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The local electronic structure of a material can be determined from the energy-loss spectrum of a swift
electron beam scattered through it. When the electron beam is focused down to the width of an atomic column,
the electronic density of statéBOS) at an interface, grain boundary, or impurity site can be decomposed by
site, chemical species and angular momentum. Here we discuss the use of electron-energy-loss spectroscopy
(EELS) fine structure to provide insight into the origin of grain boundary and interfacial properties reported
earlier[D. A. Muller et al, Phys. Rev. Lett75, 4744(1995] for Ni3;Al. We examine the electronic structure
trends in Ni-Al compounds, both experimentally with the EELS measurements and theoreticallyahsing
initio band-structure calculations. The conditions under which the band-structure calculations can quantita-
tively reproduce the EELS measuremefdsd in particular, the question of just which local DOS is being
measurepare addressed. Cyrot-Lackmann’s moments theorem provides a framework to explain the systematic
changes in the local DOS on alloying. The shape changes in the near-edge fine structure of both the Ni and Al
L edges are readily understood by the sensitivity of the fourth moment of the local DOS to the angular
character of the Ni-Al bonding. The language of bond-order potentials proved useful in linking shape changes
in the DOS to changes in cohesion. The consequences for formation energies and ordering trends in the
transition-metal—aluminum alloys are also discus$80163-182¢08)04213-1

I. INTRODUCTION mation (although not with comparable spatial resolujion
shows that the XAS spectra of KRRef. 3 and NiAl (Ref. 10

The fine structure in core edges determined with electronelosely resemble the calculated ground-state densities of
energy-loss spectroscogifELS) (or x-ray absorption spec- states(DOS's) for those materials. We would expe@nd
troscopy can be used for a study of the electronic structureindeed find similar agreement for NiAl. The challenge is to
In particular, for metals, these spectra can be refafdd the  understand these changes sufficiently well that we can pre-
unoccupied local densities of stat@dDOS’s) at the sites of dict and interpret the spectra from more disordered systems,
the excited atoms. Various physical properties can providsuch as grain boundaries, as well as we do for the bulk ma-
insights into the electronic structure for extended crystalsterial.
but only recently have spatially resolvéd A) EELS mea- The LDOS's can be calculated either from real-space cal-
surements determined the local electronic structure changesilations of clusters or from the band structures of periodic
that occur at the atomic scale at internal interfdc€SEELS  solids. All are equivalent in the appropriate limits, but it is
studies can measure an effective LDOS from grain boundeften easier to obtain the fine details of the energy spectrum
aries with structures that so far are too complex to simulatérom the band-structure methotfsMany of the trends seen
just as easily as for the bulk material. This opens up arnn the present EELS measurements can be deduced from
experimental avenue for a determination of electronic strucband-structure calculations already present in the literature,
tural features at extended defects such as grain boundarigwovided the LDOS'’s, partitioned by site and angular mo-
interfaces, and dislocations. Interpretation of such spectrenentum, have been published. There is, however, a danger in
and the relationship of the observations at defects to imporeomparing LDOS’s calculated by different methods, or for
tant physical properties is now an important goal, and indeedifferent basis sets as there is no unique way of dividing up
the ultimate goal of the work presented here. the charge in any system more complicated than an isolated

A systematic investigation of the bulk electronic structureatom—and as a consequence, no unique definition of a
of the Ni-Al compounds is made. The comparison of thecharge transfer. By calculating the oscillator strength, which
measured EELS spectra with band-structure calculations iis the experimentally measured quantity, instead of the
useful for identifying the limits of the single-particle inter- LDOS, the sensitivity to the basis set chosen in the calcula-
pretation of the EELS spectra. Previous work with x-ray-tion is reduced.
absorption spectroscop)XAS), which yields similar infor- The layout of this paper is as follows: A review of previ-
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ous work is given in Sec. Il. In Sec. IV, we lay out precisely changes in stoichiometry and structdfeHistorically, these
which local density of states is measured in our EELS exalloys have been analyzed in terms of a rigid band pictare
periments, and how that may be connected to various eleciew that Mott cautioned against, even as he used it for ex-
tronic structure calculations. Section V deals with measureplaining the magnetic properties of the Ni-Al syst&mCen-
ment and normalization of the EELS spectra. Thetra| to the rigid-band picture for the intermetallics is the con-
corresponding spectra are simulated wath initio calcula-  cept of a charge transfer from Al to the transition metal,
tions in Sec. VI A. We discuss the differences between th‘EraduaIly filling up a well-defined band, with increasing Al

Kohn-Sham eigenvalues calculated with density-functionafoncentration. As simulations became more sophisticated,

theory (DFT) and the measured quasiparticle excitations,ng experimental probes of the local DOS became available,

The calculate_d oscnla_tor strength |s_found t?‘ be in 9°°9it also became more difficult to reconcile these results with
agreement with experiment, suggesting that “many-body the rigid-band picture. For lack of a comparably simple

corrections are small. This allows us to make quantitative - .
o . model, much of the rigid-band language remained. Even
measurements of the partitioned charges upon alloyin

Rather than discuss the alloying trends in terms of charg arly ab initio calculations of intermetallic compounds were

transfers, we find that changes in the shape of the EEL§nalyzed in terms of charge transfers and b"i‘”d narrowing,
spectra can be far more readily understood with the aid oYV'tr_' respect to the pure eIemeﬁ_szowever, d_|fferent EX-
Cyrot-Lackmann’s moments theorem. This, and the conneoQ_e”me”tal an(_JI thgo_retlcal techniques led to different conclu-
tion between the shape of the LDOS and changes in cohesiyons: Moruzzi, Williams, and Jan%ﬁdound a charge trans-
energy, are given in Sec. VI A. We pay particular attentionfer from Al to Ni and a Nid-band narrowing in NiAl. While
to the role of the fourth moment in controlling the magnitudelLui et al*® also concluded that the Ni band is narrower in
of the hybridization pseudogap. Finally, in Sec. VIII, the NiAl than pure Ni; they inferred a charge transfer of opposite
consequences for other transition-metal alloys consideredign, from Nito Al. Using a moments-based analysis of elec-
and simple rules of thumb for segregation and alloy heats ofronic structure calculations, Carls$6found the Nid DOS
formation, are suggested. to be broader in NiAl than pure Ni. Pease and Azdftdind
Botton and Humphrey8 preferred to describe the charge
transfer as being from Al to Ni. None of these analyses were
wrong; they simply used different definitions. Most of the
L12 andB2 nickel aluminides have been the subject of alater works do mention thatp-d hybridization is significant,
variety ofab initio calculationst>~??Both cohesive and elas- and it is in separating the effects of hybridizati¢me. bond-
tic properties have been reported. The trends in electronimg) and charge transfers that most of the complications
structure from Ni to NiAk were summarized in Hacken- arise.
bracht and Kublet? Calculated bulk and shear modulii can  Here we explore the consequences of changing both the
be found in Refs. 20 and 21. Tight-binding models also haveoncentration and structure of the alloys. In particular, we
been used to model the Ni-Al phase diagram. consider the systematic trends in the Ni-Al compounds from
There have been several previous electronic structure cakl, NiAl, and NizAl to Ni. In doing so we are able to make
culations of NAIl (Refs. 13,17-19, and 22nd NiAl (Refs.  quantitative tests of concepts such as different definitions of
12-16 in which densities of states can be found. The workcharge transfers, the validity of the local charge neutrality
of Hackenbrackt and Kubl&t provides a good overview of (LCN) approximation,s-d hybridization, and the ability to
the trends in cohesive energy from Ni to NiAl. While bulk infer changes in cohesive energy from changes in the EELS
Ni and Al have been well characteriz&>2° there have spectra. Here we report quantitative tests of the LCN ap-
been only a few studies of the unoccupied DOS of the Ni-Alproximation, and find, contrary to the claims of Botton
alloys>*%20f these, the most relevant to the present worket al,?° that it is indeed a good approximation for the Ni-Al
is a comparison of the XAS fine structure of Ni and NiAl by system.(In fact, the LCN approximation allows a successful
Pease and Azarotf, showing that the NL edge in NiAl is  prediction of the core-level shifts in the Ni-Al system, a re-
flatter and broader at the onset than than in pure Ni. Peasilt which we show in a companion papér.
also showed that the splitting &f; into two peaks could be The ordering trends in Ni-Al alloys have been discussed
understood in terms of the single-particle density of stateén terms of the strongp-d hybridization between Ni and
obtained from augmented-plane-wave calculatSnEELS  Al.*32% The preference for Ni-Al pairs over Al-Al nearest
measurements were made more recently by Botton andeighbors can be readily explained by the effect ofgped
co-workeré®?°and D. A. Muller and co-workef83?which  hybridization on the fourth moment of the LD3%.The
confirmed these trends. fourth moment, in turn can be connected to changes in the
C. H. Miler et al®® compared measured x-ray emission cohesive energy through a bond-order formalfSnd?
spectra with band-structure calculations of transition metalAnalysis of the EELS spectra in terms of the moments theo-
aluminides from VAI to NiAl in theB2 structure. By keeping rem and bond-order expansions offers controlled approxima-
the aluminum content and geometries fixed, they were abléons for working back from the measured electronic struc-
to observe the changes in band filling as the atomic numbeure to the physical properties of a system. This approach not
of the transition metal was increased. Similar workBthFe,  only avoids many of the ambiguities inherent in the descrip-
Co, and NiAl was also performed by Bottat al?° using  tions based on charge transfers, but also allows a quantitative
EELS. Although these aluminides all have a similar banddiscussion of cohesive energy differences based on the ob-
structure, differing mainly in the position of the Fermi level, served changes in EELS spectra, an issue which is addressed
a strong nonrigid-band behavior is observed even for smalh a companion papéf.In the following sections we discuss

1. BACKGROUND
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the problems in defining a local char¢®ec. Ill), and deter- electron atom that they are eigenfunctipriBhe concepts of
mining which local charge is measured with EE(Sec. IV). charge transfer, bonding, covalency, and ionicity are most
easily defined in terms of an atomiclike basis, for which they
Ill. LOCAL DENSITY OF STATES were originally intended® The separation of these effects
(and their very meaningare less clear with other choices of

ditheed an'trfergf:Sthvgrt: E\;\:Zlcmhatge \c/:vgarsg(ianlr\]/vﬁisgig T:_n b asis sets. While it is always possible to project a more com-
P y way g lete basis set on to an atomiclike bags do Sanchez-

particle local density of states or a charge transfer betweerE .
atoms can be defined. The more familiar concept of a total ortal, Artacho, and Soler for a plane-wave bighe re-

(single-particle density of states is, however, a unique quan—smtS are not alwa_lys unique, as_they depend on the shape and
tity. The total density of states is given by extent of the radial wave function§See Tables | and Il of

Segallet al®Y.
It will be shown in Sec. IV that electron-energy-loss spec-
N(E)=2, S(E—Ep ), (1) troscopy of core-level excitations provides a measurable
nk quantity that is proportional to a LDOS defined by an atom-
which measures the number of eigenstdigs betweenE iclike basis. Consequently, when charge and charge transfers
anddE throughout the entire crysté$o the contribution of are discussed in this paper, the atomic-orbital definitions are
the eigenstate &=E,, ; is S(E—E, x) wheren is the band used.

index andk is the electron wave vectbrThis is a useful for However, theab initio calculations of Sec. VI B use an
a perfect, periodic solid, but in any real material there migh@ugmented-plane-waveAPW) basis. In an APW calcu-

