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Simple model for relating EELS and XAS spectra of metals to changes in cohesive energy
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An explicit connection between the unoccupied single-particle states which are measured with electron
energy loss or x-ray-absorption spectroscdBfELS or XAS and the occupied states which are involved in
bonding is established by applying the force theorem to the tight-binding bond model. The resulting sum rule
relates the first moment of the EELS spectrum to the single-particle bond energy. The sum rule connects a local
EELS measurement with a local change in cohesion, thus treating the energetics of defects and nonperiodic
structures on an equal footing with perfect crystals. As an example, the sum rule is used to estimate the
cohesion of a grain boundary in Ml from experimental EELS spectra. It should also prove useful for
qualitative interpretations of EELS spectra in other metal allf$8163-182¢08)01134-5

I. INTRODUCTION EELS (and the same is true of XASmeasures only the
empty, single-particle states. However, only occupied states
In many metals and alloys, the segregation of impuritiesare involved in the bonding. The purpose of this paper is to
to a grain boundary, can have a dramatic effect on the meprovide a quantitative relationship between the unoccupied
chanical properties of the material. The interatomic forcesstates measured with EELS and the bond energy contribution
which hold the material together are, at a most fundamentdb the changes in cohesive energy that might occur at a grain
level, determined by the local electronic structiweusing a  boundary, defect or different alloy compositions.
single-particle description, these are simply the bondsa- The resulting “sum rule” is also useful for describing
derstanding the changes in the bonding is a first step toward®nding trends in transition metals and their alloys, greatly
a quantitative understanding of intergranular fracture. Whilesimplifying the interpretation of EELS spectra. In general, a
accurate calculations of electronic structure and cohesion atall, narrow peak at the onset of a transition-mdtakdge
possible for simple, high symmetry grain boundafiéshe  (EELS or XAS implies weaker bonding for that atom than if
structures of more commonly appearing, general grairthe L edge peak was short and broad. This rule of thumb
boundaries are still too complicated to simulate. explains the trends in the bonding at the grain boundaries in
However, electronic structure can be measured on athe NiAl:B (Ref. 12 and Cu:Bi(Ref. 15 systems.
atomic scale using the inelastic scattering of a focused, high- There are three key approximations made in deriving the
energy electron beam. Electron energy loss spectroscomum rule: firstly, it is assumed that the EELS excitation spec-
(EELS) of the transmitted beam reveals the one-electrorirum should resemble the true quasiparticle density of states,
conduction-band density of statd30S) partitioned by ele- which implies that the core hole and excitonic effects are
ment, site, and angular momentdrh.Similar information  sufficiently well screened that they cannot be observed in the
can also be obtained with x-ray-absorption spectroscopgxperiment. This is generally found to be the case for
(XAS),® although the lateral spatial resolution is currently atransition-metal spectfand the Ni-Al system in particuldf.
factor of 200 wors&:” With recent improvements in the sta-  Secondly, the changes in the electron density around the
bility and detection efficiency of modified scanning transmis-atoms to be compared are assumed to be small. When this
sion electron microscopéSTEM), it has become possible to holds, Anderson’s force theoréfrstates that the changes in
apply the electron spectroscopy to the study of grain boundthe total energy are given, to first order, by changes in the
aries and buried interfaces using atomic-sized préo¥s. single-particle eigenvalues and the remaining many-body ef-
For instance, EELS measurements have shown that bordacts enter only as higher-order corrections. These correc-
has a profound effect on the electronic structure of grairtions are important in strongly correlated systems. In ionic
boundaries in NjAl,1*"**an effect that could be correlated systems, the bond energies are smaller than the electrostatic
with the change in fracture mode and environmental emenergies and again, the single-particle picture is not com-
brittlement of the boundaries when bulk ingots ofMNiare  plete. This will limit the application of the sum rule to cova-
doped with a 200—1000 ppm of borbhSpatially resolved lent and metallic systems. Further, the force theorem, is ex-
EELS is particularly well suited to the study of both the pected to be more accurate for internal defects and grain
composition and electronic structure changes that occur dioundaries than for free surfaces and absorbed monolayers
grain boundaries. More recently, changes in the electronievhere the density changes are more dramatic.
structure of copper at bismuth-doped copper grain bound- Thirdly, the system is assumed to be a good metal with a
aries have been reportt EELS can also provide direct well defined Fermi energy. This obviously restricts the range
checks of the calculated electronic structures of phosphorusf suitable systems, but is important for relating energy shifts
carbon and boron at iron grain boundariés. in the core levels to shifts in the valence band. It also has the
The one drawback to the EELS measurements is thatenefit of ensuring that the screening is sufficiently effective
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to minimize charge transfers, which would otherwise com-irst-order change in total energyE is given by
plicate the calculation of the energy differences.
The consequence of all three approximations can be ex-
d PP SE= 5( EI ni€;

