacttotal energies The
Ni L shell contribution to the correlation energy is on the
order of ten eV. This will be the order of the error in using
the 2p eigenvalues obtained from LDA as the=dge ioniza-
tion energiegand typically the LDA value will be an under- o . _
estimate. Unfortunately the core-level shifts are very much Thg eXCItEtIOH creates a single core hole, for mstanc_e on
smaller than this. stat_ej, son; =nj—_1 and_ onj=-1. '_rhe core electron is
Instead, the smallness of the shifts makes possible theffXCited to the Fermi levelin a metal, increasing the occu-
calculation using the force theoréf!” The force theorem Pancy of a state there, which we lalfelso onj=+1. The
provides a simple but still many-body expression for calcu-°ccupancy of all the other eigenstates of the frozen potential
lating small changes in total energy, even when the totaf"® unchanged so thein=0. We choose to measure all
energies themselves are large. This becomes relevant whERergies with respect to the Fermi level, i¢=0 (as the

we note that the core-level binding enerBy is defined as choice of reference energy is arbitrarWith this choice, and
the simplified notation, Eq(3) can be rewritten as

In a single particle picture for a metal, the EELS threshold

aY\/here the second order term is also retained, as the relax-
ation energyde; = €' — €; is not small.(For a free Ni atom,

the exactwithin LDA) binding energyEq. (1)] for the tran-
sition 2p®3d84s?—2p®3d24s? is 855.172 eV. The first or-
der estimate of the binding energydn;e; is 834.99 eV. The
second order correction ofZ;6n;8¢; is 20.49 eV, which
brings the perturbative estimate to within 0.3 eV of the total
energy calculation.

Eg= E’::)t_ Etots N 1
Eg~—¢+5 >, 6n;de; . (4)
1

6E=6

whereE, is the total energy of the ground state a&f), is
the total energy of the final state. Now the force theorem
equations(which can be readily obtained for the ground Hamiltonian by Hedin and Johans$Balthough it should be
state, the first order change in total energSk, is given by  noted that the Kohn-Sham eigenvalues used here have dif-
genvalues.
+ Oes. 2) The core-level shift between two different environments

The first term is the change in the occupied one-electron
states of energy; and occupancy,, calculated using the AEg=Eg—Eg. 5)
electron potentialssE, is the change in the classical elec- T_he _force thec_Jrem approximates the difference in core-level
trostatic energy. If the cell defining the perturbed atom werd’inding energies as
Otherwise it would be the change in the Madelung energy. AEn~(e — e/ )+ } snoe—S sn’se 6
For the former case, the first ordeiangein the total energy =€)ty Z 1061 Z o< ). (®
ticle eigenvalues(Even though the total energies are notAS the relaxation energies are determined largely by the on-
given by the eigenvalue supdhe main consequence of the Site screeningso 2;n; de;~2;dn/ de/), the second term is
in the Coulomb energies have been canceled out. Althougshifts for a free Ni atom in the initial statep23d®4s? and
these exchange and correlation energies do make an impap°®3d°4s’, we find (¢;— ¢/) = —1.252 eV, while the relax-
contribute to a first order change in the total energy. Theculated using the total energy differenadlse “exact” an-
change in total energy of interest here is the transition to thewep is —1.34 eV. The error between the force theorem
found in Heiné® or Sutton and Balufff® then 0.06 eV. If only the first order term is retained in the

Provided the excited states are confined within the saméorce theorem estimate, then the error is 0.09 eV. As this is

states that given a self-consistent solution to the Kohn-SharA similar result has been obtained for the Hartree-Fock

ferent values and interpretations from the Hartree-Fock ei-
Z Nj€;
I (labeled primed and unprimgds

displaced(by the perturbation but otherwise frozen one-

neutral and spherically symmetric théi . would be zero.

is given simply by the change in the Kohn-Sham single par-

force theorem is that the so called “double counting” termséxpected to cancel itself out. In comparing the core-level

tant contribution to the total energy of the solid, they do notation term only contributes-0.028 eV. The core-level cal-

excited state. Further discussion of the force theorem can Hdoth terms of Eq(6)] and the total energy calculations is

cell as the initial states, the electrostatic contributia¥is,s, comparable to the expected experimental errors, we will re-
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(LDA) for the exchange and correlation potentf4ts? The
ratio of sphere radii in the alloys were chosen according to
Anderson’s prescriptioft but the choice of different ratios,
such as those used by Moruzzi and Maretsl3* or Nau-
tiyal and Auluck®® resulted in changes of less than 0.05 eV
to the valence band shifts and heats of formation. The calcu-
lations were much more sensitive to the choice of lattice
constant, as the bandwidth can vary rapidly as the fifth power
of interatomic spacing®: The minimum in LMTO total en-
ergy was generally found to occur at lattice constants that
were roughly 3% smaller than is measured experimentally.
The experimental total energies and valence band widths
were typically 0.2 eV less at the experimental lattice constant
than at the LMTO energy minimum. However, thidfer-
& T encesin total energy and valence band shifts were less than
845 Ss%nergysif,ss (eVS)60 865 0.03 eV, provided the lattice constant was chosen according
to the same prescriptidie., experimental or LMTO energy-
FIG. 2. Measured NiL, 3 binding energies in Ni-Al alloys. minimum) for all the systems being compared. The results
Spectra were recorded on the IBM STEM with a Wien filter spec-reported here are for the experimentally observed lattice con-
trometer. stants.
Ni and Al have fcc structures with lattice constaffsr
tain only the first term, which is simply the difference in the the cubic unit cells of 6.65(, and 7.65&,, respectively.
LDA single particle eigenvalues. NisAl has thel 1, or CwAu crystal structure of the Al atoms
While the absolute binding energies cannot be accurately; the corners of a cube and the Ni atoms at the face centers
calculated from the ground state LDA single particle eigen-f the cube®® The lattice constant is 6.743. NiAl has the
values alone, the force theorem gives a simple prescriptiofs or CsCl structure with the Al at the corners of a cube and

for calculating theshiftsin binding energy from thentsee  the Ni atom at the body centd.The lattice constant is
Fig. 2). Notice that the core-level shift contains both initial 5.45,.