. 34’52 . . . . .
be defects, surfaces, or impurities which do not resemble thition™ ~“space is divided into nonoverlapping spheres cen-

bulk. If the local potential at a defect were lower than in thet€réd on each atom and the remaining interstitial region. A
bulk, an increased charge density might be expected in itglane—w_ave ba§|s set is chosen for the interstitial region and
vicinity. The total DOS gives no indication that such an ef-the basis functions inside the spheres are solutions of the
fect might be occurring, or where in the material that changé@dial Schrainger equationa radial wave function multi-
is. plied by spherical harmonigswhich are matched at the
We are, however, free to project the total density of stateSPhere boundary to the.plane waves of the _interstitial region.
on to a local set of states and examine the overlap of eacﬁ)];galnéj(terriilt_yDc())fss?astséc;C?rt;iggg t:rft :ti?éna';stgléggg ggrfgfe
qggnstateﬁn,k) with t'he local 'staté|>. Tt]e prot?abllilty ,Of (where it should be stressed that the choice of sphere radius
finding an electron in the eigenstaa,k) at site [i) is s |argely a matter of computational convenience, provided
|(i|n,k)|?, so the local contribution to the density of statesthe spheres do not overlap
from site|i) is The main problem with this definition is that the charge in
the interstitial region is ignored. In elemental Al, if the
(E)= N \2S(E_E - sphere radius is chosen as&@,3The Bohr radius,=0.529
n(E) % [(inJ)I"6(E = En ), @ A), then there are only 1.73 electrons per atomic sptse
) ) o Sec. VI B. As Al has three valence electrons, the remaining
and the charge associated with the local sfates 1.27 electrons/atom are in the interstitial region. The charge
£ redistributions in the interstitial region can be just as impor-
pizzj n;(E)dE, (3) tant as changes inside the atomic spheres. For instance,
o Schultz and Davenpdtt have shown that if the Ni and Al
é:harges inB2 NiAl are compared with the corresponding
atomic charges in the pure elemefagain using a radius of
2.3a, for all spherey then both the Ni and Al spheres in
NiAl gain charge with respect to their elemental solids. The
Al sphere also gains slightly more charge than does the Ni
sphere. On the other hand, if the reference systems are cho-
The choice of the local bas{s$i)} set is not unique. Con- sen to be the free, neutral atoms of Ni and Al, then in NiAl,
sequently, there is no unique way of determining the chargéhe Ni charge is increased and the Al charge is decredsed.
associated with each local state. Since the local charges caRather than this latter calculation being evidence of an Al to
not be uniquely defined, neither can the charge transferd\i charge transfer, the results of Schultz and Davenport,
Consequently, great care must be taken when comparing diéind Fu and Yod? taken together, suggest only that there is
ferent theoretical and experimental results to ensure that th@ore charge in the interstitial region in elemental Al than
same definition is used throughout. In an EELS or XAS meawould be expected for the superposition of free, neutral Al
surement, the observable quantity is the oscillator strengttgtoms.
which defines the local basis set. This is not a basis set that is Even if the spheres were expanded to fill all spémech
suitable for any electronic structure calculation, although itas in the atomic sphere approximation commonly used in the
can be connected to some of the more commonly used badisear-muffin-tin methotf), there is still an ambiguity in
sets(see Sec. IV. choosing the sphere size in an alloy. One possibility is to
Much of the language of elementary chemi$tA? as- replace each Wigner-Seitz cell by a sphere of equal
sumes that atomiclike orbitals can still be identified in sys-volume® Another would be to assume the charge is uni-
tems more complicated than atoiasd it is only in a single- formly distributed throughout the material and choose the

whereEg is the energy of the highest occupied state and th
factor of 2 is for spin degenerady.*’

Which local densities of states can be compared
to EELS measurements?
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different. The LCAO definition is a more chemically intui-
tive description of the charge per atom than dividing the
electrons into fixed regions of space. First, it assigns the
same number of electrons per atom to an elemental solid as it
does to a free atom of the same species. Second, buildup of
charge between atoms due to the formation of covalent
bonds does not alter the number of electrons per atom in this
definition. Only when there is an ionic character to the bond-
ing doesp [of Eqg. (3)] change(This is not the case with
“muffin-tin” charges). When charge transfers are discussed
in later sections, the LCAO picture will be used, unless oth-

AQmi

—0.4 ! ! . ; s ! erwise noted.
0.86 0.88 0.90 0.92 094 0.96 098 1.00 Can experimental measurements be made of the LCAO
Ryi/Ral charges? As the definition involves possibly fictitious wave

functions, the answer must bénot exactly.” However, a
FIG. 1. The charge-transfer problem: Since there is no UniqUQ/ery good approximation can be made. In an electron-
definition of a local density of states, there is also no unique deﬁenergy—loss measurement of a core excitatsee Sec. IV,
nition for charge transfers between local states. To emphasize thig,e unoccupied densities of state are projected on to a local
point, and to caution against directly comparing EELS “white paqis gefined by the initial core states. The resulting basis is
lines” against calculated chargeRef. 94, we show the charge |,05ji7ed close to the ion cores, where gipesf the wave
transfer from an atomic sphere surrounding a Ni atom inBRe ¢\ ions are determined more by the boundary conditions
NiAl compound, calculated in the LMTO-ASA approximati¢Ref. imposed by the ion corr ¢(r)—0 asr—0] than by inter-

54). The choice of the relative sphere sizes for the Ni and Al sites ctions with neiahboring sites. Instead. only the normaliza-
are a matter of computational convenience, rather than being g 9 9 ) ' Y

physically measurable property of the system. By altering the rati&'on_ coefficient of the wave function can c_hange when t_he
of the Ni/Al sphere sizes we can change not only the magnitude, blﬁnv'ronmem of the atom is changed. It is this pr_operty which
also the sign of the Ni-Al charge transfer. makes the experimentally measured EELS oscillator strength

proportional to a LCAO density of states. The connection

. . between the EELS oscillator strength and the LCAO LDOS

sphere radii so Fhat the numbe_r of electrons in each sphere & prove useful in analyzing the measured EELS spectra,

equal to the ionic charg€ Nautiyal and Auluck’ compared 54" developing simple models of the local electronic

the two choices for NjAl, and found that if equal sphere gctyre, Although it is traditional to assume that the oscil-

sizes are chosen then approximately 0.6 electron are rangsior srength is proportional to a LDOS and some prefactor
ferred from the Al to Ni spheres. However, if the sphere radiiy, 5t is purely atomic in nature, it should be expedtaad it

are chosen using Anderson’s prescription then the charggi pe shown in Sec. IV that this relationship cannot hold
transfer is much smaller and in the opposite directi@92 ¢, every choice of the LDOS.

electron are transferred from each of the Ni spheres to the Al
spherg.

In short, in these atomic sphere approximations, the
charge transfer can be defined to be almost anything, includ- |n the first Born approximation, the partial cross section
ing no charge transfer at all. This ambiguity is illustrated infor the inelastic scattering of an electron wave padkéth

Fig. 1 whgre the charge transfer between Ni and Al is seen Mitial group velocityv), undergoing a momentum transﬁar
change sign as the sphere sizes are changed. ; 58=60 i i
; : : ; . and losing energ¥, is given by

In a single-particle picture, the increased electron density

between the atoms is associated with the formations of co- d0(E,q) 8me* 1

valent bondg(see, for instance, Refs. 45, 57, and.46he 9 _ => |;q,<f|F|i>|25(E_Ef+ E)+--

electrons in the covalent bonds are understood to be shared dEdq h2v? q77

between the two atoms, which means the number of elec- (4)

trons associated with each atom need not be altered when gr small momentum transfersi Lir ., wherer . is a mea-

bond is formed. It is very important to separate the conceptg re of the size of th ) gthtancbl,H nd Cf| re th

of charge transfers and bond formati¢as very different _su_t_elo dfe' sl et? ?tﬁote S ¢ Hex >. a <'t aet e

simple models are used to describe each effespecially in initia .an ) Inal states ot the target. Hetg1s a.unl vec (?r n

metals, where screening is very effective in reducing chargéhe direction ofg. The momentum transfer is a function of

transfers, but bond formation can be quite pronounced.  the detector geometry and in our work is restricted to small
enough scattering angles that the dipole contribution domi-

nates.
The comparable x-ray-absorption cross sectiGh®s

IV. THEORY OF CORE-LEVEL SPECTROSCOPY

A Linear combination of atomic orbitals as a basis set

To model(and separajethe effects of covalent bonding
and charge transfers between atoms explicitly, the natural
choice of basis set is a linear combination of atomiclike or-
bitals (LCAO). The basis functions are atomiclike, as they
have same angular momentum dependence as the orbitalswith E=% w. The terms in the summation on the right-hand
a free atom, although the radial dependence may be quitdes of Eqs.(4) and (5) are common to both EELS and

UabS(E)=4772awZ le-(F|r]i}|28(hw—E{+E;), (5)
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XAS, once it is realized that in EELS the direction of the the single-particle transitions, so that the excitations can be
momentum transfeifq plays the same role as the polarization labeled by their single-electron counterparts. In this work the

vectore does in XAS. These terms are then a function onlyeXcitations of interest are the, ; edges in Al and NP/ The

of the specimen and not the probe used. As orientationdnitial states are |{)=[2py/»),[2ps/»). In a solid, the unoc-
effects in the bulk Ni-Al compounds are weak, the analysiscupied states will not have a definite angular momentum,
can be simplified by assuming that the specimen is isotropi€ecause the potential is no longer spherically symmetric.
or polycrystalline, so all orientations to the beam are equallyfowever the dipole selection rules\(=*1) restrict the
sampled—this removes the polarization dependence, replagnal states to be dé-like (1=0) ord-like (I=2) symmetry.

ing e-r with L It is also convenient to factor out the FOr Single-particle transitions the terfR¢E) can be rec-
specimen-dependent information in a dimensionless forn@dNized as being proportional to a LDOS, where the local-

known as the(optica) (Ref. 62 oscillator strengthF(E) ized basis is determined by the shape of the core wave func-
which is defined as " tions, and has the form|¢.)=|r ¢.) where g, is the initial

core stateli):
2m

F(B)=3 7 E [IIM)I?8E-E+E).  (®

F(E)ocaIE” (r el F)|2LE—(Es—E,)]. (8)

Once the scattering geometry is determined, the same in-
formation can be obtained from EELS as from XAS. Thereever, the core states are sufficiently localized with no band

is, however, a subtle difference in the energy dependenciegishersion or structure, so the only nontrivial summation is

of the EELS and XAS cross sections. If the EELS Crossy, e he final states. There are two unusual features if®g.
section is integrated ovey, then the ratio of the x-ray cross

: . 63 is considered a LDOS. First, the basis chosen is not com-

section to EELS cross sectigper eV, per atomis plete, as the core states are far more localized than the va-
lence wave functions. As will be shown, this is less of a

7) problem than might be expected. Second, the energies are
measured with respect to the binding energy of the core state.
This has the advantage for an experimentalist that the LDOS
‘on a Ni site can be measured separately from the LDOS on a
Al site as the core-level binding energigs are different for
different elements.