perimentally tested and such tests will be described for the * OEes. @

bulk Ni-Al alloys in the final section of this paper. First, brief ' ) . .

outlines of electron energy loss spectroscopy, the force the(;[he first term is the change in the occupied ong-electron
rem, and the tight-binding-bond model will be given. SectionStates of energy; and occupancy;, calculated using the
IV contains the actual derivation of the tight-binding/EEL disPlaced(by the perturbationbut otherwise frozen one-
sum rule. Finally, quantitative comparisons of the cohesivéf!€ctron potentialoE,sis the change in the classical electro-

energies calculated using the tight-binding/EELS sum rult@tic energy. If the cell defining the perturbed atom were
are described in Sec. V. neutral and spherically symmetric thék. would be zero.

Otherwise it would be the change in the Madelung energy.
When choosing to work with a charge neutral system, a first-
Il. EELS AND ELECTRONIC STRUCTURE order changein the total energy is given simply by the

EELS (and XAS probes excitations of core electrons change in the Kohn-Sham single-particle eigenvalues.

which occur at unique energy losses for each element. Foa{loﬁzebﬁt?r::r;gy It?ji‘lffelrsezgé?év?rmgyk;heree;%(latnc\;‘atlﬁs %ﬂg;
example, the NiL edges [,:2p;,—ds, and L3:2pzp gy . Y

! theorem is that the double counting terms in the Coulomb
—dgp,ds,) at 870 and 853 eV energy loss, respectively,
) . : energy have been canceled out. Although these exchange and

select excitations from the NiRorbitals to states above the |ati . k ; ibuti h
Fermi level. From Fermi’'s golden rule and dipole selection o€ ation energies maxe an important contribution to the
rules, the observed intensity is proportional to a local densit fotal energy of the solid, they do not contribute to a first-
of stétes(LDOS) with s-like Xér dgikgs mmetrv in the con- Y%rder change in the total energy. This follows from the self-

: 8195 ym yinthe consistent Kohn-Sham equations being at an variational
duction band®!°® However, the transitions ts-like final

states are so much weaker thardtbke final states that only minimum in the charge densify. Hencesk/dp is zero and

. - there is no first-order contribution frodp.
the latter need be considerétlis is true for all the 8 tran- X .
sition metals. It should be noted that for the Al edge, The force theorem appears to explain the success of tight

i i tos-lik dd-like final stat ith hl binding and molecular orbital theory in predicting structures
ransitions tcs-l e6an -liKe tinal states occur WIth roughly - 4nq heats of formation from eigenvalue sums, when the sum
equal probability® The overlap of the final state with the

very localized D initial state, defines the measured LDOS to thﬁwsﬁxekisngrivﬂgt sgyosct)grr?s iﬁg?tﬁgismo;i:]hzrtlogpigiir%gte
?e prfiporltiogal to atmuﬁiln-tin ptr?%e(itgd qusnd differingth local charge neutralityi.e., SE.s=0, as discussed above
rom it only by a matrix element that is slowly varying wi - :

energy). The EELS core-edge oscillator strength is also pro-\(l\f)e].need only retain the first term of the force theoridn.
portional to a linear combination of atomiclike orbitals ’