state effect§chemical shifts from changes in the ground — gphin polarization was included only for the Ni calcula-
state such ase{—¢/)] and final state effectfrelaxation (ion Although NiAl is thought to be a weak itinerant
(¢ —€)] due to the presence of the resulting core holeferromagnet its Curie temperature of 43 K is well below
Although the final state effects are often larger than thehe measurement temperature 300 K). For comparison
chemical shiftd, the core-level shift is dominated by the ini- with experiment, NjAl is assumed to be paramagnetic.
tial state effects. This is because the screening of the corgimulations of the magnetic properties of ;NI can be
hole is mostly intra-atomic, making the relaxation energyfound in Refs. 38, 34, 39 and 35. The magnetic effects, even
I’elatively insensitive to Changes in the local environ nt. at 0 K, are very Weak, and the error made in neg]ecting them

(=~0.003 eV) is much smaller than the energy scale of in-

Il. CALCULATIONS OF VALENCE BAND SHIFTS terest in this work.

The potentials were obtained self-consistently usingk286
oints in the irreducible part of the Brillouin zone for Ni,
NiAl, and NizAl. This was roughly double the number kf
oints required to converge the total energy to 4@Ry.

Intensity (arb. units)

The approximation that the core-level shifts will follow
shifts in the valence band relies on the core electrons exp
riencing a similar change in potential to the change experi-

enced by the valence electrons. This is more likely to b owever, as the calculations can @ad werg performed in

satisfied for wave functions such asl 3tates, which pen- a few minutes on a laptop computer, the larggsoint sets
etrate the atom core, than for valence states which are or- ptop P ’ iy

thogonal to the inner shell electrons such as theod 4d was used. 1240 points in the irreducible part of the Bril-

: e louin zone were for the Al calculations, to ensure an ad-
states. An immediate implication is that we would expect the . ;

S . equate sampling close to the zone boundaries and edges. The
approximation to be best obeyed for precisely those materi:

als that do not have soft pseudopotentiéisr which or- basis sets includes, p, d, andf orbitals for each site. The

thogonality to the core states is generally requir€bnse- densities of states were calculated using the analytic tetrahe-

guently we would expect better agreement between core andc{On method‘.o_ L
In the atomic sphere approximatidASA), the center of

valence band shifts for thed3transition metals than for the eachl projected DOSC, , are define®-3'to be the energy at

4d or 5d series. As thé-edge binding energies are also a lot which the logarithmic derivative of the wave function at the

smaller for the 8l series than the d series, we might also sphere boundary is | - 1. As the Ni DOS is dominated by

expect that the absolute errors made will be smaller also. Irh I .
; : . . : the d electron contribution, a weighted average of all the
particular, the errors introduced by ignoring final states ef-

fects should be smaller valenceC,’s is little different from C4. Consequently, we
' useCy (referenced to the Fermi enelgyp measure shifts in
the valence band.
We defer a full discussion of the results to Sec. V. How-
The self-consistent linear-muffin-tin-orbitalLMTO) ever, it should be noted that the shifts@y track the mea-
method! was used with the local density approximation sured EELS core-level shifts to within the experimental er-

A. Ab initio calculations
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15¢ Uprom: EI onj€; . 9
A10: X
Z - I, % Together,U ot Upom Can be identified as 'Fhe first term of
r | Il the force theoremEg. (2)]. If the system is kept charge
sL Xs neutral then these will be the only contributions to the force-
[ ! theorem calculated binding energy.
- EHT is most successful for compounds formed from ele-
| T . - ..
R © X ments of similar electronegativifyf. This is because the lack
[©) ( c

of self-consistency and electron-electron interactions in the
FIG. 3. Comparison of band structures for paramagnetic Ni calStandard EHT leads to a large overestimation of the charge
culated by(a) orthogonal tight-bindingp. 486 of Harrison(Ref.  transfers between elements with dissimilar electronegativies.
67)]; (b) APW (Ref. 7; (c) extended Huckel tight-bindinfrom  An electron-electron term of the for,,Q,Q, can be
this work). added to the Hamiltonian which leads to a tight-binding Har-
tree modef® U v IS the effective intrasite Coulomb interac-
rors. Although more accurate methods of calculating coretion andQ,, is the charge associated with th¢h orbital. An
level shifts do exist, the interest here is rather to test thalternative approach, more common in the chemistry com-
simpler theories that connect the core-level shifts to changesiunity, is to add the Coulomb integral to the diagonal matrix
in the ground state electronic structure. elements of the Hamiltoniall. In both cases, a self-
consistent solution is found through iteration, the effect of
B. Extended Hickel tight binding calculations using the local ~ Which is to greatly reduce the charge transfers. For instance,
charge neutrality approximation in tight-binding Hartree calculations of the Ni-Al phase
diagram®®®the charge transfer did not exceedd&.1 Ford

