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Local symmetry and bonding effects on electron energy-loss near-edge structures:
Ab initio study of an NiAl grain boundary
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Electron energy-loss near-edge structure~ELNES! reflects an unoccupied, site-, and angular-momentum-
projected density-of-states. Using a focused electron probe, one can measure the local electronic structure at
atomic spatial resolution at defects such as grain boundaries. We have calculated partial densities ofd states
and L3 ELNES of Ni atoms at aS3 ~111! grain boundary in B2 NiAl using the full-potential linearized
augmented plane-wave method, carrying outab initio structural relaxations. We observe large changes in the
partial density ofd states for Ni atoms near the boundary, which can be related to broken symmetry and
reduced cohesion. These changes manifest themselves also in the NiL3 ELNES, which measures the unoccu-
pied density of Nid states. The characteristic signal should be measurable experimentally at atomic spatial
resolution on a spherical-aberration-corrected scanning transmission electron microscope. A spatially averaged
interfacial signal should be measurable using a larger probe on a conventional instrument. The importance of
carrying out electronic structure calculations in order to understand ELNES from grain boundaries is empha-
sized.

DOI: 10.1103/PhysRevB.63.205117 PACS number~s!: 73.20.2r, 79.20.2m, 61.72.Mm, 71.20.Lp
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I. INTRODUCTION

Electron energy-loss spectrometry~EELS! in the electron
microscope is a powerful tool with which to probe the loc
electronic structure of solids. The energy-loss near-e
structure~ELNES! observed after the onset of a core-lev
ionization edge reflects a local, weighted density of fin
states to which core electrons are excited by fast incid
electrons. Therefore ELNES is highly sensitive to the sy
metry of the local chemical environment of the excited
oms. Furthermore, by focusing the incident beam to a
probe, it is possible to obtain spectra that reveal atomic-s
variations in the electronic structure at interfaces a
dislocations.1–3

The purpose of this paper is to predict and understand
changes in the ELNES that might be seen in atomic-colum
resolved NiL3 spectra from clean grain boundaries in theB2
intermetallic NiAl. Grain boundaries in NiAl, as in man
materials, play a crucial role in determining its mechani
properties, which have been the subject of much rese
over the past few decades.4,5 This effort has been driven
largely by the need for new high-temperature materials
gas turbine blades.6 A significant part of this effort has bee
directed towards understanding the bonding mechanism
NiAl and how this relates to its brittleness at room tempe
ture. To this end the electronic structure of NiAl has be
investigated extensively using a variety of experimen
and modeling techniques: x-ray emission spectroscopy7–9

x-ray photoelectron and Bremsstrahlung isochrom
spectroscopy,10–15x-ray absorption spectroscopy~XAS!,16,17

EELS,18,19 density-functional theory~DFT!,18–30 and tight-
binding theory.31–34
0163-1829/2001/63~20!/205117~11!/$20.00 63 2051
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Apart from its potential technological benefits, NiAl is a
apt choice for this paper for other reasons: First, the cl
correspondence between experimental NiL3 spectra and
those calculated from one-electron band theory indicates
many-body effects, which in general complicate the interp
tation of ELNES, are not important in this case. It can furth
be shown that the NiL3 ELNES in NiAl approximates an
unoccupied, single-particle Nid density-of-states~DOS!.18,19

Therefore the DFT-based full-potential linearized augmen
plane-wave~FLAPW! method used in this paper should b
adequate to describe all of the features of the experime
spectra. Second, there is an intimate relationship between
Ni L3 ELNES and the bonding in NiAl. Most authors hav
concluded that the dominant contribution to the cohesive
ergy of this compound comes from hybridization of loca
ized, directional Nid states with more diffuse, nearly free
electronlike Al sp states. This simple concept, althoug
inadequate to explain the detailed fine structure of the D
resulting from a complex mixing ofs, p, andd ~and in prin-
ciple greaterl ) symmetries, does explain its basic topolog
The DOS~see Fig. 1!, which is dominated byd symmetries,
is split by thesp-d hybridization into a bonding-antibondin
complex separated by weakly interacting ‘‘nonbonding
states of a different angular symmetry~see Sec. V A for a
detailed description!.35 In between these are regions of lo
DOS, often referred to as ‘‘pseudogaps.’’31,33 ELNES mea-
sures an unoccupied DOS, so given that the Fermi level
in the nonbonding region, a two-peak structure is observe
the unoccupied Nid DOS and hence in the NiL2,3 ELNES.
Thus the ELNES measures a region of the DOS that will
highly sensitive to changes in the local symmetry and bo
©2001 The American Physical Society17-1
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ing at grain boundaries, where substantial relaxations
atomic rearrangements occur.