(LCAO) basis over the energy range for which the LCAO

basis is complet&® The LCAO description is more intuitive SE~D, ni(de)+ 2, (dn)e. 2

for dealing with basis-dependent quantities such as charge ' '

transfers, and will be used in this paper unless otherwise pq first term is recognized as the bond energy, and the
noted. For single electron excitations, the near-edge fing,.ond term is the promotion enerdy?® These energies
s';ructure '”f EhELS lt,h‘,JS rhgflects thﬁ unoccupied local density, e simple chemical interpretations when the reference sys-
of states of the solidin this case the Nd DOS). As every o s chosen to be a free atom, with orbitals at energies
element has a unique set of core-level binding energies, the 1 *(As e will always be comparing differences in bond
core-leve_l excitations partition the local density of states by, promotion energies, the choice of reference is arbijrary.
element in addition to site and angular momentum. With respect to the free atom, the bond energy can be rewrit-
ten as

Ill. THE FORCE THEOREM

Er

The ground-state total energy of a system, considering Ubondzé f_w(E_fa)na(E)dE' ©)
only the valence electrons, can easily be a few hundred eV
per atom(this is the energy required to assemble the systemwheren,(E) is thea projected LDOS andkg is the Fermi
from its constituent electrons and ion coreslowever the energy (for simplicity only metals at T=0 K are
energy changes per atom expected at grain boundaries andnsidered—a Fermi function must be introduced at finite
defects are on the order of an eV per atom or less. It wouldemperatures This describes the covalent bonding and
then be a formidable task if it were necessary to approximatbroadening of discrete state into bands that occurs when a
the total energy of a system in order to determine the enersolid is formed from free atoms. States lower in energy than
gies of such structures. Fortunately there is a remarkablthat of the free atom are termed bonding stésesthey lower
simple theorem which makes the calculation of energy difthe bond energy States at higher energies than the free atom
ferences from a known structufeven a free atonvery are antibonding—Eq(3) changes sign aE=¢€,. In many
tractable. This is the “force theorem” of Pettiff*! and tight-binding calculations, overlap with the core states on
Mackintosh and Andersolf.Discussion of its derivation and neighboring sites is neglected which results in a bond energy
implications can be found in Refs. 22,23. It states that giverthat is always attractiv€’-?®If the nonorthogonality between
a self-consistent solution to the Kohn-Sham equations, ththe model orbitals on different sites is considered, this cre-
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ates an asymmetry between bonding and antibonding statdsglp us to understand the cohesion and stability of a given
allowing for strong repulsions at short interatomic spacingsstructure. In Sec. IV this idea is used to related the measured
This feature is not present in the densities of states calculategELS spectra to grain-boundary energies.

from orthogonal tight-binding schemes where the repulsions

. . . . 8 .
are often modeled with pair potentials instéad® This prob- IV. THE RELATIONSHIP BETWEEN EELS

lem is removed by dealing with the experimental density of AND THE BOND ENERGY
stategwhich should have the appropriate asymmgtrather
than a model density of states. In a single-particle picture, EELS probes the unoccupied

The promotion energyU,,, takes into account the electronic states in a materigthis is found to be a good
change in occupancy of the orbitals on forming the solidapproximation for Ni, NiAl, and NiAl (Ref. 16]. However
from the reference system. the ground-state properties of a material depend only on the

occupied states. The challenge is then to infer the properties
of the filled states from the empty ones. Here that connection
U prom= E on;e; . (4 is made for metals that can be modeled with an atomic basis
' set. The advantage of a tight-binding baisth orthogonal
If the system is kept charge neutral then these will be thénd nonorthogongis that the moments are well defined. For
only contributions to the force-theorem calculated binding® More general basis, often only the changes in a given mo-
energy. In metals where the screening length is typicallynent are deflneq. A derivation of desw_ed sum ruleT for mea-
shorter than the interatomic separation, it is a fair approxiSuring energy differences from EELS is more tedious for a
mation to assume each site remains charge nettral. general basis, but the result is the safhe. _