Having demonstrated that the core-level shifts track theelectrons, the Coulomb integrals are of the order of 10 eV,

}{/r?lencet bandt_shlfts;] fo(; thti N"AI" comgougds,h\/_\;te now af'I\Nhich is much larger than any of the heats of formation for
€ next questionwhy do the valence bands Shift upon ak ye metal alloys. It is not then a very drastic approximation

loying? . P .
. . . to set the Coulomb integrals to infinity. This has the effect of
We a_ddress this by cpnstruptlng a s'lmpler model 9f themaking the charge on each site in the alloy to be the same as
solid using an extended lekel tight-binding theory, which in the reference systerfand has the advantage of reducing

s tdezcr(ijbild kaO:ﬁ fuIIyEiaTAp_pendix ‘ﬁﬁe Fig. 3 Th? the number of fitting parameters in the Hamiltoniaiihe
extended Hakel theory ( ) is one of the more popular simplest modeling of this self-consistency is to impose a

semiempirical tight binding methods used in quantum Chem[ocal char ; -

. - . ge neutrality on the system. This can be done by
|sFry. 'Orlgmallly used by Wolfsberg and Helmholtz in mod- either rigidly shifting all the diagonal Hamiltonian matrix
eling inorganic complexe¥, the method was further devel- elements on a given atom by the same amttor by
oped and widely applied by Hoffmaf A survey of most of i cfing the individual atomic orbifdi (in which case the

the chemistry using EHT can be found in Ref. 43. - : :
. - promotion energy is zejo In both cases, the calculation
The force theoreniEq. (2)] suggests that a tight binding must be iterated to self-consistency. From the force theorem

model should be able to provide a description of the coheswg\Ie know that a self-consistent redistribution of charge does

energy of a solid, provided the reference system is ChoseHot contribute to the force on the atom so the bond energy is

; ; o 5,20,46
W_'th care. The t'ght_ b!ndlng bond modér (TBB) calculated with respect to the self-consistently determined
gives a clear prescription of how to do so, and attaChe%n—site energies

physical interpretation to what are otherwise appareatly In the present work, the EHT is used as a framework to

hoc corrections to the tight-binding formglism. Applying the.i plement the tight-binding bond model so no special sig-
force theorem, as in Sec. Il, the cohesive energy of a soli

b it ificance is attached to the Slater-type orbitals. They are re-
can be written as garded as parameters to be fitted to bulk band structures. The
modifications necessary to convert EHT to a TBB model are
U con™ Uponat Upr0m+ OEgs. (7) as follows. y

If the reference system chosen is a free atom with orbitals "€ matrix elements of the Hamiltonian are fitted to ref-

at energieq e} then the bond energy can be rewrittei®as ~ €rence band structure{e.g., from LMTO calculationsfor
the pure elements. This allows the force theorem to be used

Er to estimate the energy changes upon alloying.

Upond= > f (E—€)ni(E)dE, 8 Local charge neutrality is imposed on each orbital, i.e., an

T orbital in the alloy must have the same number of electrons
wheren;(E) is thei projected LDOS andr is the Fermi  as it did in the reference system. The diagonal matrix ele-
energy (for simplicity only metals at T=0 K are ments are iteratively adjusted until charge neutrality is
considered—a Fermi function must be introduced at finitereached. [;;=H;; + A 8Q; where the mixing constant is of
temperatures This describes the covalent bonding that oc-order unity) Typically 10—15 iterations are needed to con-
curs when the solid is formed from the free atoms. verge the charge imbalancéQ;, to less than 0.C4
The promotion energyU,, takes into account the The bond energieg;n;(E;—H;;), not the band energies

change in occupancy of the orbitals on forming the solidZ;n;E;, are used to calculate changes in the total energy. In
from the reference system accordance with the TBB model, the self-consistent readjust-
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ment ofH;; does not change the total energy. There are also 8 ' 1

no contributions from the promotion or electrostatic energies —Total DOS

as the system remains strictly charge neutral. TH - Ni d DOS ]
It was found that keeping each orbital charge neutral, (| ~—Ni L Edge

rather than just each atom, improved the calculated heats of E 6t
formation by a factor of 4. This may be an artifact of the <sf
EHT method as the hopping parametéo$f-diagonal H;;) N

are affected by changes Hf; on an absolute energy scale. It S 4
may also reflect the difference in Coulomb integrals for the o F
Ni sandd states. If thes-d energy difference was kept fixed g 3r

on alloying there would be a significant redistribution of _
charge between the Niandd states, even if the total charge 27
per Ni atom was kept fixed. Asy~ € in the EHT fit, the

promotion energy is small, and comparable to the Coulomb

integrals neglected by the force theorem. Consequently, the 0 i Z .
energy cost of thes-d transfer cannot be accurately deter- -15 -10 -5 0 5
mined, a problem which the orbital neutrality condition Energy wrt Eg (eV)

avoids. _ _
The crystal structures and lattice constants are the same as F/C- 4- EHT calculated density of states for the Ni-Al com-