Strictly speaking, Eq(8) is a joint density of states. How-

oadE)  2may
oees(B) hc 0

4E,

E

The EELS cross section per Ni atom for an 860-eV en
ergy loss of a 100-keV electron is roughly 10 b/eV which
corresponds to mean free patk 1/po(E) of about 1 cm in

H' Usik?g tE?(')(?)’ thvevmean lffre% patht_for afr; B?O'GV xray in Although the oscillator strength can be viewed as a LDOS

115 abou nm. YWhile seli-absorplion €Tiects areé a Seroug, jg gy right, the basis set determined by the experiment is
problem for transmission XAS experiments in Ni alloys, theynot one used in any electronic structure calculations. To
are not a problem for EELS measurements of core Iosse?’nake contact with theory, it is still necessary to relate the

Th'.s does not, however, mean that transmllssmr) EELS EXELS oscillator strength to the basis sets used in simulations,
periments can be performed on a 1-cm-thick piece of Nig, . a5 ejther muffin-tin or atomiclike orbitals.

only that the multiple scattering corrections are different. In- The approach taken in early work on x-ray-absorption

stegd, the EELS cross secuon |s_strong|y .peaked at _Iow e%’pectroscop%/ was to assume that the oscillator strength
ergies, where the valence excitations provide the major coqf(E) could be factored into the desired partial density of

tribution to the total inelastic cross section. The mean fre tatesd; ,(E) and a(hopefully) slowly varying transmission

_p:a_\th forlt'FhIe IOV\:-energy V_?I?_nce [[(;]sstel§ 'f{ :ﬁughlyslo ?hm’ks’?unction T(E), which was a function of the probed atom, but
it is multiple valence excitations that limit the usable thick- |10 co1 environment, i.e..

ness.(The elastic scattering is less of a problem at these
depths, as it is still strongly peaked in the forward direcion. F(E)=T(E)d, ,(E). 9)
A swift electron traveling through a thin film is likely to ’
experience both core losses and repeated valence losses, T&is has been the traditional starting point for the interpreta-
sulting in a convolution of the core edge with the low losstion of the near-edge XA%:% However, such a factoriza-
region. This multiple valence scattering does not have a larg#on is limited to a small number of special basis sets where
effect on the near-edge structuisee Fig. 4, and is readily the shapeof the wave function is a function only of energy
corrected by deconvolutiof. The different energy depen- and angular momenturisee Appendix A It cannot, for in-
dencies of the EELS and XAS cross sections make the twetance, be a function of crystal momentipotherwise there
techniques very complementary. The rapid decrease in thgill be cross-terms of the forngf|¢e)( ¢y |f). More pre-
EELS cross section with energy makes it very difficult tocisely, if the calculation is performed with a basis set
perform measurements at more than a few keV, an energy ¢, ;(E))} that depends on energ§), angular momen-
range where x-ray measurements become more practical. tum J, a site in the unit celli(), and some other parameter,
sayk, then the factorization of Eq9) is only possible if

The simplest model of the core-level oscillator strengths |$11a(B)) =il (B 2)- (10
(for both EELS and XA$is to consider only single-particle A tight-binding basis of atomiclike orbitals trivially satisfies
transitions®®>%%5In all but the shallowest of core-shell exci- this condition. This is not the case for the basis sets of most
tations, many-body effects can be treated as corrections tmodern linear methods, such as LMTO or LAPW. Neverthe-

A. Core-level transitions
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less, if the core orbital is localized near the nucléas for 0.020 . » T .
deep core levels such as the Nb 8tate then the important NG
boundary conditions are the atomic ones, such as the radial
wave function vanishing at the nucleus or orthogonality to
the core levels. Then the shape of the wave function is de-
termined only by the energfand the electron densityso

Eqg. (10) is a very good approximation in practice, and is
widely used(e.g., Lerchet al®).

This factorization was obtained rigorously by New and
Wilkins* for their APW method, since their basis satisfied
Eq. (10) [Egs.(3.5b and (B4) in their papel. It should be
noted, however, that the atomiclike tefR¢E) is a function 0.000 L= dereeeiiies fooesieeee: IRECTSSPRE SEREREETIX!
of the sphere size chosen to project out the LDOA. 0.0 0.4 0.8 192 1.6 2.0
smaller sphere size has a more slowly varyli{g).] As the Energy (Ry)
oscillator strength is a physically measurable quantity, it o _
must be independent of the sphere size chosen in the calcu- FIG. 2. Thes andd transmission functionsTz, ;s q(E), for
lation. This implies that there is a compensating normalizath® Ni L23 edge obtained from Eq13) using the LAPW optical
tion factor in the LDOS which cancels the sphere size degscﬂ_lator streng_ths and the LA_PW-prolected LDOS for Ni and Al
pendence inlf(E) (by making the LDOS a function of the n dlf_ft_arer!t environments. Notice how much weaker the-2s

. . . transition is than the 2—d transition.
sphere size as well A key point made by Mier and
Wilkins is that the band structure or “solid-state” contribu- ferent environments. The functions are smoothly varying in
tion is not given by the sphere-projected DOS, but rather by dd t ' ntain anv vestiges of the rapidly chang-
that DOS normalized by its single-atom DOS. This single-.enert?y’ é’mt otno ?0 ta a yh 19 to b pidly d 9
atom DOS is calculated with the same electron configuratiorlg 9 roanm:'ft':)unc ?c:re tﬁ:‘ l,ilr.ez’nj Zvli”neg q Ejs) OHO eeaegrio?he
as the solid, not a free atom, so it is not, in general, ar}rgﬁsr;(:ssioln function is Idifferent for giffe.rentm(l:o\aw ' d
experimentally measurable quantity. X . pounds
and not independent of the local environment, as is often

) assumed. The differences in shape correlate more with the

B. Oscillator strength as a LDOS sphere radii chosen for the various calculations than changes

In short, although a calculated LDOS may qualitativelyin charge redistributions. For instance, in Fig.|de(E)|2
resemble an XAS or EELS signal, for quantitative compari-for NizAl is peaked at a higher energy than for Ni or NiAl,
son withab initio methods, the oscillator strength itself must although the environment of Ni in NAl is expected to be
be calculated. The oscillator strength can be considered asistermediate between Ni and NiAl. The trend can be under-
LDOS [by using Eq.(8)]. It is also directly related to a stood by noting that the sphere radius chosen for thgANi
LCAO basis, of the type used in tight-binding calculationscalculation was larger than those for Ni and NiAl, as was
[through Eq.(10)]. The transmission functio(E) is then  mentioned earlier.
atomic in nature, and has the simple form Why are the p—d transitions so much stronger than

2p—s transitions in Ni? Here some insight can be gained
_12mE - ) from studying the wave functions of a free atom. Theghd
= §7|<¢>i,c|r|¢i,a>| : (1D 3d wave functions are nodeless, while the Gr 4s wave
) functions have nodes in the region of thp @rbital leading
For Muler and Wilkin’'s APW methodor for any basis that  to large cancellations in the radial integlép||r||4s)|. For
satisfies Equatiofil0)], the transmission function has a more

0.015

0.010 | 27 .

KK2pirlga)l? (ao®)

0005 ~ | NizAl | 7

complicated energy dependence 0.24 . . , . .
12mE - 5
T(E)=§7|<¢i,c|r|¢i,J(E+Ec)>| - (12 0.18 | :

For the linear methods, where the oscillator strength can
be exactly related to the sphere-projected DOS, an approxi-
mate transmission function can be obtained from

[{2pIrigu)> (ao?)
@]
o

0.06 |
Fi o(E)

di ,(E)°

For the LAPW calculations used in this work, the core wave
functions are zero on the boundary of the muffin sphere, so
only the radial portion of LAPW wave functions is needed as
a basis for the LDOS and matrix elements. FIG. 3. Thes andd transmission function¥,, ;s 4(E) for the

Figures 2 and 3 show the “atomic” transmission func- Al L, , edge obtained from Eq13) using the LAPW optical oscil-
tions obtained from Eq(13) using the LAPW optical oscil- lator strengths and the LAPW-projected LDOS for Al in different
lator strengths and the LAPW LDOS for Ni and Al in dif- environments.

T(E)~ (13

0.00 1 1 1 1 I
—-0.5 0.0 0.5 1.0 1.5 2.0 2.5
Energy (Ry)
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theL edge in a free Ni atorfr , 4/r, {|*=129. This effect is IS
much less pronounced for dnedge in an Al atom, as nei- 3L Ni
ther the 3l nor 4s states are bound. Instead, both resemble ~ ~ g
continuum Coulomb wave functiongr, 4/r, J/=0.5). z 25 3
£ 2
V. EXPERIMENTAL METHOD 5 15k
. . . . . > b
Details of the specimen preparation, instrumentation, and & 1 ]
processing of the recorded spectra are given in Sec. V. Fi- % 0.5 i E
nally, the bulk spectra from the Ni-Al compounds are pre- E : ]
sented. The trends seen in these Ni and A edges are the O pormt
motivation for Sec. VI on bulk electronic structure. 840 850 860 870 880 890

Energy Loss (eV)

A. Specimen preparation ) )
FIG. 4. Measured NL,3; EELS edge from a 15-nm-thick Ni

Electron spectroscopy in a scanning transmission electrofim, before and after deconvolution. A power-law fit to the pre-
microscope(STEM) is performed in a transmission mode, edge intensity has been used to remove the background in the raw
usually with a small focused probe. The bulk specimensiata. A Wiener filter with a signal to noise ratio of 50 was used to
must be thinned to electron transparerilgss than 100 nm deconvolve the loss-low plural scattering. The spectrum was re-
and usually 20 nm This is still much thicker than the ab- corded with serial EELS.
sorption length for Ni and AL-edge x raySsee Sec. V.

This means self-absorption corrections are important ircoupled devicé CCD). The resolution of the spectrometer is
transmission x-ray measurements but not in EE$She ~0.1 eV (largely due to the spreading of the beam in the
overall inelastic mean free path for a 100-keV electron isscintillator to~80 um). As a large energy range was needed
~80 nm, with almost all of the additional scattering due tofor recording the bulk spectra to allow accurate deconvolu-
valence and collective excitations. This plural scattering carions, the effective energy resolution was reduced to 0.8 eV.
be easily corrected by Fourier ratio deconvolutidiElastic ~ Since the spectrometer is not connected to the high-voltage
scattering doenot change the shape of the energy-loss specsupply of the microscope, it is sensitive to fluctuations in the
trum for the experimental conditions considered in this pabeam voltage. Core-level shifts between different specimens
per. It can only change the overall intensity. Consequentlycould be determined to within 0.5 eV. Absolute energy mea-
the EELS signal from a “thin” film can be more represen- surements are accurate to about 1 eV as the low loss spectra
tative of the bulk than the corresponding XAS measuremenimust be recorded at a lower extraction voltage than the core
An additional advantage of spectroscopy in an electron mitoss spectra to prevent saturation of the CCD and damage to
croscope is that the specimen can be imaged and regiotise scintillator. More accurate, absolute measurements of the
with obvious defects can be examined separately. The highore-level shifts will be given in a subsequent pafler.

lateral spatial resolutiofi2—8 A) means the specimen need

only be defect free over distances as small as a few nanom- C. Recording and processing of spectra

eters. Of course, very much larger areas are used to avoid ] ) o )
finite-size effects. As the specimens were prepared by jet polishing, a thin

Al thin films were deposited directly on to formvar grids Surface oxide layer could sometimes be detected. Depending
by magnetron sputtering. This meant only one surface of th@n the polishing conditions, and how long the specimen had
film was exposed to atmosphere when the specimens weR€eN exposed to atmosphere, the oxide layers could be from
transferred to the STEM. The nominal mass thickness wa$ © 5 nm thick. This was a particularly severe problem for
20 nm, but grains as large as 50 nm were observed. The Al NiAl. Consequently many samples had to be rejected. Only
edges were recorded on these larger grains where the surfag@ecimens in which the 0-K edge could not be detected at the
oxide accounted for less than 5% of the probed volume. The-at- % level were used. The possible presence of a surface
Ni, NiAl, and NisAl specimens were prepared for transmis- oxide also limited the thickness of the sample studied to be

sion electron microscopy by jet polishing with a 10% sulfu- more than 20 nm thi_ck. This is one_—fourth (_)f the total inelas-
ric acid solution in methanol. tic mean free path in these materials, which makes the de-

convolution of valence excitations from the core edges nec-
essary.

The effect of this plural scattering is to convolve the core

The Cornell VG-HB501A 100-kV STEM has a field spectrum with the low-loss region of the energy-loss spec-
emission gun with a 0.3-eV energy spread and is fitted witirum. As the scattering events are independent and follow a
a McMullan style parallel electron-energy-loss spectrometePoisson distribution, they can be deconvolved using the Fou-
(PEELS.”® This was installed as an upgrade to the standardier ratio method*’* which was performed using a Wiener
VG Serial EELS. The bending magnet of the spectrometefilter.”” The Wiener deconvolution also corrects some of the
has a dispersion of &V/ um at the energy selection slits. By differences in detector response and makes possible a com-
adding three quadrupole lenses after the slits, the energy diparison of spectra recorded from films of differing
persion can be increased by up to a factor of 100. The disthicknesse€® As the interband and collective excitations
persed beam strikes an yttrium aluminum garnet scintillatopeak at roughly 20-eV energy loss, plural scattering has little
which is optically coupled to a 522512 pixel charge- effect on the shape df; near-edge structure, although it

B. Instrumentation
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50 — . — | TABLE I. Ni L, ;edge cross sectior{g b per Ni atom for the
* Liji Ni;_,Al, system. The range of integration is5—35 eV from the
£ 40l i 0.0 ] Ni L; edge onset. The spectra are scaled to the Hartree-Slater cross
i 'g/x_ * section for atomic Ni calculated by Peter Rez.
= i _x=0.25
$g¥ R ] x 1(b) L/l
& L%
- Ni 514+10 1.000
2 =20 .
n Ni zAl 506+ 10 0.984+0.04
g NiAl 508+ 10 0.988-0.04
S 10f oo~ Free atom 1 Ni 3Si 508+ 10 0.988-0.04
- e —
/ Py
ol _J continuum i ;Si spectrum from Ref. 114.