The simplest modeling of this screening is to impose a In elt_her case, the dominant contribution to the cohesive
local charge neutrality on the system. This can be done bnergy is the bond energy term of E8), Upong. In general,
either rigidly shifting all the diagonal Hamiltonian matrix the contribution from every valence orbital is needed. For
elements on a given atom by the same amSftor by  clarity, only thed states will be considered in this section—
adjusting the individual atomic orbifdl (in which case the the general case can be recovered simply by summing over
promotion energy is zejo In both cases, the calculation @ll the valence states. Thiestates are of particular interest as
must be iterated to self-consistency. From the force theoredf the Ni-rich Ni-Al alloys, the Nid DOS is the dominant
we know that a self-consistent redistribution of charge doe§ontribution(see Ref. 16 The same is likely to be the case
not contribute to the force on the atom so the bond energy i§! Most transition-metal-rich systems.
calculated with respect to the self-consistently determined The starting point for the connection between the EELS
on-site energies. measurements and the bond energy is to note that the first

The strongest motivation for the assumption of chargghoment of the density of stateboth filled and emptyis
neutrality in the present work is experimental. First, the numdefined as
ber of Nid holes measured by EELS in Ni, Mil, and NiAl
do not vary by more than 296.This is confirmed by linear-
augmented plane-wavd APW) calculations of the EELS
oscillator strengths. When integrated over either the valence
band or the unoccupied staté3-14 eV above the Fermi |n a tight-binding basisu’=0 (A proof of this follows
energy, these also did not change by more than 2% forthe trivially from Cyrot-Lackmann’s moments theoréht® as
states in Ni,NjAl and NiAl.*® If the EELS spectra are inter- uM=(i|H—¢€]i) and(i|H={(i|€). The treatment for an ar-
preted in terms of a LCAO basis, this implies the LCAO pjtrary form of u(%) is given in Ref. 33.

b= f " (E— ) Pny(E)dE. 5)

charge transfers are less than @/atom. (A _rough rule-of- ~In the experimental system, the only physically measur-
thumb as to when charge transfers are likely to cause thigple reference energy is the Fermi eneffgly, Choosing this
approximation to fail is discussed in Sec).V as the origin, i.e.E;=0, and trivially separating the integral

Second, the self-consistent shift of the orbitals to ensure gyer the occupied and unoccupied states,(Egoecomegas
local charge neutrality results in a small, but measurable, (1) gy

core-level shiff! In the Ni-Al system, this core-level shift
required to preserve local charge neutrality is within experi- 0 o
mental error of the experimentally measured core-level ozf (E—eg)nyg(E)d E+f (E—€eg)ng(E)dE. (6)
shift3? These experimental measurements seem to favor the - 0
picture of orbital charge neutralittkeeping the number of
electrons in each orbital fixecover that of site neutrality
(which involves a smal$-d charge transferbut this may be
an artifact of the Wolfsberg-Helmholtz approximation used
in the extended Hakel calculations? Orbital neutrality may
be too restrictive for modeling semiconductors wherp
promotions can occur. w_ [©

A key result of the force theore$ec. lll) is that changes m fo Eng(E)dE. 0
in bond energy(and hence also the cohesive engrgye
directly related to the local density of states through 8.  The zeroth moment is the number of unoccupied states, i.e.,
Consequently, understanding the shape of the LDOS can aldébe number ofd holes,

Notice that the first term on the right-hand side is simply the
bond energy. The second term depends only on the unoccu-
pied DOS, which is measurable by EELS.

Now we define the first moment of the EELS spectrum as
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TABLE I. EHT calculatedA €4 and the measureld;-edge core- 50 — . . .
level shifts,AE, , from Ref. 32. For the EELS sum rule to apply Ly
AedeE,_s. There is a 0.1 eV systematic error in the EHT param- g 40 L/x=0.0 ]
eters. Differences are measured with respect to bulkiiNeV). <
= i =0.25
=30 RV .
(Er—€q) A(Er—€q) EL3 E é
Ni 1.45 g =20r
NizAl 1.55 0.10+0.1 0.08-0.05 2
NiAl 1.97 0.52-0.1 0.60-0.1 5 10f s
§ - e— Free atom
continuum
0 il n 1+ n 1 2 L 1 n 2 n 1 n
© 850 860 870 880
Hq= | n4(E)dE. (8 Energy Loss (eV)
0

N . . . . FIG. 1. Ni L; edge recorded at the large angle boundary in
Substituting these two definitions in E@), we obtain a first undoped NJAl. Ni L, edge recorded at the large angle boundary in

moment sum rule relating the EELS spectrum to the bongingoped NjAl and compared to a spectrum taken far from the
energy: boundary(bulk).