. . . pounds. The atomid DOS is indicated by the shaded area and the
those used in the LMTO calculations of the Ni-Al system. A poccupied portion of thel DOS (which determines the shape of

g?t;g(]s(ugzﬁtes” ;,xafhZsier?efd%rc?tl)llecal_l,(;illjllgﬂ%ni()sr?ethceojﬁjmbeesie Ni EELSL edge is represented by the solid area. Although the
. d band appears to shift to a lower energy as Al is added to Ni, the
used when calculating the DOS. The Hoffman group EHT - 9y

) number ofd electrons remains the same.
packageYAeHMOR written by Greg Landrun{1994, was

used®? The EHT parameters and DOS are given in the Ap-
pendix. given in Table VII. The ionization potentials should not be

interpreted on an absolute scale—removing an electron to
infinity in a real solid would involve a calculation of the
C. Results dipole potential present at the surface. Instead, the chemical
EHT parameters were fitted only for bulk Ni and &p- potential of the solid can be used as a meaningful reference
pendix A. No changes or new parameters are introduce irffnergy.(This is the Fermi energy as the calculations are for
the calculation of the alloys, other than the requirement ofmetals at 0 K). This is also the quantity that is measured with
local charge neutrality and the use of the experimental lattic&ELS while the ionization energy has no special significance
constants. The calculated alloy DOS, heats of formatieh ~ in EELS and cannot be directly determined.
and shifts in band energies are then predictions of, rather When the band center$irst moment of the LDOBare
than fits to, the properties of the alloys themselves. The ulmeasured with respect to the Fermi ene(@wble ), the
timate test of the method is how well the calculations agreeffects of the local charge neutrality can be seen. The Ni
with experiment. band has shifted further below the Fermi surface while the Al
There are two tests of the local charge neutralit€N)  band centers have shifted up. A shift of the valence band
approximation we can perform on our tight-binding calcula-with respect to the Fermi level also implies that the core
tions. First, the experimentally measured core-level shiffevels must be shifted. For orbital charge neutrality, the core
should match the valence band shift required to keep thehift is the weighted average of the valence levels. The core-
charge per orbital unchanged during alloying. Secondly, thgevel shifts due to orbital charge neutrality are in very good
force theorem can be applied to the calculated DOS to estiagreement with the experimental core-level shifts reported in
mate the alloy heats of formations. The extendecckéll Sec. |V.
method provides a useful framework for both these tests as The tight-binding bond energies obtained from E).are
the semiempirical tight-binding parameters need only be fitgiven in Table Il. This is the only term that will contribute to
ted to pure elements and not the alloys of interest. the force theorem estimate of the heats of formation of the
The DOS for the various Ni-Al alloys are shown in Fig. 4. alloys:
The Nid band appears to shift lower in energy with increas-
ing Al concentration, yet the number dfelectrons is fixed.
This implies that in some sense, tHeDOS is being broad-
ened as the system is made increasingly Al rich. At the sam
time the sharply peaked central portion of the atothidOS

TABLE |. EHT band centers measured with respect to the Fermi
energy in the Ni-Al compoundén eV).

appears to become narrower. The overall effect is to transfer 1_g NI 1 g 1 g Al 1

states from the centroid to the tails of the DQ$., increase Ms™=F o™ =F Hs™ =F Ho™ =F

the 4th moment of thel DOS). Both these trends can be Ni -0.85 -1.18

understood in terms of the loss of Mid interactions and  NijAl —0.40 —-1.24 -2.12 +2.15

increaseds-d hybridization>®*® NiAl +0.45 ~1.59 ~2.19 +2.29
The STO’s for Ni, Al as well as the self-consistent ion- a| —-2.75 +1.77

ization potentials for NiAl and NiAlI have already been
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TABLE Il. EHT bond energies and alloy heats of formation, A. Specimen preparation
AH. The LMTO-ASA calculations oAH from this work are simi-
lar to the ASW calculations of Hackenbradit al>® The experi-
mentalAH is from Hultgrenet al® All energies are in eV.

Electron spectroscopy in a scanning transmission electron
microscope(STEM) is performed in a transmission mode,
usually with a small focused proB2An additional advan-
Upra EHT  Experimental LMTO-ASA ASW tage of spectroscopy in an electron microscope is that the

specimen can be imaged and regions with obvious defects
AH AH AH AH . . .

can be examined separately. The high lateral spatial
Ni —1.964 resolutiort®8 (2-8 A) means the specimen need only be
NigAl —2.962 —0.31 —0.38+0.05 —0.48 —0.47 defect free over distances as small as a few nanometers. Of
NiAl —-4.051 —-0.72 —0.61+0.05 —-0.76 —-0.74 course, very much larger areas are used to avoid finite size
Al —4.698 effects.

Al thin films were deposited directly onto formvar grids
by magnetron sputtering. This meant only one surface of the

: ~ ; _ ; film was exposed to atmosphere when the specimens were
AH(Niz - Al)=Upond Niz—Al) = xUpand Ni) transferred to the STEM. The nominal mass thickness was
—(1=X)Upond Al). (10 20 nm but grains as large as 50 nm were observed. The Al

edges were recorded on these larger grains where the surface

The EHT calculati . h . 'h oxide accounted for less than 5% of the probed volume.
e calculations overestimate the experimental heat .o \ji * Ni-Al. and NiAI specimens were prepared for

of format!on by approxmgtely 0.1 eV for Ni-Al and uqder- transmission electron microscopy by jet polishing with a
estimate it by 0.1 eV for NiAl. The EHT heats of formation 10% sulfuric acid solution in methanol.