850 860 870 880

Energy Loss (eV) —dzpandLs: 2pgp—dsn,dsy) at 852- and 868-eV energy

losses, respectively, which select excitations from the nickel

FIG. 5. Measured NL,; edge(after deconvolution and back- 2p core orbitals to unoccupied states on the same nickel
ground subtractionfor the Ni,_,Al, system showing the decrease site/* As discussed in Sec. IV, the observed intensity is pro-
in height and broadening of the sharp peéwhite line” ) at the  portional to the LDOS withs-like (I=0) or d-like (I1=2)
onset of thel, andL ; edges with increasing Al concentration. The symmetry in the conduction band. Transitiond o2 states
spectra are scaled to the atomic Ni cross sectsge text The  dominate by a factor of- 100 (Refs. 75, 76, and)4see also
statistical errors in the measured spectra are indicated by the plottetigyre 2.
line thickness. There is also a 2%-5% systematic error in the back- The uncertainties in film thickness and calibration of the
ground subtraction. efficiency of the detector make it very difficult to measure

the cross sections on an absolute scale. These problems are

does alter the background for the edge(see Fig. 4 The  shared with XAS, where knowledge of the film thickness and
deconvolution is more important for data recorded with theuniformity is even more limited due to the lack of spatial
parallel EELS than the serial EELS as the PEELS pointresolution. However, as pointed out by Ner and Wilkins?
spread functiorlPSH has a significant fraction of its inten- well above the edge onset where the fine structure is damped
sity in the tails of the central peak. The SEELS PSF has aut, the overall magnitude of a particular transitieng., the
better apodization, but the lower count rates limit the resoluNi L edge is determined by its corresponding atomic tran-
tion. sition (the extended fine structure oscillates about the atomic

Another source of error is the background subtraction proeross section The implication is that the cross-sectiGuer
cedure. After the instrumental background and gain variaNi atom) for a Ni L edge will always be asymptotic to the
tions have been corrected, the remaining background is consame value, irrespective of the environment of the Ni atom.
posed mostly of the tails of lower-energy edges and valenc&his makes it possible to compare the relative changes in the
excitations which are traditionally modeled as a powershape of the NLedges recorded in different materials.
law®*%° (this can be rigorously shown for a hydrogenic If the edges are scaled so that they all match at energies
system®). For energy losses larger than a few hundred eVwell above the edge ons¢see Appendix B then all the
this is a reasonable approximation. However, care must bgpectra have the same intensity scale and thickness, and de-
taken to fit the background well before the edge onset, partector effects have been factored out. Thus comparisons of
ticularly at large energy losses. The core-hole lifetime athe relative cross sections per Ni atom can be made. The
large energy losses is very short, which has the apparemheasurements can be placed on an absolute scale by noting
effect of convolving the spectrum with a Lorentzian. Thethat all the Ni spectra must match the atomic Ni cross section
tails of this Lorentzian can extend well before the edge onsetvell beyond the edge onsefThe LAPW band structures
and change the apparent slope of the background. The taitiscussed in Sec. VI B do not cover a wide enough energy
of the PEELS PSF has a similar effect. For this reason, weange for a general comparison to be made.
prefer to deconvolve the raw spectra before subtracting the Figure 5 shows NiL edges from various Ni-Al alloys
pre-edge backgroun@s this corrects the tails added by the after background subtraction and deconvolution of multiple
PEELS PSF. The uncertainty in the background is single scattering. The spectra are scaled to the Hartree-Ski®r
largest source of error in estimating the area and moments efoss section for a Ni atofh(supplied by P. Rez The inte-
a measured EELS curve. The larger the energy window ofrated cross sections, normalized by HEg2), are given in
interest, the more serious the error. Table I. The absolute values should not be taken too seri-
ously as the atomic model is not appropriate close to the
edge onset. However, it is very significant that although the
shape of the spectra are very different for different alloys, the
areas defined by E¢B2) are almost identical. As shown in

Processing of the NL,; edges is considerably simpler Sec. IV, this area is proportional to the number of holes of
than for the AlL, ; edges, as there are no nearby overlappind =2 character near the core of the Ni atom. Section IV fur-
edges. The background subtracted and low-loss deconvolveber shows thatio,(E)/dE is proportional to a tight-binding
Ni L edges are shown in Fig. 5. There are two peaks in eachDOS. This means that in a tight-binding description, the
spectrum, as there are two nickel edges, [,: 2p;», number of Nid holes in the integration window does not

D. Results of the EELSL -edge measurements
in Ni-Al compounds
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FIG. 6. Raw EELS spectrum of NiAl showing the overlap of the | !
Ni M, ; edge with the AlL, ;. The dotted line shows the extrapo- A
lated background for the Aledge. * :
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change by more than 2% upon alloying, and is the first hint Energy (eV)

that the alloying changes are not the result of intersite charge FiG. 7. Measured AL, ; edge for the Ni_,Al, system showing

transfers(between atomic-like orbitals the increase in hybridization “pseudogap” at the onset of lthe
The Al L, 3 at 72 eV overlaps with the Nl edge at 67 edges with increasing Ni concentration. The spectra are aligned at

eV (Fig. 6). The presence of a Fano resonance at th&/INi the edge onset.

edge in Ni(Ref. 78 and NizAl (but not NiAl) complicates

the interpretation of thé1 edge, and makes the background LCAO d holes per Ni site also does not change by more than

subtraction more difficult. The AL edge, however, is free of 2% (the experimental uncertaintyin Sec. VI the electronic

a Fano resonance, and there is little structure in theMNi origins of these trends are considered.

edge above 70 eVi.e., near the AL edgeg. A background-

stripped AlL edge was obtained by first removing the pre- VI. BULK ELECTRONIC STRUCTURE

edge background from the Mil, edge and then linearly ex- .

trapolating the tails of the Ni M edge, as is actual shape is A. Theoretical approach

unknown (although it contains no sharp feature$he ex- The starting point for most modern band-structure calcu-

trapolation is only a reasonable approximation near the edggtions is the density-functional theory of Hohenberg and
onset. Consequently, a comparison of the measured and cohn and Kohn and Shafi:*° We briefly review this for-
culated AIL edge is restricted to within 6 eV of the edge mulation, to remind readers of the difference between the
onset. Kohn-Sham eigenvalues and the quasiparticle excitations of

Figure 7 shows the background-strippedlAl; edges for  the real systemiwhich we will be measuring Hohenberg
the Ni, _,Al, system. The key feature of the spectra is theand Kohri® showed that the total ground-state energy of a
“scooping out” of the density of states near the edge onsetystem of interacting electrorfand classical ionscould be
which becomes more pronounced with increasing Ni concenwritten exactly as a functional of the density. The functional
tration. This trend is not affected by errors in the backgrounds minimal at the true ground-state density and the value of
extrapolation, and will be discussed later in termssed  the functional at the minimum is the total energy of the
hybridization. ground state. Kohn and Sh&frproved that the functional

could be minimized by self-consistently solving the one-
particle Schrdinger equations
E. Summary

General techniques and precautions pertaining to the ex- [ — L v24v_ (1) + V(1) + V() ]e(r) = €4(r), (14)
perimental measurement of EELS spectra have been given.
The recording and processing of the Ni and Al EELS spectravhereV,, is the Hartree potentiaV,,, is the classical exter-
that will be used in later sections were also described. Theal electrostatic potential, and/,. is the exchange-
following trends were observed: The Al edge develops a correlation potential. The fully interacting many-body prob-
pronounced “scooping out” in intensity at the edge onset adem has been mapped onto a set of self-consistent equations
the compounds become increasingly Ni rich. ThelNédge for noninteracting electrons. The theory does not provide a
became increasingly broader and flatter as the Al concentrghysical meaning for the single-particle eigenvalégsand
tion is increased. However, the cross section per Ni atom fothe eigenfunctiong/(r), which are needed only to construct
the near-edge region of the Ni edge is the same, within the charge density on which the density-functional theory
experimental error, for Ni,NJAl and NiAl. Given the rela- depends.
tionship between the EELS oscillator strength and the LCAO The occupied Kohn-Sham eigenvalues are often identified
basis established in Sec. Eq. (9)], the lack of change of with the energies required to excite electrons, and the unoc-
Ni L-edge cross section also implies that the number otupied eigenvalues are identified with the excited single par-
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ticles. There is no rigorous justification for doing this, as the TABLE Il. Summary of parameters used in the LAPW calcula-
actual energies for adding or removing electrons from thdions. (See text for more details on ttkepoint sets.

system are determined bydifferent Schralinger-like equa-

tion that contains a nonlocal, energy-dependent self-energy Lattice  Sphere No.ofk points  No. of k points
in place of the exchange-correlation potefiffiaFormally, constant  radius for the for the
the quasiparticle energies are the solutinsf the Schre (a0) (ag)  charge density DOS
dinger equatioft Ni 6.650 231 408 145
1 Ni Al 6.743 2.38 120 165
— V24V (N+V r NiAl 5.450 2.30 20 165
2 ext 1)+ Vil Al 7.651 2.30 60 413

$p(r)=Ey(r). (15

+f2(r,r’,E)zp(r’)dr’
performed. The NiAl calculations are very similar to those

Whereas the exchange correlation potentigl(r) used in  previously reported? A general description of the method
the Kohn-Sham equatio&q. (14)] is both local and inde- can be found in SingP? Plane waves are used to expand the
pendent of energy, the self-enerd)(r,r’',E) is a nonlocal basis and potentials outside the spheres. Inside the spheres
energy-dependent operator. The eigenstates of this new equhe basis is expanded up lte 8, and additional local orbital
tion [Eq. (15)] are the energies of the gquasiparticles of theextensions were used to avoid linearization errors. This is
system. The quasiparticles are noninteracting particles whichufficient to ensure good convergence over the energy range
move in an effective potential that is nonlocal and energyof interest, roughly 2 Rysee Ref. 11 The sphere radii are
dependent. The quasiparticle energies are generally complegiven in Table II.
reflecting the finite lifetime of excitations in the system. The As the Ni and Al 2 core states are well localized inside
Kohn-Sham eigenvalues, however, are real. It is necessary tbese spheres, only the muffin tin portion of the wave func-
add finite lifetimes to the Kohn-Sham density of states iftion is used to calculate the partial DOS and EELS oscillator
they are to be compared with measured excitation spectra.strengths. The LAPW basis does not satisfy Bd), so the

The complicated structure of the self-energy operatofactorization of the LAPW transition matrix elements into a
makes it very difficult to calculate the quasiparticle spectrunradial matrix element and a LDOS is only approximate.
exactly. With the use of the local-density approximationHowever, as shown in Sec. IV B, it is a very good approxi-
(LDA), the Kohn-Sham equations are considerably easier tmation for core levels.
solve. Although the Kohn-Sham eigenvalues are not in- Spin polarization was only included for the Ni calcula-
tended to reproduce quasiparticle excitations of the systention. Although Ni;Al is thought to be a weak itinerant
the two treatments should yield similar effective single-ferromagnef®®’its Curie temperature of 43 K is well below
particle spectra in cases where the many-body effiiatsn ~ the measurement temperatufe300 K). For comparison
the self-energy or exchange-correlation termase slowly  with experiment, NiAl is assumed to be paramagnetic.
varying. Numerous calculations and experiments have show8imulations of the magnetic properties of Al can be
very good quantitative agreement between LDA electronidound elsewheré&®!’~1°The magnetic effects, even at 0 K,
structures and experiment in well-hybridized transition met-are very weak, and the error made in neglecting them
als and compounds like the aluminides discussed~0.003 eV is much smaller than the energy scale of inter-
hereg824.15.16.29 est in this work 0.1 eV).