~Upong= MY — egHg. €) Returning to the first-moment “sum rule,” and assuming
AE, ~Aeq, the change in bond energy can be now rewrit-

. Now consider two atoms j of the same species that are (o golelyin terms of quantities measurable by EELS:
in slightly different environments. For such conditions the

force theorem giveA E ynesiveAUpong: The very effective AUpon~AE, Hy—Am® . (13
screening in the metal is approximated by assuming a local on 8 d

charge neutrality sdl;=N; andH;=H,. Then If there is no core-level shift then E§13) allows us to

determine qualitative trends in the bond energy from the
shape of the EELS spectrum:

If the edge shape changes from sharply peaked at the
onset to flatter and broader, then the bond strength has also
increased(as the first moment of that EELS spectrum has
increaseyl These trends are easily seen in Fig. 1 where the

(1) Ni L, edge for bulk NiAl is compared with the Ni edge
Aeg=€iq—€jq- from a grain boundary in undoped JAl. The reduced first
moment of the boundary spectruihhas a larger peak at the
8dge onset than the bulkmplies a loss of bonding at the
grain boundary.

AU pong=Upong = Ubong = Hadeg—Am{, (10
where

D_ (1 1
AmiP=miy—miY,

As a practical matter, a general density of states may b
unbounded, and it is better to calculaten{’) as

Am((jl):f [ni 4(E)— nj’d(E)]dE (12 V. QUANTITATIVE TESTS
0 OF THE TIGHT-BINDING/EELS SUM RULE

as bothn; 4 andn; 4 tend to the same free-atom-like value, at  The tight-binding/EELS sum rule of Eq13) will prob-
large energiega high-energy electron is only weakly af- ably prove most useful for offering a qualitative explanation
fected by the valence stajes of bonding changes. However, it can also provide quantita-
The difference in bond energies between two sites can bive information on the bonding in metals, provided suffi-
determined from the first moment of the EELS spectra fromciently complete and noise-free spectra can be recorded.
those sites provided €4 andHy are known. The number of Quantitative analysis is restricted to metallic systems as the
holes can be determined from a band-structure calculationore-level shift can only be related to valence band shift if
for the reference site. The valence band shifts often can biere is a well-defined Fermi enerdfy(Qualitative discus-
determined from the core-level shifts, and this is indeed theion is still possible for small-gap semiconductors, provided
case for the Ni-Al compound®:®3 Table | shows the ex- the charge transfers remain smhalf.small charge transfers
tended Hgkel (EHT) calculatedA ¢4 for the ordered Ni-Al  do occur, the method will be in error by the neglected dif-
alloys and the measured core-level shift83In general, the ference in Madelung energies. As a rough rule-of-thumb, the
core-level shift will only track the valence-band shift, if the sum rule should not be applied if the Pauling ionicity ex-
differences in “final-state” effectg¢due to the creation of a ceeds 10%(Ref. 37. (The Fe:B, Fe:P, Cu:Bi, and Ni:Al
core hole are small. This seems to be a good approximatiorsystems all satisfy this rule very comfortably.
for transition metal$! although it is known to fail at some In this section, experimentally measured EELS spectra
noble-metal surfacé$® where screening is less effective. from bulk Ni-Al compounds are used to test the accuracy of
For this work, errors of 0.1 eV or less are tolerable as this ighe tight-binding/EELS sum rule in estimating the heats of
comparable to the precision of the experimental measurgormations of the compounds.
ments. The heat of formation of a compound from its bulk con-