would be reduced by approximately 0.05 eV if magnetic ef-

fects were included. The errors in the EHT estimates are

(probably fortuitously no worse than those in thetb initio B. Instrumentation

calculations of Hackenbracht and Kubfeor the LMTO- A VG-HB501 STEM equipped with a Wien filter

ASA calculations of Sec. Il A, both of which consistently spectrometd® was used to measure the EELS spectra of the
overestimate the heat of formation by about 0.1 eV. If they; x| compounds on an absolute energy scale. The filter
EHT parameters for the bulk materials were used directly ity415 4t the electron beam acceleration voltage of 120 KV so
the alloy calculations, without correcting the charges selfyhe ghectrometer is insensitive to instabilities and drift of the

consistently, then the Ni-Al heat of formation is overesti- .. e hi .
’ X X icroscope’s high voltage supply. By applying a known
mated by 0.4 eV. Self-consistency, even when approximategl, e to the Wien filter, energy losses can be measured on

by local charge neutrality, seems to be an important factor i'?;m absolute scale, with a precision 5650 meV at the NL

desT%ribing tge trends in ct())hesive pLOpgg?rs' lculati adge and somewhat better20 meV at the AL edge.(The
€ good agreement between the EHT calculations an inding energy of bulk Ni spectra, measured six months
the experimental heat of formation raises an mterestm%part were also reproduced to within50 meV.) The en-

pmgt:l Atﬁ nci gqf{\rgef ttrr]anslflers were glllov_ved t:n tthhe EH-Il;ergy resolution of the spectrometer is about 0.15 eV so the
model, the stabiiity of the afloys 1S predominantly th€ result.q s tion of the spectra is limited by that of the electron

of covalent bonding. The ionic contribution is not important source. For low extraction voltages, the resolution of a field

for considering the phase stability. Instead, it is sufﬂqent_to mission gun is 0.25 eV. When larger currents are required

as in this work and a higher extraction voltage is used, the
energy resolution is 0.3-0.4 eV. At large energy losses, the
§ignal is dominated by a large background, possibly due to
stray electrons from the deflected zero-loss beam striking the
D. Summary side of the spectrometer. This limits the sensitivity of the

detector and makes deconvolution of the spectra difficult as

The t:{gnt—bindingj bogdhaprp])roachft? the EHT rr:joc:]el haSihe background shape is unknown. While this limits the
successtully reproduced the heats of formation and the COre; o ntification of EELS cross sections, it has little effect on

level shifts for t_he Ni-Al compounds studi_ed, to within 0.1 the position of the edge onsets, and hence little effect on the
eV. Only bulk Ni and Al parameters were fitted but the alloy e 4qred core-level shifts, which are the quantities of inter-
cohesive properties and DOS trends were accurately presg: in this paper.

dicted. This was only possible when local charge neutrality
was imposed on the system and energies were measured us-
ing the force theorem. C. Measuring the core-level binding energy

changes in cohesion. This will prove to be very useful in
relating the EELS measurements to grain boundary energie

Although the energy axis for an EELS measurement can
be determined on an absolute scale, a precise determination
of the core-level binding energy is not always straightfor-

Details of the specimen preparation and processing of thevard. The EELS edge has considerable structure which is
recorded spectra are the same as those describednvolved with the finite resolution of the microscope as
previously!® The effects and prevention of electron beamwell as the core hole lifetime. Consequently the peak of the
radiation damage in the Ni-Al system can be found in MullerEEL spectrum need ndand often does npmark the onset
and Silcox>* of the spectrunisee Fig. 1

IV. EXPERIMENTAL METHOD
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TABLE lll. Modeled Ni L-edge core-level shifts in Ni-Al al- TABLE V. Measured NiL-edge core-level shifts in the Ni-Al
loys. The binding energies are determined from the inflection pointlloys. The core-level shifts are referenced to the bulk Ni measure-
in the simulated EELS spectra, calculated from the broadenedhent. From Table 11l we would expect the measured Ni-Al EELS
LAPW LDOS. The actual edge onsets are all at 0 A¥g is the  core-level shift to be overestimated by about 0.1 eV.
systematic error in using the inflection point to measure core-level

shifts with respect to bulk Ni. EELS XPg XPS
core-level core-level core-level
Binding energy(eV) AEg (eV) shift (eV) shift (eV) shift (eV)
Ni —0.39 Ni5Al 0.1+0.07 0.0:0.3
NizAl —0.39 0 NiAl 0.7+0.1 0.2:0.3 0.5-0.1
NiAl -0.27 +0.12

9F.U. Hillebrechtet al, Phys. Rev. B27, 2179(1983.
bs.C. Liuet al, Phys. Rev. B42, 1582(1990.

The definition of our edge onset is somewhat arbitrary,
but if a consistent definition is used, the systematic errors V. RESULTS AND DISCUSSION
will be similar, and can be expected to cancel when measur- Taple Vv shows the NLs-edge core-level shifts with re-