In metallic systems at zero temperature, the chemical po- The ground-state crystal structures and the experimental
tential (or the Fermi energyis given by the highest occupied lattice constantésee Table )l were used. A specid point
Kohn-Sham eigenvald&. There is no exact relationship sef® was used for the self-consistent calculation of the
away from the Fermi energy. However the difference becharge density, while a uniform mesh including thepoint
tween the quasiparticle and the LDA eigenvaluegtasfirst ~ was used for the DOS. In Ni and Ml the d band is sharply
order in [X—3pal) just the difference in self-energies. varying near the Fermi energy, so lardepoint sets were
Near the Fermi energy, the self-energy in metals is expectedsed than for NiAl or Al. In the calculation of the Ni charge
to be slowly varying, so the LDA and the quasiparticle DOSdensity a largek-point set(Table 1) was needed to ensure
will have the same shape. As the excitation energy increasegood convergence of the magnetic moment. The numbler of
so do the deviations between the calculated and measurg@ints in the irreduciblesth wedge of the Brillouin zone for

DOS's34% each of the compounds studied are given in Table II.
In Sec. VI C the excitation spectra measured with EELS
are compared to the Kohn-Sham density of states calculated 1. Results

within the local-density approximation using the mean APW . )
method(see Sec. VI B Good agreement between the mea- The total and partial DOS’s from the present calculations

sured spectra and the calculated DOS lends credence to tAEE Shown in Figs. 8-11. The shapes of the DOS’s7alr§2c21uaIi-
single-particle description of the EELS edges. tatively similar to the previously mentioned works,’~*%

although the fine features of the partial DOS’s do sometimes

, differ. The most noticeable difference is the presence of a
B. LAPW band-structure calculations small peak in the NjAI Al s DOS at 0 eV(Fig. 10. This is
Self-consistent, full-potential, linear-augmented-plane-not present in the full-potential linear-muffin-tin orbitdP-
wave (LAPW) calculations for Ni, NsAl, NiAl, and Alwere ~ LMTO) calculations of Suret al?> We doubled thek-point
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FIG. 8. LAPW calculated density of states for Al. The total FIG. 10. LAPW calculated density of states forgWi. The total

DOS for the unit cell is given in the top panel. Below are the DOS’sDOS for the unit celi(solid line) and the Nid DOS (dotteq are

decomposed by angular momentum inside the muffin-tin sphert—:glven in the top panlthe energy axis is-12 to 12 eVf. Below are

The Fermi energy is taken as the zero of the energy axis. Note tH'® POS Projected onto the Ni and Al spheres.
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FIG. 9. LAPW calculated density of states for NiAl. The total the stategthe “d band”) has a large exchange splitting. Notice also
DOS for the unit cell(solid line) and the Nid DOS (dotted are  the “scooping out” of thesDOS around the band from the strong
given in the top pandlthe energy axis is-12 to 12 eV). Below are  s-d hybridization. The resulting hybridized states have piled up at
the DOS’s projected onto the Ni and Al spheres. —4 and+4 eV.
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TABLE lll. Angular decomposition of the LAPW valence charge in the muffin-tin sphérissthe charge
in the interstitial region(divided by the number of atoms in the unit cell to make comparison between the
different compounds easjeBoth because of the large interstitial charge and the use of different sphere radii,
the changes in muffin-tin charges cannot be directly interpreted as intersite charge transfers.

Nis Nip Ni d Ni f Als Ap Ald Al f |

Ni 0.463  0.446 8226 0031 - - - - 0.834

Ni Al 0502 0508 8423 0028 0706 0.820 0220 0.039  0.707
NiAl 0.435  0.444 8378 0016 0618 0759 0177 0.025 0.574
Al - - - - 0.676 0615 0.111  0.006  1.592

set for our LAPW calculations and saw no noticeableis due to the six Ni next-nearest neighbors which &g
changes in the DOS. As we were concerned that the featur@ore distant. These trends are best understood in terss of
may be an artifact of the basis set chosen, we repeated theand p-d hybridization(Sec. VIII).
calculations using Anderson’'s LMTO-AS#atomic sphere Notice that the Nid DOS accounts for a large portion of
approximation method* with 286k points in the irreducible  the total DOS's, especially in the Ni-rich compounds. A
Brillouin zone. This gave a remarkably similar peak, sug-characteristic feature of the Ni states is the large, narrow
gesting that it may be a real feature and one worth investipeak in the DOS from roughly 4 eV below the Fermi level to
gating experimentally with a higher-energy resolution thanabout 1 eV above the Fermi level. These states provide most
the 0.8 eV used in this study. of the magnetic moment for pure NFig. 11). It is this
The LAPW Al DOS shown in Fig. 8 is included mainly to narrow portion that is often identified with the width of tte
emphasize the trends in the Al partial DOS when Al is al-band®!'® However, there are also states outside this region
loyed with Ni. The overall shape of the Al DOS closely which haved symmetry. The LAPW calculation@nd the
resembles that of a free-electron gas. Although atomic Al hagELS experimentsdo not offer any physical arguments that
only s and p electrons, the fcc Al crystal hag p, and d  distinguish between states in the peak and states in the broad
projected states. The overall shape of $h@, andd partial  background(other than perhaps a separation into magnetic
DOS’s again resemble the partial DOS of a free-electron gasind nonmagnetic statesFar from the narrow peak, the
The presence of the valendestates in the Al crystal should states start to resemble tldestates of a free-electron con-
serve as a warning that states wittsymmetry in the solid  tinuum (as discussed above for the case of. Ah a tight-
are not restricted solely to elements that have valehelec-  binding calculation, the peaked region is composed largely
trons as free atoms. of Ni 3d states. It is not, however, possible to uniquely sepa-
The cusps in the Al DOS arising from Van Hove singu- rate the LAPWd DOS in to continuum anddstates as these
larities at the zone faces and zone eddese fully repro-  features become mixed and altered in any real system.
duced in Fig. 8. Thé-point sampling near the zone bound-  The effects on the analysis of the DOS can be quite pro-
aries would have to be increased to reproduce these featuremunced. For instance, Liet alX® concluded that the Nd
This is not a serious problem, as the main interest in thespand in NiAl is narrower than in pure Ni while Carlssth,
calculations is to simulate core excitations where the intrinysing a different definition of the Nil band, found it to be
sic core hole lifetimes broaden the spectra to a greater exteBtoader in NiAl than in pure Ni. Despite these ambiguities, it
than does the error in tHepoint sampling(A more densely  is common for experimentalists to divide the measured EEL
sampled DOS can be found in Szmulowicz and Seffas  and XAS spectra in tod holes and a continuum

well as its comparison to a measured Kledge) background®°1-93.26259499ha danger in performing such
fitting exercises is that they rarely allow for the states to mix
2. Bands and bonding trends or drastically alter their shapésuch as has occurred in the
Ni-Al alloys).

In the alloys, the free-electron band is common to both Ni
and Al. This is most clearly illustrated in the Ni and Al .
DOS’s of Fig. 9. Both bands start at the same energy and 3. Charge transfers and oscillator strengths
have the/E dependence typical of a free-electron gas at low The valence charge, partitioned by site and angular mo-
energies. However, strong departures from the free-electromentum, is given in Table Ill. There are no clear trends,
model occur for sites that are adjacent td eesonance. The other than to note that the charge redistributions rarely ex-
free-electron states are “scooped out” around the resonanceeed 0.1 electron. The total charges in the Ni and Al centered
and redistributed to energies above and belowdheand. spheres are more sensitive to the sphere @iligAl has a
The effect is most pronounced for the 8IDOS in bulk Ni  larger sphere than Ni, Al, or NiAlthan the type of neigh-
(which has the most nearest neighbors withesonances  boring atoms. As the changes in interstitial charge are much
The mixing is between nearest neighbors, not orbitals on thiarger than the changes in charge associated with the Ni or
same site as can be seen by comparingstB©S for Ni and Al spheres, these results should not be taken as evidence for
Al'in NiAl (Figs. 9 and 1k In contrast to the above case, the an intersite charge transfer.
scooping out is more pronounced on the Al site which has A discussion of bonding is more easily dealt with using an
eight Ni nearest neighbors, than on the Ni site which has natomlike basis sdisee Sec. I)l. As mentioned in Sec. IV, an
Ni nearest neighbors. That there is a gap at all on the Ni siteexperimentally measurable quantity that is proportional to an
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TABLE V. Angular decomposition of valence oscillator 0.21

strength. Only the radial portion of the final-state wave function is _.0.18 NiAl

used. While a good approximation for the Nistates, it leads to g 0.16
large errors for the more delocalized Al wave functions. 5 0.13
. % 0.10 S
Ni d Al's Al p Al d > 008
Ni 7.13 - - - % 0.05 F ]
Ni zAl 7.20 0.196 0.16 0.07 ~ 0.03 [\/\A\M
NiAl 7.16 0.180 0.15 0.12 0.00 —= — t t . :
Al - 0.197 0.12 0.13 —~025 L NigAl U Measured
g p Ca.lculated
é 0.20 (Ni d D0S)/10}|
atomiclike partial DOS is the EELS oscillator strength. If the =015
oscillator strengtiiEq. (6)] integrated up to the Fermi energy ﬁ
is used as a measure of charge, then the charges associated , ©-10
with each site are seen to be very simif@able V) in all the R 0.05

systems studieNi, Ni;Al, NiAl, and Al). As discussed in
Sec. IV, the oscillator strength provides a measure of charge
associated with a particular angular character that is not sen-
sitive to the sphere radius used in the calculation, since only
charge density that overlaps with the core wave functions is
sampled. This makes the oscillator strength insensitive to
charge redistributions that arise from bond formation. Only

o
o
o

o
w

DOS (/eV/Atom)
(o]
[av]

intersite charge transfefse. from near the Al core to near 0.1
the Ni corg can alter the oscillator strength. This is less than
2% for the Nid DOS in bulk Ni vs NiAl. 0.0
A similar analysis can be made for the unoccupied states. -5 -2 1 5 8 11 14
The oscillator strength, integrated from the Fermi energy to Energy (eV)

14 eV above the Fermi energy, measures a quantity roughly

proportional to the experimentally determined EELS cross FIG. 12. Comparison of the LAPW calculated and measured
sections of Table I. The experimental data is integrated fronNi Ls EELS edges for the Ni,Al, system. The oscillator strength
the Fermi energy to 35 eV above thg-edge onset, so as to (dark sqlld ling is calculgtgd dlrec_tly_frorp Eq(6)_. Llfgtlme
include thel, edge as well. As a result of tHemal) spin- broadenlng of the calculatioflight solid line) is described in Ap-
orbit couplings in the real system, bdth andL ; edges have Pendx €

to be summed over to give equal weighting to all the final

states®% The states are already equally weighted in the cal€nergy splitting between the first and second peaks in the
culations, so a smaller window of integration can be usedNiAl spectrum is 10% greater in the experiment than the
The integrated oscillator strengths are 2.03, 1.99, and 2.08lculation. The zone-boundary divergeritiee steplike fea-
for Ni, NizAl, and NiAl, respectively. The relative changes ture) in the DOS at 7 eV above the Fermi level in the Ni
in the oscillator strengttas in the experimental datare less ~ calculatiori**%®%appears at 6 eV above the Fermi level in
than 2%. This also implies that the number of holesdof the measurement.

character(per Ni atom also does not change by more than ~The agreement between the measured EELS spectra
2% upon alloying Ni with Al. (which probe excited statpand the calculationéwhich are

approximations to the ground states of the different a)lays
quite good. All of the features in the experiment can be
found in the calculation, if slightly stretched or altered in
So far the core hole and the excited electron have beemmtensity. The largest discrepancies are for theLAdédge in
assumed to have infinite lifetimes. The core hole can decaiisAl. This is the weakest signal of the Al edges studied,
by x-ray or Auger transitions, and the excited electron carand where the uncertainties in the shape of the background
lose energy by emitting electron-hole pairs and drop to thelue to the NiM edge are largest. However, even accounting
Fermi level. These lifetimes broaden the initial and finalfor possible contributions from the background, the peak at 4
states. The treatment of the lifetime effects closely followseV in the experiment is sharper than in the calculation. This
that of Muler and Wilkins; and are described in Appendix may be due to the limited-point set used in the calculation.
C, as are corrections for the instrumental resolution. ThéMost of the other discrepancies can be attributed more to the
measured EELS spectra follow the broadened, calculatedAPW and local-density approximations rather than to core-
ground-stated DOS (Fig. 12. If the spectra are normalized hole effects. For instance, the zone boundary at 6 eV in the
at threshold then there is a roughly 10% discrepancy betweedi EELS measurement is also found at 6 eV in the brems-
the two at higher energies. For Ni, the calculated oscillatostrahlung isochromat spectrum, where there is no core*hole.
strength is too large, while for NAl and NiAl it is too small ~ However the position of this steplike featuiidentified as a
for E>8 eV. There are also some small but systematic dist;,K critical point by Szmulowicz and Ped&8gvaries from
crepancies in the position of features away frép; the  calculation to calculatiof?39884

C. Comparison of theory and experiment
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MI " T ' boundariegsuch as in Mulleret al) and defects to the al-
leasured Calculated . .
+ | . tered local mechanical properties.