PRB 58 SIMPLE MODEL FOR RELATING EELS AND XAS.. .. 5993

1.40 Ty . TABLE II. Calculatedchanges in the first moment of the unoc-
120 cupied Al DOS compared to the first moment of timeasuredAl
: L, 3 edge(which reflects both the andd states in roughly equal
%’ 1.00 weightings. The EELS spectra are normalized to the same areas as
g the Al DOS so the changes are in eV.
= 0.800
93
é 0.600 Al's Al p Ald  Als+d Al Lys
§ 0.400 NizAl 0.40 —0.46 0.40 0.80 0.880.1
~ 0.200 | NiAl 0.32 +0.40 0.18 0.50 0.520.1

P —

If the spectra are further scaled to that of the LAPW cal-
culated DOS for NjAl (Ref. 16 (which is in good agree-
ment with the EELS spectrum of bulk Ml) then the en-
ergy differences can be determined in eV/Ni atom. The area

FIG. 2. Measured NL, ; edge(after deconvolution and back- from the edge onset to 14 eV above thg edge isHy=2
ground subtractiorfor the Ni; _)Al, system showing the decrease +0.0%~ for Ni, NizAl, NiAl, and Ni3Si (these are the cal-
in height and broadening of the sharp peéwhite line” ) at the  culated oscillator strengths for the respective solids, not free
onset of theL, andL ; edges with increasing Al concentration. The atom3.'® Thus prepared, the Ni; edges can now be used to
spectra are scaled to the atomic Ni cross sectzme text The  estimate changes in the bond energy per Ni atom. Before
statistical errors in the measured spectra are indicated by the plotteghing so, a similar treatment is attempted for the Al atoms.
line thickness. There is also a 2-5 % systematic error in the back- accurate measurements of the B} 5 are more difficult

200
845 850 855 860 865 870 875
Energy Loss (eV)

ground subtraction. as it is 6 eV above the onset of the Mi, ; edge. The treat-
. . . ) o ment and processing of the Al, ; edges can be found in
stituents is defined in the usual way, in this case Refs. 16,33. The signal at the K edge in NiAl and NiAl
was too weak to observe the small changes in the EELS fine
AH(Ni(1-)Aly) =Uco(Ni1—Aly) = (L=X)Ucon(Ni) structure. Instead, the calculated LAPW D(ef. 16 (for

AlLNIALNiI ;Al) are used, after being processed and treated
like experimental spectra. Table Il shows the first moments
of the unoccupied Al partial DOS calculated using Eg.
Also shown are the first moments of the experimentally mea-
. _ . . sured AlL, 3 edges from Ref. 16. The Al edge contains
AH(Ni(1-xAlx)~Ubond Nica—xAlx) = (1=X)Upond Ni) roughly equal contributions from boté and d-like states,
—XUpond Al). (15) and as shown in Table I, the first moment of the measured
edge is in very good agreement with the sum of thesAl
In applying the sum rule of Eq(13) to obtain the bond +d moments.
energies, it will be assumed that the dNgtates are the domi- We are now in a position to test the accuracy of Bf)
nant contribution to the Ni DO%his is a good approxima- when applied to an experimental spectrum. Using the core-
tion as shown in Ref. 161n Al, the s andp states are also level shifts from Table | andi=2+0.0%", the Nid state
important. In principle, the AK andL edges could provide bond energies for NAl and NiAl (with respect to bulk Ni
this information. are shown in Table Ill. In NJAl where thed states dominate,
The experimental spectra are recorded on a 100 kV VGAU,,,qis in good agreement with the experimentally mea-
HB501 STEM equipped with a McMullan styfeparallel  sured heat of formation. In NiAl where the Al states have a
energy-loss spectrometer. The experimental method and pr&rge influence on the shape of the total DOS, thel Ntate
cautions are described in Refs. 12,16,33. Thé Nidges are  contribution toAU ,,,q Cannot be compared directly with the
all scaled so that they match the atomic cross section in heat of formation.
window between 30 and 40 eV above the edge. This is
sufficiently far above thé., edge that the EELS near-edge  TABLE lll. Bond energies changes\Up,,{Nid), calculated
fine structure has been damped out. The remaining extendé@m the experimentally measured Ni edges using the the EELS
fine structure is slowly varying and oscillatory about theSum rule[Eq. (13)]. AUpon Al) are obtained from treating the cal-
atomic cross sectiofsee, Miler and Wilking). The scaling culated Als,p,d states Qf Ref._16 as experimental spectra. The
normalizes the measured intensity to a cross section per Nfjeasured heat of formatiodH, is from Hultgrenet al. (Ref. 41.
atom. Consequently, concentration and thickness depef?/fferences are measured with respect to bulk Ni and Al. The alu-
dences are removed and comparisons of the relative CrO%)Jnum contribution is small for NAI but cannot be ignored for
section per Ni atom can be made as shown in Fig.TRe Al
purpose of the analysis is to determine energy changes per
atom, not composition, for which standard techniques al-
ready existy. Of course, for this to work, multiple-scattering
effects(in particular additional valence losgesust first be  Ni,Al —0.30+0.1 —0.54+0.1 —0.36:0.1 —0.38+0.05
removed and this is done wusing a Fourier-rationial +0.03+0.1 -1.10+0.1 —0.44+0.1 -0.61+0.05
deconvolutior?®4°