ing thedifferencesbetween edge onsets. The accurate reprospect to bulk Ni. Similar shifts are seen with XPS and EELS
duction of the measured EELS edges with LAPW jjthough the errors are somewhat larger in the XPS measure-
calculati0n§8 allows us to test various definitions. If the ments. The Systematic errors expected for the EELS mea-
spectrum were a simple step function, then for a symmetrigurementgTable I1l) suggest that the Ni-Al EELS core-level
blurring, the binding energy would be given by the inflexion shift may be overestimated by 0.1 eV. Overall the core-level
point (the first maximum ofdl/dE). This is a stable and shifts are seen to be small but they are nonzero and do in-
well-specified definition of the core-level binding energy. crease with increasing Al concentration.
While exact for a step function, it will underestimate the Table VI shows the core-level shift is found to be in good
binding energy for a delta-function feature. An estimate ofagreement with that predicted by EHT calculations when lo-
the systematic errors in using the inflexion point can be obcal charge neutrality is imposed. The agreement is good
tained from treating the LAPW calculated EELS spectra in(within the 0.1 eV uncertainty of both theory and experi-
the same manner as the experimental data which theyeny. This is not unexpected since the calculated ground
matched so wellFig. 1). The results are shown in Table Ill. state DOS agrees well with the shape of the EELSedges
As expected, the binding energy is underestimdtsd0.4 a5 shown in Fig. 1; see also Mullet al®). The agreement
eV). However, all the blndlng energies are all underestimateqior both the core-level shifts and EELS Shapes suggest the
by a similar amount so the relative error in the core levelinteractions between the core hole and the valence electrons
shift is closer to 0.1 eV. This is comparable to the uncer-are weak in this system.
tainty in the experimental data. The physical picture of the core-level shift in the TBB
An additional attraction of using the inflection point to model is then that the local densities of states can change
determine the core-level shift is its insenSitiVity to errors in Shape and W|dth, but that each atom remains neutral. This
the background subtraction of the measured spectra. Th@eans that the atomic levels must shift in a direction to
background should be slowly varying at the INedge so the  reduce the charge transfer and maintain an approximate
error in background slope over the edge onset is first order igharge neutrality. The AL-edge core-level shift is further
the binding energy. Thus it only adds a constant to the degvidence of this effect. The Al-edge core-level shift be-
rivative of the spectrum. As the inflection point is obtainedyyeen Al and Ni-Al is+0.3 eV and the EHT shift of the Al
by a second differentiation, the background does not contribgglence bands with respect to the Fermi energy is

ute. The experimental core-level binding reported in Table} .32 ev. This picture may be applicable to insulators as
IV was determined using the inflection point definition.

TABLE VI. Comparison of the NiL-edge EELS core-level
TABLE IV. Measured NiL-edge core-level binding energies in shifts and calculated valence band shifts in the Ni-Al alloys. The
the Ni-Al intermetallics. The roughly 0.4 eV difference between thecore-level shifts should follow the valence band shifts if the core
EELS and XPS measurements can be attributed to the use of tltates experience the same change in potential. The LMTO shifts
inflection point to define the EELS core level binding eneftgge  are with respect to ferromagnetic Ni. The shifts are increased by

Table 1lI). 0.04 eV when spin polarization is ignored. A positive value is an
increased binding enerdgr position below the Fermi energwith
EELSL;, Xp Ls XPS' Ly respect to fcc Ni. From Table 11l we would expect the measured
binding binding binding NiAl EELS core-level shift to be overestimated by about 0.1 eV.
energy(eV) energy(eV) energy(eV)
EELS LMTO EHT
Ni 852.2+0.05 852.65:0.2 852.8-0.1 core-level Cq valence band
NizAl 852.3+0.05 852.65:0.2 shift (eV) shift (eV) shift (eV)
NiAl 852.9+0.1 852.8-0.2 853.3:0.1
NizAl 0.1+0.07 0.06 0.1¢0.1
8 .U. Hillebrechtet al, Phys. Rev. B27, 2179(1983. NiAl 0.7+0.1 0.53 0.520.1

bS.C. Liuet al, Phys. Rev. B42, 1582(1990.
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well as metal alloys as a similar behavior has been found in MTO calculations for NiSi is 0.37 eV, and 030.1 eV
the copper-oxide system. by applying the LCN approximation to EH{Wong's EELS

If a system does remain charge neutrala tight binding  measurement is 0:50.4 eV). For NjSi, LMTO predicts a
sensg then the sign of the core-level shift can be predicted2.1 eV core-level shift with respect to Ni, and LCN-EHT
from the changes in bandwidth that occur on alloying. Sincepredicts a 2.40.2 eV core-level shiftWong's EELS mea-
the number of electrons per atom is fixed, an increase in thgyrement is 2.5 0.4 eV). Given the large change in chemi-
width of valence DOS associated with a particular atom im'ca| environment from Ni to N|$|, the ab|||ty to reproduce
plies that the average energy of that atom’s valence stat@fie experimental core-level shift is very encouragitfpr
must lie further below the Fermi energy. As the core levelsthe EHT calculations, the Ni parameters were the same used
(of a given atom follow the average shift of the valence for the Ni-Al system described earlier in the paper. The Si

states(on that aton, the core-level binding energyor that  parameters were the defaults providedyaght>)
atom is also increased.