Often the changes in the EELS spectra of alloys are ex-
plained in terms of a rigid-band pictuf& It is assumed
] that the shape of the bantEnd hence the local DO$o not
change upon alloying. Instead, only the Fermi level is al-
lowed to vary as the superimposed densities of states are
filled with the electrons from the constituent atoms. For in-
stance, the decrease in the height of sharp peak at the onset
of the Ni L edge as Al is added to the system would be
described as a charge transfer from Al to Ni, filling thecNi
band. There are some problems with this interpretation. First,
the total area under the measuredNedge[as defined by
Eqg. (B2)] doesnot change appreciably upon alloyirf@able
I). Second, as seen in Secs. V and VI, the shapes of the local
DOS change considerably upon alloying, whereas, in the
rigid-band picture, the shapes of the local DOS are assumed
to remain fixed and only the filling of the DOS is allowed to
vary. Further, the assumed charge transfers on which the
rigid-band picture is based, makes it very difficult to give

FIG. 13. Comparison of the LAPW calculated and measured ARNY quantitative predictions for the heat of formation of the

L3 EELS edges for the Ni,Al, system. alloys. _ _ _ _
Instead, this section describes an alternative approach,

. based on modern tight-binding theory, which overcomes
The trends in the calculated Al edge closely follow these obstacles. The moments of the LDOS may be deter-

those measured with EELEig. 13. A more quantitative — ine from the geometry of the lattice, which is a real-space
comparison cannot be made due to the errors in the bacla

. ) escription that treats crystals and defects on an equal foot-
ground subtraction of the experimental data. Neverthele;g.ng_ In Sec. VIl A this procedure will be used to connect the

r§91ape changes in the measured EELS spectra to changes in
the local geometry, as well as to simple rules for ordering
trends and alloy heats of formation. The connection between
EELS measurements and cohesive energies was given in
companion paper&:®’

LA
!
I
I
]
|

!
1
1
T

o
W
S
)

L NiAl 4 0.22

)
| !
|
|
|
- + i 4 0.15
+ : { 0.08
! : 0.00
|
|
i e
|
|
1

DOS (/eV/Atom

Intensity (arb. units)

-4 0 4 -4 0 4 8
Energy (eV) Energy (eV)

out of the Al DOS away from energies of the Niband are
seen in both theory and experiment.

The formation of pseudogaps in teeandp states, where
they cross thel band, is a central motif in the Ni-Al system

. . 15
(QOOd. experllrgental examples can_be found in Saetral: Linking changes in the local densities of states to changes
and Liuet al.®). The reduced density of states can be undery, opesive energy can be done with the use of the “force
stood in terms ofs-d mixing (or hybridization, which — yheqrem” of Pettifol%® and Mackintosh and Andersdff
scoops states away from those energies where the ban fis states that given a self-consistent solution to the Kohn-

cross. The importance of these gaps in the alloying of trangpam equations, the first-order change in total eneigys
sition metals with free-electron-like elements was empha- iven by '
sized in Refs. 38 and 99. These trends in the local densitie%

of states are well suited to a moments-based analfis.

particular, formation of the pseudogap can be understood in

terms of changes of the fourth moment of theDOS. A 5E:5<Z Ni€i | + OFes. (16
similar effect for thed DOS is also observed experimentally,

and was previously discussed by CarlsSdior the Ni-Al ! i . .
system. The bond-order potentials of Pettifor andThe first term is the change in the occupied one-electron

co-workerst?L:39:102 A0k 40 and’ Horsfieldet al*! provide a states of energy; and occupancy;, calculated using the
qualitative framework for connecting changes in the locaidiSPlaced(by the perturbationbut otherwise frozen one-
moments to changes in cohesive energy. In Sec. VIl we re€lectron potentialdEsis the change in the classical electro-

view this in a formalism suitable for the analysis of the Static energy. If the cell defining the perturbed atom were
EELS spectra. neutral and spherically symmetric, théi& . would be zero.

Otherwise it would be the change in the Madelung energy.
When choosing to work with a charge neutral system, a first-
order changein the total energy is given simply by the
change in the Kohn-Sham single-particle eigenvaldggen
though the total energy itself is not given by the eigenvalue

Ab initio calculations have revealed some importantsum. The key result of the force theorem is that the double
trends in the bulk alloys, and have shown that the measurecbunting terms in the Coulomb energy have been canceled
EELS spectra can be accurately modeled with the LDAout. Although these exchange and correlation energies do
DOS. This match so far is only a fingerprintifige., a match make an important contribution to the total energy of the
of the EELS fine structupe What is still needed is a model solid, they do not contribute to a first-order change in the
that relates the changes in the measured LDOS at graiiotal energy.

VIl. REAL-SPACE MODELS
OF ELECTRONIC STRUCTURE
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The first term of EqQ.(16) can be rewritten a€yqnq The key result of the moments theorem was to show that
+Eprom- The promotion energ¥,on==;dn;¢; takes into  the pth moment of the LDOS on sité can be calculated
account the change in occupancy of the orbitals on formindocally, without knowledge of the eigenvalues of the entire
the solid from the reference system. If the reference systeraystem, as
is chosen as the free atom with orbitals at eneriégs then ®
the bond energyE, .= =in;d¢; can be rewritten, using Eq. wi”=(l(H=€e)P[)=[(H—€)P]; . (20

(2), as Expanding the powers gf should make this more apparent:
Er
EbOI"Id:E f (E_E|)n|(E)dE! (17) ,U/gp): Z [(H_E|)]| |
| —o PR PYEER Y vl
wheren,(E) is thel-projected LDOS andE is the Fermi X[H=e)]i 1, - [(H=eD] 1 (21
: -1

energy (for simplicity only metals at T=0 K are
considered—a Fermi function must be introduced at f|n|teTh|S links the moments of the local densities of states to the
temperatures This describes the covalent bonding that oc-local geometry through all the hopping paths of length
curs when the solid is formed from the free atoms. State¥vhich start and end on the same site. As a consequence,
lower in energy than those of the free atom are termed bondtoms that are more thgi2—1 hops away from sité can-
ing states. States at higher energies than the free atom afet affect the lowesp moments of the LDOS on site
antibonding. This is reflected in E(L7), which changes sign ~ The lower moments have simple physical interpretations.
atE=g¢ . The zeroth momenﬂfo)=1 as there is only one orbital per
If the charge transfers upon alloying are negligi@e the label I. The first moment is the average energy measured
EELS measurements suggest for the Ni-Al systémen the  with respect to the center of the band, which is always 0:
bond energyE,onq is the dominant contribution to the change L
in cohesive energy. As a caveat, this approximation is most pmV=[(H—e)];,=H;,— &8 ,=0. (22
appropriate for normal metals, and is expected to break dow?
in ionic materials where the electrostatic contributions are
important, or strongly correlated systems where higher-orde?
terms such as changes in the exchange and correlation end?
gies become comparable to changes in the bond energy.
The force theorem explains the success of tight binding w@=> [H |3 (23
and molecular-orbital theory in predicting structures and 17! '

heats of formation from eigenvalue sums, when the sumghereH, , is the nearest-neighbor hopping integral which is

themselves are not good models of the total energy. For thlg functic;ﬁ of the distance between sitesand |, (see

work, the relevant feature of the force theorem is that, .. 407 ¢ 0 oot models oM ). The secolnd mo-

changes in the bond energy are directly related to changes In~ . L Y _ Ly )

the local density of statdshrough Eq.(17)]. ment is by def!nmon the variandghe mean-square widklof
the local density of states, so E§3) showsthe width of the

LDOS on a given atom is determined only by its nearest
neighbors (For a monoatomic material, the width of the
The link between the shape of the electronic density ol.DOS will vary as the square root of the number of nearest
states and the local arrangement of atoms in a solid is praaeighbors-%0:10544
vided by the moments theorem of Cyrot-Lackmafht®As The second moment is a natural unit of measure for the
we will be using the results of the theorem for analysis, notenergy scale, and allows us to express the higher moments as
calculations, it will be stated in its simplest form, assumingdimensionless quantities. It is these higher moments that de-
an orthogonal basis of atomic orbitdls, wherel =i« la-  termine theshapeof the LDOS. The dimensionless third
bels both the site and the orbitéUsing Anderson’s chemi- and fourth moments arey;=pu{/(u(?)¥ and v,
cal pseudopotential theory, such a basis can always be ,(3)/(,(2)2 respectively. The third-moment determines
constructed® although it need not be unique or particularly the skewness of the DOS, and the fourth moment determines
transferablg. The local density of states associated Witls  \yhether the DOS is bimodal or unimodal. The exact measure
of the kurtosis is determined by the parameter

n.<E>=§ (1K) [28(E—E), (19) S=v4— 3. (24)

. ) . . A large parameter £>1) implies a single peak, while a
wherek={n,k} labels the eigenstates with eigenval§s  sma|l parameter implies that the spectrum has separated into
The diagonal matrix elements of the Hamiltonian in thetWO peaks. We will refer ts as the normalized fourth mo-

atomic basis argl|H|I)=H, =€ . These are used as the ment. Worked examples of the calculation of the higher mo-
reference energies for calculating thth moment of the 10-  ,ents can be found in Suttéf.

he expression fop(?) can be simplified by noting that
nlessl’=1",[(H—¢)], ,»=H, ;». This means the second
oment can be written as

A. Moments theorem

cal density of states: The connection between the local moments of a DOS and
. the contribution of that DOS to the bond energy can be made

Mgp):f (E—€)Pn,(E)dE. (19) by expandln_g the bond integral of_ EQL7) into t(r)12e bond-

. order potentials developed by Adkiand Pettifort?? Rather
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0500 ———————— 17— moment contains no information about the angular interac-
0.400 E ] tions or the directionality of the bondir§:1%1% (Three
0.300 | points are needed to define an angle, and only two are pro-
0.200 ; vided) in the evaluation of contributions to the second mo-
’ 2 ment
»¢0.1000 ¢ The angular character of the bonding is important because
0.00 ¢ the pseudogap is the result 8fd hybridization. In a tradi-
-0.100 ¢ tional bandstructure descriptidt>>this can be understood
-0.200 £ ] in two steps. First, the narrod/band is crossed by the broad
-0.300 S N S free-electron-likes band. Second, where the bands cross, the
0 05 1 15 2 s and d states interact and mighybridize. As we might

expect from second-order perturbation theoy by diago-
nalizing the Hamiltoniapy the mixed states lie above and
FIG. 14. The reduced susceptibilitigg, as a function of the below the original crossing. In other words, states are
number of electrons per orbitaV. x, gives thepth moment con-  scooped out from the point where the bands would have
tribution to the bond energy, was calculated in the ring approxi- crossed, reducing the DOS and leading to the pseudogap. A
mation (Ref. 39. good example of this hybridization in NiAl can be found in
Liu et al®
than expressing the bond energy in terms of the local density The same effect also has a very simple explanation in
of states as in Eq17), Aoki showed that the bond energy terms of the local moments. The scooping out that is seen to
can be expanded directly in terms of the local moments asoccur during s-d hybridization is essentially a fourth-
moment contribution. This is particularly important as