—XUgo(Al). (14

Applying the force theorem, this becomes

AUpond Nid)  AUponfAl)  Calculated Measured
(eV) (eV) AH(eV) AH(eV)
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0.200 . . . . . changes in the first moment of the EELS spectrum to
changes in the single-particle bond energy. For the special
0150 F 7 case where no core-level shift or charge transfers occur, if an
3 0.100 | ] EELS edge changes from sharply peaked at the edge onset to
< ' a broader shape, then the bond energy has also increased.
£ 00500 | ] Explicit knowledge of atomic coordinates is not needed
T (L (L <L $ (other than knowing local concentratiorand the changes in
4 000f ¢ r ] : N . )
T T T T T R cohesion can be modeled solely with information contained
-0.0500 | % % 3 in the EELS spectra.
S As an example, the sum rule was used to estimate the
e 4 2 0 2 4 6 cohesion of a grain boundary in Mil. It should also prove
Distance from Boundary Plane (nm) useful for qualitative interpretations of EELS spectra in other

FIG. 3. Spatial variation of the bond energy/per Ni atom acrossmetal alloys. The model should not be used for insulators,

the boundary in undoped M. The bond energy is determined lonic materials, and highly correlated systems where screen-

from the measured Ni; edge using the EELS sum rule of E@3). Ing i_s less eff_ec_tive, core hole effect; are Iarg_er, gnd single
particle descriptions are less appropriate than in simple met-
Figure 3 shows the spatial variation in bond energy/NialS' ! ) ) !
atom across the large-angle grain boundary of Fig. 1 usin% A final point to be noted is that the first moment of the
the normalized EELS spectra and Efj3). The energies are ELS spectrum weights contributions from_ higher energies
quite comparable to the bond energies determined by th&1°re heavily those near the edge onset. This makes the bond
real-space models discussed in Refs. 12,32. It is important fgnergies determined from E(L3) very sensitive to errors in.
realize that the energies are expressed as a bond energy p@ckground subtraction and noise in general. Quantitative
Ni atom. The Ni concentration profile must also be known to"€SUltS can only be obtained from very high-quality spectra,
convert the results to a boundary energy per unit area. Thignd then only with an accuracy of 0.1 eV/atom at best. A
can be determined from either the annular dark image offCre useful role for the first:moment sum rule is in a quali-
energy dispersive x-ray spectroscopy. If an Al EELS edge idative discussion of bonding trends. It serves as an existence
also recorded then the EELS signal could be used. In practidd©0f that the properties of occupied states can be deter-
however, the AK edge is too weak and the background too™Mined from knowledge of the unoccupied states.
uncertain on the AL edge in the Ni-Al alloys for accurate
concentration measurements to be made with EELS. ACKNOWLEDGMENTS
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