VI. APPLICATION TO OTHER SYSTEMS Vil. CONCLUSION

The experimental NL; core-level binding energy was
etermined from the first inflection point of the EELS spec-
rum. By testing this definition on modeled core edges for the
1gulk Ni-Al alloys, it was found that this resulted in a system-

tic underestimate of the absolute binding energy by about
0.4 eV. The error results largely from the energy resolution

state contributions are expected to be less severe at intern flthe ?lcgos](ctc;]pe ,\zla.ndtthe, core _hole I|fe:|me, dWh'C.h ?re ml_
interfaces than at free surfaces. Generally, if the EELS spe _epenl Zn. Oth € t'l a ?m S,'f (:rr]lvwonmtlan%iafltn SO .,:S. argely
trum reproduces the unoccupied, single-particle density ofanceled in tne estimate of the core-ie Sasitisa

states then core-hole and final-state effects are likely to bglffer.enceilln t;!nd'?r? enhe.]ftg'?s{hﬂ&ﬁ Iarg]estbert::;r, ofN0:12 ;:V,
small. In the self-consistent LMTO calculations, the core-/as In €stimating the snitt of the Tiu;-edge between i an

level shift was assumed to track the center of thband. Ni-Al. This is comparable to the experimental precision,

- : : hich is limited by the signal to noise ratio in the EELS
Strictly speaking, the core-level shift should track the averV X
age valence band shift, weighted by number of electrons angpectra. The (_1|fference between EEI.‘S and XPS co_re-level
the proximity of their wave functions to the core states.bIndlng energies can be largely attributed to the different

However, most of the electrons in the Ni valence band havémathOdS required to preC|s_er define the edge onset. .
a d-like character so it was not necessary to make this dis; The force theorem provides a framework for calculating

tinction in the present work. For metals on the left side of thethe core-level shifts resglting fTO”‘ sma!l perturbati.ons'to an
Periodic Table, the contribution from the other electrons isatom. In the extended .HH.‘EI tight-binding approxmatlon
odel, the core-level shift is assume to follow the shift of the

likely t ignificant th I . .
SlhieﬂyShomljakejct());n Sszgm icant and the average valence banvalence band center with respect to the Fermi energy. The

measured core-level shifts with respect to pure Ni for the
bulk Ni-Al alloys were found to be within 0.1 eV experimen-
‘tal error of the shifts predicted from the EHT model where
4ocal charge neutrality had been assumed. As the shifts are a
consequence of the EHT model, and not fitted parameters,
this is a successful microscopic test of the thesis that the
local charge neutrality is a good approximatiom within 0.1

eV) of the self-consistent screening in bulk Ni-Al alloys.

band shifts has been widely used in the analysis of XP
datal?~'° Quantitative analysigboth for EELS and XPSis

restricted to metallic systems as the core-level shift can on
be related to valence band shift if there is a well-define
Fermi energy. As mentioned in the Introduction, the final

The close correlation between the core-level and valenc§

A far more restrictive approximation is the local charge
neutrality imposed on the tight binding calculations in Sec
[l B. If small charge transfers do occur, the method will be
in error by the neglected difference in Madelung energie
[which was discarded in Eq&2) and(7)]. As a rough rule of
thumb, the charge neutrality approximation will break down
when the Pauling ionicity exceeds 10®Ref. 60 (the Fe:B,
Fe:P, Cu:Bi, Ni:Si, and Ni:Al systems all satisfy this rule
very comfortably.

EELS core-level shifts have been measured in the Ni:Si
systeni! and provided an additional check on these approxi- ACKNOWLEDGMENTS
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vated by their potential applications as Schottky4barriers anflo. DE-FG02-87ER45322. The use of the materials prepa-
Ohmic contacts in the microelectronics indusify® Conse- ration facilites of the Cornell Materials Science Center

quently, XPS core-level shifts have also been published. Thghich is supported by the NSF is acknowledd&tant No.

Ni 2p core level shift{corresponding to the Ni-edge bind- DMR-9121654. The Ni;Al and Ni-Al specimens were pro-
ing energy for Ni,Si and NiSi with respect to Ni are 0.6 and \;igeq by Shanthi Subramanian and Alice Wu.
1.1 eV, respectiveR? (no error bars were givén From

EELS, the core-level shifts for Msi, NiSi, and NiS} are

0.5+0.4,1.5-0.4, and 2.5:0.4 eV Core-level shifts have APPENDIX: THE EXTENDED HU CKEL METHOD

also tgseen reported for the Nip3core states(the Ni M AND TIGHT BINDING PARAMETERS

edge;>> however, the presence of a strong Fano resonance

on the NiM edgé® is likely responsible for the anomolous ~ The starting point for the extended “tkel theory

behavior reported for NBi and NiSi. (EHT),**?2as with most tight binding theories, is the secular
We find the core-level shift predicted by self-consistentequatiofi”®®
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TABLE VII. Summary of parameters used in the EHT calcula- 1.2
tions. The STOs are not altered upon alloying but the ionization E oo |
potentials are adjusted to ensure charge neutrality. N
306
lonization potentialgeV) §
Ni Al § 0.3 ' ]
€ €q € €p 0.0 iy . :
Ni ~9.500  —8.000 T e °
NizAl —9.721 —7.688 —11.793 —6.424 (a)
NiAl —9.615 —7.781 —12.066 —6.218 6.0 . . :
Al -12.3 —6.5 c |
< |
Slater type orbitals $
gs gp gld cl gzd c2 L%)
Ni 2.25 5.75 0.5683 1.90 0.6292
Al 1.55 1.6

Energy (eV)
(b)

_ - FIG. 5. (a) Comparison of the LMTO DOS for fcc Afrom Sec.
; (Hij=EmSj)Cmj=0, 1=1.2,..., (A1) [ A) with the EHT fitted DOS(b) The integrated DOS from both
calculations. The discrepancies in the integrated DOS are much
wherem labels the eigenstates ang label the atomic basis smaller than the DOS itself.
states. The eigenfunctions, are linear combinations of the
atomic orbitals,¢; , cation did not lead to improved fits to band structures so the
constant was left at Hoffman’s value.
The EHT parameters were fitted to the band structures of

|€Dm>=§i: Cmil $1)- (A2)  pulk Ni and Al. No fitting to the alloy band structures was
attempted. The onsite terms in the alloys were determined by
The matrix elements of the Hamiltonian aref;; the local charge neutrality approximation discussed in Sec.