Eponds = — di Ve @Lx2(N) + x3(N) y3+ x4(N) (s—2) Carlssor® found the fourth-moment contribution to the heat
of formation of a transition-metal-aluminum alloy to be
te-] (25 comparable to the second-moment term. He explained that

wherel is the orbital quantum number and the degenerac he increase in the fourth moment of tHeDOS as a transi-

d,=2(21 +1). The leading factor of 2 is from the assumed ion metal is alloyed with Al can be understood as follows:
slpin degener.acy The rapid angular variation af-d hopping matrix elements

The reduced susceptibilitieg, are essentially functions Inqu?]f toa Fl)halsf ga_ncellatlon tm thet. normailéizied fm#thlmo'
only of the number of electrons per orbitd, A general Y4, CalCulated In a pure transiion meta graphica

feature of the susceptibilities is th, changes sigp—1 example of the rapid oscillation of, with bond angle can be

times as the band is filled. Figure 14 shoyscalculated in found in qugrt;} ). Thes-s hoppmg parameters have no
the ring approximatio 30 angular variation, so systems with predominastiglectrons

The separation of the bond energy into contributions fromWiII have much larger fourth momentsy{~4). In the limit

- P f ad-electron impurity embedded in a free-electron gas, the
band filling (x,) and local geometrythe momentgssimpli- 0 ) L )
fies the discussion as it makes clear the difference betweehPOS hasl ﬁ Lorentzw:]r; proflleyﬁ~;|)Dvg;Ie a_pgre_l'grhqn-
the effects of charge transfefshanges irN) and rehybrid- sition metal has a roughly “?Ctaf‘gu (¥4=2). s
ization (changes in the momentsThe results of Table | _suggests that the_ energy gain with the extent of hybridization
suggest we should assume local charge neutrality for the Nf SMOothly varying ag, increases from 2 to 4. .
d states when alloying with Al. This implies that, for Ni That the energy change is a smoothly varying function of

does not change much upon alloying with Al and is deter-¥+ (@nd hence), is expected from Eq25). A larger fourth

mined essentially by the number of electrons per orbital ofnoment places more states in the tails of the distribution, and
the pure metals. The changes in the bond energy then res{ftiS 9ives @ lower bond energy for nearly empty and nearly

from changes in the local moments, which do change o ull bands. The trend from a close-packed structure to a bcc
alloying (as they depend on the local geometry and Compo_structure and back to a close-packed structure across the

sition). Thus Eq.(25) provides an explicit link between local transition-metal series can be explained by the difference in
changes in bond energy, electronic structure, and geometr hc?))f(;?rrttjgtumrg{?lem between a bce and a close-padioedor

Returning to the Ni-Al alloys, as more Ni nearest neigh-
bors are placed around an Al atom, the increased phase can-

Knowledge of the second moment alone is not sufficientellation (from replacings by d state$ will result in a re-
to explain the behavior of the Ni and Al edges upon alloy- duced fourth moment. The reduced fourth moment on the Al
ing. Not only do the bandwidths chan@ehich is a second- sites after alloying with Ni makes the Al DOS more bimodal
moment effedt but the shape of the edges also chatayel  (i.e. splits it into two peaks—this is the “scooping out” due
shape changes are determined by the higher momdiitis  to the s-d hybridization expressed in real-space terms. The
is particularly apparent for the AL edge seriegFig. 13  trend is best illustrated by examining the calculaseBOS
where a pseudogap grows with increasing Ni concentratiorfor the Ni-Al alloys (Fig. 15. The size of the gap increases
The formation of the pseudogap splits the Al DOS into twowith the number of neighboring Ni atoms. The same depen-
peaks, and this is essentially an effect described by changeence of the fourth moment on the number of Ni atoms also
in the fourth moment. In part, the failure of the second mo-determines the shape of the Niedges(which measure the
ment to describe the bonding trend is because the secordi d state$. The central peak in the Ni DOS changed from

B. Fourth moment and the hybridization pseudogap
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0.20 the Nid DOS is almost full,y,>0, and this implies that the
0.15 bond energy per Ni atom is increas@edg. 14. For a metal
0.10 with a half-filled d band(such as Fg x,<0, and this will
0.05 1 T result in a bond energy decrease. As more Ni nearest neigh-
0.00 bors are placed around an Al atom, the increased direction-
10 ality of the bonding §-d instead ofs-s or s-p) will result in
18 a reduced fourth moment for the Al site. However, thand
- 15 p states on the Al atom are roughly half-filled, g<0, and
g 0.20 g this will increase the cohesive energy. In short, there is al-
3 0.15 - ways a bond energy gain for Al when alloyed with a transi-
% 0.10 = tion metal, but the energy change for the transition metals
= 0.05 i depends on the band filling. The overall bond energy gain
& 0.00 ! b will be less for metals in the middle of the transition series
. | : ‘é than at either end. This explains the large heat of formations
| 12 for the Ni,Co and Ti alloys with Al and the small heats of
| o formation for Fe-Al alloys. The ordering trends also follow.
0.20 , = Ni-Al and Co-Al should be strongly orderddhere is a large
0.15 | : § d DOS fourth moment when Ni and Al are nearest neigh-
0.10 | [ 1% borg but a larged DOS fourth momentwhich results from
0.05 MM/\/\“ = Fe-Al nearest neighborss energetically unfavorable for the
0.00 ——e Fe atoms, so the Fe-Al alloys are not as strongly ordered.
Al | Al s
/—\,\N VIIl. DISCUSSION
L ( t ) I

The bulk EELS spectra from a series of increasingly Al-
-8 -4 0 4 8 12 rich Ni-Al compounds were examined and the following ex-
Energy (eV) perimental trends were observed: ThelAkedge develops a
FIG. 15. s partial DOS for the Ni_,Al, system showing the pronounced scooping outin !ntensity gt the edgg onset as the
increase in hybridization “pseudogap” with increasing Ni concen- Compqunds b_ecome increasingly Ni rich. ThelNedge be- .
tration. Both the Ni and A DOS's are shown. Note that the size of c@me increasingly broader and flatter as the Al concentration

the gap is more strongly affected by the number of neighboring NiS increased. _ -
atoms, whether the central atom is Ni or Al The LAPW calculations of the local densities of states

were able to match quite well the measured EELS spectra for

a rectangular to a Lorentzian shape as the compounds bBUlK Ni, NizAl, NiAl, and Al at an energy resolution of 0.8
came increasingly Al rich. This results in an increased fourtr€V- This suggests that, for these materials, a single-particle
moment for the Nid states. As the NL edge is comprised description of the EELS spectra is appropriate, and that core-
mainly of the tails of the Nid states, and an increase in the N0l€ effects(which are not included in the LAPW calcula-

fourth moment moves states from the central peak to the tailions are minimal. The succeser the failurg of the single-

of the distribution, the more Al neighbors around a Ni site,Particle picture relies on two approximations to the many-
the more tails are added to the HliDOS. Consequently the body trgatr_nen(m this case density-functional thegryirst,

Ni L edge loses intensity at the edge onset and changes frome excitation spectrum of the system_should resemble the
a sharp to a broad peaFig. 5). This is a real-space argu- quasiparticle density of stat(:&ar DFT, this is generally true
ment, as the fourth moment can be calculated from the Ioca(fnIy near the edge ongefThis assumes that core-hole exci-

geometry, and applies equally well at grain boundaries as igﬁnlc and polarlzat_lon ef_fet_:ts are screened out,_condltlons
perfect crystals. that are most readily satisfied for metals to the right of the

periodic table. Second, in order to connect the LDOS to co-
hesive energy trends, the changes in the electron density with
respect to some reference system are assumed to be small.
The trends in the heats of formation of transition-metal-When this holds, Anderson’s force theorem states that the
aluminum alloys can also be understood in terms of the moehanges in the total energy are given predominantly by
ments of the local DOS. The connection follows from Aoki changes in the single-particle eigenvalues, and the remaining
and Pettifor's expansion of the bond energy in terms of thanany-body effects enter as higher-order corrections. These
local moments. As with the shapes of the LDOS, the domicorrections are important in strongly correlated systems. In
nant contribution to the bond energy in the Ni-Al system isionic systems, the bond energies are smaller than the electro-
provided by the fourth moment. The bond energy term isstatic energies, and again, the single-particle picture is not
proportional to both the fourth momept®), and a function complete.
X4 Which is determined essentially by the number of elec- The trends observed in the measured EELS spectra were
trons per orbitalland are fixed by charge neutrality in the reproduced in the LAPW calculation§) The scooping out
mode). of states at the onset of the Aledge in the Ni-Al alloys is
When more Al nearest neighbors are placed around a Nseen more clearly in the Al partial DOS where both the oc-
atom, the fourth moment of the i DOS must increase. As cupied and unoccupied states can be studied. A similar trend

Cohesive energy and fourth-moment trends
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was noted for the Ns DOS. As a general rule, the effect was and mixing them with the broader free-electron-like band. At
stronger when the studied site had more Ni nearest neigtthe same time, the central portion of the tthéand is de-
bors.(ii) The central peak in the Nl DOS changed from a formed from a narrow rectangle to a more rounded central
rectangular to a Lorentzian shape as the compounds becarR@ak with tails. This trend can be seen in the progression
increasingly Al rich. Trendsi) and (ii) can be summarized from Ni to NiAl, where the area in the central peak, relative
by noting thatincreasing (decreasing) the number of Ni at- to the tails of the peak, is a measure of the fourth moment.
oms surrounding a given site increases (decreases) th&trong hybridization implies a larger fourth moment and
fourth moment of the local density of staté§) The calcu- hence more area in the tails of the distribution and conse-
lated EELS oscillator strengths, when integrated over eithe@uently less area in the central peak. As the white line area is
the valence band or the unoccupied stdtes14 eV above the empty portion of the central peak, the smaller the white
the Fermi energy also did not change by more than 2% for line, the larger the fourth moment and hence the larger the
thed states in Ni, NiAl, and NiAl. As discussed in Sec. IV, hybridization energy. This is a very different picture from
the oscillator strength provides a measure of charge which ihat suggested by Pearson and co-workefswhere the
not sensitive to the sphere radius used in the calculatiorthanges in the white line areas are interpreted as charge
Only intersite charge transfetse., from near the Al core to transfers.
near the Ni corecan alter the oscillator strength. This trans-  The interaction of the transition metel states with the
fer is less than 2% for the Nd DOS in bulk Ni vs NiAl more free-electron-like states on neighboring atoms was
when measured using the oscillator strengiich is pro- found to be central to an understanding of the Ni-Al alloys.
portional to a LCAO basjs This should also be true of a wider range of transition-
Direct comparison with tight-binding calculations is diffi- metal—aluminum and silicon alloys. Electronic structure cal-
cult because a complete basis is never used in calculationgylations for many of these alloys exist, but experimental
but is implied by the interpretation of the oscillator strengthstudies(especially of defects and boundajiese still scarce.
as a LDOS. In other words, the EEL spectrum would contain
not only the 3d minimal basis of the calculation, but every IX. SUMMARY
state withl =2 symmetry. As a result we cannot answer such
guestions as “How many @ electrons are there?” We can, We have described the conditions necessary to relate
however, make an order of magnitude estimate of this quarEELS spectra to calculated, electronic local densities of
tity by comparison with the spectrum of Ni in a well-defined states(Sec. IV A). By comparison tab initio LAPW calcu-
atomic configuration, where thed3states can be separated lations for a wide range of Ni-Al compounds, we find the Ni
from thel =2 continuum. The spectrum of NiO roughly re- and Al L edges closely resemble the ground-state local den-
sembles that of a Ni atom in@f configuration. Normalizing sities of states, partitioned by site, angular momentum, and
the NiO L edge in the same manner as was done for thehemical species. While there is wide range of choices for
alloys, the area roughly corresponding to the twibi®les is  local densities of states in a calculation, the EELS oscillator
138+5 b. Compared to the alloy cross sections given instrength selects a unique basis set, which is also proportional
Table 1, this crude estimate suggests that changes in the nurt® a linear combination of atomiclike orbitals. Interpreting
ber of Nid electrons from bulk Ni to the alloys is on the the NiL-edge oscillator strengths using such a basis set, we
order of 0.1-0.15 electrons/atom. find, within experimental error, no measurable charge trans-
The single-particle discussion of Sec. VIl gave a transparfers involving the Nid states. Instead the pronounced shape
ent explanation of the shape changes in the LDOS and reshanges seen in the EELS fine structure can be understood in
lated the shape changes to changes in cohesion. The keyteyrms of hybridization(mixing) between the narrowd-like
both effects was the moments theorem, which relates thstates at the Ni sites and the more free-electron like states on
moments of the local densities of state to the geometry of theurrounding atoms. Cyrot-Lackmann’s moments theorem
system. The shapes of the Al and Ni DOS in the Ni-Al alloysproved a useful tool, offering a predictive, real-space analy-
follow from changes in the fourth moment of the LDOS. Thesis of the changes in the EELS spectra. Both the scooping
reduced fourth moment on the Al sites with increasing Niout of states at the onset of the Aledge and the broadening
concentration makes the DOS more bimodal—this is theof the sharp peak at the onset of the INiedge could be
scooping out due to the-d hybridization expressed in real- understood as changes in the fourth moments of the Ni and
space terms. The trefidumber(ii) abovd in the Nid DOS Al LDOS's. These changes can be linked to alloy heats of
is, by definition, also an increase in the fourth momentformation and ordering trends with the use of the Force theo-
which occurs as the number of neighboring Ni atoms is re¥em and bond-order potentials. The close links observed be-
duced. tween the EELS spectra and the results of a tight-binding
The moments-based analysis also provides a simple intepond model will be exploited in a following paper, to obtain
pretation of the changes in the “white lingthe sharp pegk quantitative estimates of cohesive energy differences from
at the onset of the. edge in transition metals. In a tight- EEL spectrd?
binding calculation, thel band consists of a narrow central
peak with broad tails. It is the unoccupied portion of this
narrow central peak which gives rise to the white line in the
Ni Ledges. The white line can be thought of as resulting This research was funded by DOE Grant No. DE-FG02-
from the “unhybridized” d electrons which form onhd-d 87ER45322. The use of the electron microscopy and materi-
bonds. Strong-d hybridization increases the fourth moment als preparation facilities of the Materials Science Center
of the Nid DOS, removingd states from the narrod band  which is supported by the NSF is acknowledged. The Cor-
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If, and only if, Eqg. (A5) is satisfied(or approximate

APPENDIX A: FACTORIZATION then Eq.(A4) can be rewritten as
OF THE OSCILLATOR STRENGTH

12m -

The separation of the oscillator strength in to a LDOS and F(E)= 3 —ZEE K pclr| p(EDMPK H(Ep)|f)?
transmission functior{which is ideally free from environ- h f
mental effects cannot be made for an arbitrary choice of X 8(E—AEy), (A6)
basis set. A general derivation and conditions for relating a
LDOS to the oscillator strength are given here. We start wittsince c,c =1. This expression is nonzero only f&;=E
the general definition of a LDOS projected on to a basis set+ E., so the first term can be taken outside the summation as
{| i «.3(E))} that depends on enerd§), angular momen-
tum J, the site in the unit celli(, and some other parameter 12m
k (which might represent a quantity such as the crystal mo- F(E)= 342
mentumn:

El ¢c|r|p(E+EQ))P

X Eq)|f)PS(E—AE;). (A7)
dio(B)= 3 Ko B)NPAE-E).  (AD & (OEIIDFAE- A%

Equation (A7) has factored the transition terms into an

We now attempt to relate this LDOS to the OSC'”atoratomlike term and a LDOS. The atomic term is

strength defined by Ed6):

12m -

12m R ) ) 2
F(E):gﬁE; |<f|r|¢c>|25(E_Ef+Ec) (AZ) T(E) 3 ﬁz E|<¢I,C|r|¢I,J(E+EC)>| (A8)
(the labelsi,J have been reintroducgdlhe second term of
Eq. (A7) can be recognized as the LDOS defined in Eq.
(Al). These definitions should make explicit the transforma-
tion between the EELS oscillator strength and a LDOS
whose basis satisfies EGA5),

In comparing the oscillator strength with the LDOS, we must
shift the origin by the core-level binding energy. To em-
phasize the similarity in information, we definkE;=E;
—E.. As the core stateg)., are far more localized than the
valence states, the badisp; «(E))} is assumed to be com-

plete with respect to the core states, i.e., F(E)=T(E)d; ,(E), (A9)
which is the desired result.
i k(E ik(E)[=1. A
PRI (A3)

bstituti his identity i 2 ai APPENDIX B: NORMALIZATION OF THE NI LEDGES
Substituting this identity into EQA2) gives TO ATOMIC CROSS SECTIONS

12m The uncertainties in film thickness and calibrating the ef-
F(B)=3 ﬁEZ S(E—AEy) ficiency of the detector make it very difficult to make accu-
rate measurements of the cross sections on an absolute scale.
. 2 However, as pointed out by Mer and Wilkins? well above
X| 2 (elr] i s(EDN i w s(ENIF] the edge onset where the fine structure is damped out, the
X overall magnitude of a particular transitide.g., the NiL
(A4) edge is determined by its corresponding atomic transition
‘(ﬁs the extended fine structure oscillates about the atomic
cross section The implication is that the cross sectiquer
Ni atom) for a Ni L edge will always asymptote to the same
value, irrespective of the environment of the Ni atom. This
makes it possible to compare the relative changes in the

Further progress can only be made for the special case th
the shape of the wave function has kaependence; other-
wise there will be cross-terms of the for(ii| ¢y ){ ¢ |f).
This implies that the basis set must be factorizable as

| dk(E))=cy| p(E)). (A5)  shape of the NL edges recorded in different materials. The
analysis is complicated by the possibility of core-level shifts
(The labelsi andJ have been omitted for claritylf the k- in different systems. This is accounted for by making all

independent portion is normalized a$¢(E)|4(E)) measurements with respect to the core-level binding energy,
=(¢(E)| #«(E)), thenccy =1, andc, only introduces a defined by the inflection point at the onset of thelNiedge.

phase shift. EquatiofA5) only need be satisfied in the re- The systematic error made in this definition is at most 0.1
gion of the core orbital. eV, which leads to an error in the measured cross-section of
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5 b in the worst cas&.®’ In the following analysis the edge ~ TABLE V. Broadening parameters for the Ni and Aledges.

onset is chosen as the zero of the energy axis. All values are in eV.

If the edges are scaled so that they all match at energies
well above the edge onsét window between 30 and 40 eV NiLsTc NiL;I'c ALzl E, Eg—Ep
above the edge onset is chosen for theLNedges then all 05 14 _ 4 9
the spectra have the same intensity scale and thickness ami Al 05 14 0.004 5 9
detector effects are factored out. Thus comparisons of thﬁiZI 0'5 1' 4 0'00 4 20 9
relative cross sections per Ni atom can be made. The meg, ) ) 0 '004 ] i

surements can be placed on an absolute scale by noting that
all the Ni spectra must match the atomic Ni cross section

well beyond the edge onsefThe LAPW band structures penveen measurements for the same type of atom are signifi-

discussed in Sec. VIB do not cover a wide enough energ¥ant as the same systematic error has been made in each
range for a general comparison to be made. measurement.

After background subtraction and deconvolution of mul-
tiple scattering, the spectra are scaled to the HS cross section
for a Ni atonf’ (supplied by P. Rez The cross-section is
calculated for a 100-keV electron beam, a probe convergence
angle of 10 mrad, and a collection angle of 16 mrad which In order to compare the calculated Kohn-Sham eigenval-
are the same conditions used to acquire the measured spectnas to the experimentally measured EELS spectra, we must
If the intensity of the measured spectrum after backgrounéccount for the finite lifetimes of the excitations. These life-
subtractions i3 (E) and the free-atom differential cross sec- times broaden the initial and final states. The treatment of the
tion isdo(E)/dE, then the measured spectrum is scaled by difetime effects closely follows that of Mler and Wilkins?

APPENDIX C: CORE HOLE
AND QUASIPARTICLE LIFETIMES

factor The broadening of the spectrum due to the core-hole width
I.is
I3 & da(E)/dE) dE
- ®1) ey e [+ M(EdE o
LO eVI(E)dE 2m) = (E—E'")?+ (14T

and the final-state lifetime adds an additional, energy-
to convert it to a cross sectidthe L ;-edge onset at approxi- dependent broadeningo(E):
mately 852-eV energy loss is chosen as the zero of the en-
ergy axis in this analysjs The integration window between 1 [+ FQ(E’)I\W(E’)d E’
30 and 40 eV above ;-edge onset is chosen as it also lies ey ) 2
sufficiently beyond thé , edge so that the oscillations in the 7)o (E-E)TH (4 To(E')

EELS fine structure have been damped. The remaining eXrhe core-hole lifetimes for the Ni and Al edges have been

tended fine structure is slowly varying and oscillatory aboutapjated!2 The quasiparticle lifetime is less well character-
the atomic cross sectidhThis makes it possible to convert a ized, so it is estimated using the random phase

measured spectrum to a cross section per Ni atom. Consﬁbproximatioﬁm
guently, thickness differences are corrected and any changes
in shape are measured relative to an isolated Ni atom. Of w23 E—Eg\2
course, for this to work, multiple-scattering effects must first I'o(E)= Epl =— ,
S ; . . 128 Er—Ep
be removed and this is done using the Fourier ratio decon-
volution mentioned earlier. An important point to note is thatwhere Eg is the Fermi energyE, is the bottom of the va-
the calculated HS cross section includes only transitions téence band, an&, is the plasmon energy. The plasmon en-
the free-atom continuum and not to the empty atochlev-  ergy is taken from experimental measurements of the dielec-
els. Thed levels broaden into bands in the solid which aretric function determined from the EELS valence spectra. The
also not accounted for in the cross sections, which is why thé\l densities of states have large peaks 10—-20 eV above the
normalization must be performed at high enough energies tbermi energy, and a low DOS in the region of interest near

|

(E) (C2)

(C3

be independent of theé bands. the Fermi energy. EquatiofC3) is valid only for smallE
The integrated cross sections obtained by applying the- Er and leads to large errors when applied to the Al DOS.
normalizing factor of Eq(B1) to the measured spectra, Consequently only the core-hole and instrumental broaden-

ings are applied to the Al DOS to simulate the experimental
35 evdor,(E) 35 ov spectra, while all three effects are used to simulate the Ni
|X:f dE~|v|J I(E)dE, (B2)  edges.
-sev dE eV Finally the spectra are convolved with a Gaussian whose
width o, corresponds to the instrumental resolution after
are given in Table I. The range of integration frond to 35  Wiener filtering. For the NLedges, the instrumental resolu-
eV beyond the ;-edge onset includes the near-edge regiongion was 0.8-eV full width at half maximum, and, for the Al
of both thelL , andL 5 Ni edges. Thebsolutevalues should L edges, the resolution was 0.5 eV. The broadening param-
not be taken too seriously as the atomic model is not approeters are given in Table V. The broadened DOS and oscilla-
priate close to the edge onset. Howerelative differences  tor strengths are shown in Figs. 12 and 13.
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