= (| Fref ¢) and the overlap integrals areS; Ill B. The results are summarized in Table VII.

=(il9)). He is the (as yet unspecifigd one-electron 1. Fitting parameters for FCC nickel

Hamiltonian. The overlap integrals are central to the EHT ) oo )

method, determining the distance dependence of interactions 1he tight binding parameters for fcc Ni were chosen to
(both forS;; andH;;). The overlaps are explicitly calculated, "éProduce the augmented plane wai@W) band structure
using Slater-type orbitakSTO’s) for each of the basis states ©f Paramagnetic Ni (Ref. 7) (and p. 19 of

i, rather than fitting the overlap integral to eail pair. Papaconstantopoul@s. The error in ignoring the stab|I|z[ng .
Consequently, only sets of parameters are needed for dif- effect of the ferromggneUc ground state is 0.05 ev, which is
ferentN types of atoms, rather than the needédlif cross smaller than errors in the fi0.1-0.2 eV. As the Nip bands

terms were fitted directly. The result is a much smaller set o' largely unoccupied, a minimsjd basis for Ni(i.e., nop
parameters than a conventional tight-binding fit. orbital) was used to model the valence band structure. The

The diagonal matrix elements are taken to be the ionizafitting of the EHT parameters to the band structure requires a

tion potentials of a reference systesually fitted to the ~COMpromise between the widths of the puses(and d-d)

single-particle eigenstates of a free atom or a measured jo¥1d mixed bandsstd). The resulting fit has d band that is
ization energy of a solid 10% too narrow. The-d hybridized band betweehi,, and

X, is too broad near the X point. The largest errors are in
Hi=¢. (A3)  states above and near the Fermi energy. As a consequence,
the shape of the Fermi surface will not be accurately repro-
The parameter set is reduced further by the use of theuced. However, the cohesive eneldgs. (7) and (8)] is
Wolfsberg-Helmholtzansatzfor the off-diagonal matrix ele- determined by integrals over the entire valence band which

ments of the Hamiltoniaf?%%7° have a smoothing effect. Provided the coarser features of the
band (such as its width and asymmetry or skewnesse
Hii +Hj; reproduced, the changes in local cohesive properties will also
Hij=— o i (A4) be reproduced. A more formal proof of this is given by the

moments theorerft
whereK is a numerical constant, usually between 1 and 3. The minimal s,d basis cannot model the unoccupied
Hoffman choseK =1.75 which was optimized for the com- states, except near the Fermi enefgythin one to 2 eV.
parison of the staggered and eclipsed conformations ofhe Nip states are not included in the EHT calculation as
ethané?? Bisi and Calandra have us&d=2.5 in their calcu- the Wolfsberg-Helmholtz approximation for, greatly
lations of nickel silicide$? In the present work, this modifi- overestimated the-p mixing in Ni. This leads to a large
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contribution nead”; which should be almost purelychar-  sufficient dispersion to reproduce the free-electron character
acter(this problem can also be seen in the Ni DOS of Sail-Of the band at low energies. However, the next three bands
lard and Hoffmanff). The combined interpolation &€ not well reproduced. Although they have the correct
schem& Swhere thes andp bands are modeled as a nearly width (important for reproducing the cohesive energyn

L I, the energy gaps at the zone boundaries are overes-
free electronNFE) gas and only the states remain tightly general, the € : :
bound(see Ref. 7Y gives a better fit than the EHT method. timated. This is worst at th¥ point. The most obvious prob-

A tight-binding—NFE Hamiltonian gives a remarkably good lem is that the dispersion of a second band between the X
fit to APW calculations of Ni-Al’®" This would be a very and W points has the wrong sign. For the same number of

. . . arametergfour), a nearly-free electroiNFE) model gives
attractive method for future work if a real-space basis for thg better dsscripztion of th)(/e band structgé?'.z) g

NFE gas could be found. _ Once again, the EHT band structure will not reproduce
The EHT method should not be used for _propertles thathe Fermi surface or the optical spectrum of Al. However, as
rely quantitatively on the shape of the DOS dired8ych as  he pond energy involves an integral over all the occupied

Fermi surface, transport properties, and EELS spectra awayfateg, the states near the Fermi surfadgich have the larg-
from thresholdl. It should, however, be acceptable to use theest errors make only a small contribution.

EHT method to simulate properties that rely on integrals  The EHT calculated DOS is shown in Fig. 5. While it
over all occupied states, such as the cohesive energy, shifsyroquces the coarser features of the LMTO calculations at
in band centers and general trends in the shapes of the ba §/er energies, thp states do not provide a good description
(such as the second, third, and fourth moments of they the higher energy states. However, the differences be-
LDOS). tween the integrated densities of states are much smaller than
differences between the densities of states themselves. The
key point of Fig. 5 is that although the singular features are

The tight-binding parameters for Al are taken from thean important contribution to the single particle DOS, they do
s,p minimal basis fitted by Zheng and Hoffrnfro the mea- not have a significant effect on tHategrated density of
sured Al band structuf®. The nonorthogonab band has states.

2. Fitting parameters for FCC aluminum
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