The grain boundary studied here is based on theS3 ~111!
twin, which has 6̄2m point symmetry at the site of an atom
in the boundary plane. Nadarzinsky and Ernst investiga
this structure experimentally using high-resolution elect
microscopy,36 and Hagen and Finnis carried out an atomis
simulation.37 They concluded that~i! the boundary plane is
occupied by Al atoms, and~ii ! there is a measurable expa
sion perpendicular to the boundary plane. The structural
laxations are due to a strong repulsive force between N
oms either side of the grain boundary plane.

We present partial DOS and NiL3 ELNES associated
with changes in the electronic structure at theS3 ~111! grain
boundary in NiAl, calculated after a fullab initio minimiza-
tion of the atomic forces normal to the boundary plane. W
carried out the calculations using theWIEN97 FLAPW code.38

We observe large changes in the local electronic structur
the grain boundary, similar to those we observed in preli
nary studies.39,40 We predict that corresponding changes
the Ni L3 ELNES should be measurable experimentally
grain boundaries using a focused probe.

II. THEORY

A. ELNES in the single-particle approximation

The inelastic scattering of fast electrons by atoms is
scribed quantum mechanically by the Bethe theory.41,42 In
the first Born approximation the double differential cro
section for the scattering of an incident electron with wa
vectork0 into a state with final wave vectork, through solid
angle V, transferring energyE and momentum\(k02k)
5\q to the target atom is

FIG. 1. Total and Nid density of states calculated for bulk NiA
the areas of the shaded regions correspond to the contribution o
eg and t2g components to thed DOS ~i.e., d5t2g1eg). EF50.
Bonding, nonbonding, and antibonding regions are labeled.
20511
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whereg5A12v2/c2 is the relativistic Lorentz factor anda0
the Bohr radius.S(q,E) is the dynamic form factor~DFF!,
for which the single-particle expression is

S~q,E!5(
i , f

u^ i ueiq.ru f &u2d~E1Ei2Ef !, ~2!

where the sum is over all initial and final one-electron sta
( i , f ).

In the limit of small momentum transfe
(eiq•r'11 iq•r ), the DFF reduces further to the dipole
approximated form,

S̃~ q̂,E!5
S

q2
'(

i , f
uq̂.^ i ur u f &u2d~E1Ei2Ef !, ~3!

whereq̂ is a unit vector in the direction ofq. This expression
is essentially the same as that which appears in the c
sections for x-ray emission and absorption, which can
obtained by replacingq̂ with ê, the polarization vector of an
emitted or absorbed photon.43,44Hence, in this limit, ELNES
and x-ray absorption near-edge structures~XANES! are
equivalent.

The ^ i u terms in the matrix elements of Eq.~2, 3! weight
the DFF strongly in the core region, where the effective p
tential felt by the final stateu f & is roughly spherical. There
fore, a basis of angular momentum eigenfunctions is w
suited to the expansion of the final-state wave function
this region. Using such a basis, the matrix elements are s
rable into radial and angular parts, and upon averaging o
all directions ofq̂ ~or ê), the DFF factorizes into a sum ove
atomic matrix elements multiplied by local, angular mome
tum selected, single-particle densities-of-states. This fac
ization has been obtained rigorously for Slater’s augmen
plane-wave basis45 with application to x-ray emission,46,47

XANES,44 and recently as a special case for orientation
pendent ELNES.48,49

The FLAPW basis does not strictly fulfill the DFF sep
rability criterion because it has a more flexible basis set t
is apt to describe nonspherical~muffin tin! MT wave func-
tions and potentials. However, for deep core edges suc
Ni L2,3 the core states (2p1/2,2p3/2) are well localized. Only
where there is a significant overlap between the core
final state is there a significant contribution to the DFF. Sin
the Ni 2p3/2 wave function has 99% of its weight within
radius of 0.62 atomic units~a.u.! from the nucleus—a region
where the potential is approximately spherical—the fact
ization still holds to a good approximation for the NiL3
edge. Therefore it is justifiable to calculate the absorpt
edges using the spherical parts of the FLAPW basis fu
tions and potential inside the MT spheres.

In the small-q limit, dipole selection rules dictate which
transitions are allowed (D l 561) and the matrix element
become independent ofq. The dipole-approximated DFF fo

the
7-2
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LOCAL SYMMETRY AND BONDING EFFECTS ON . . . PHYSICAL REVIEW B63 205117
transitions from a core stateuf l j & with orbital ~total! angular
momentum quantum numberl ~j! can thus be written as44

S̃l j ~E!5(
l 8

Wl ,l 8

u^f l j ur uul 8~E!&u2

^ul 8~E!uul 8~E!&
Nl 8~E!, ~4!

where the weighting factorWl ,l 8 , is nonzero only whenl 8
5 l 61,

Wl ,l 85
1

3

2 j 11

2~2l 11! S l

2l 21
d l 21,l 81

l 11

2l 13
d l 11,l 8D . ~5!

The bra-ket combinations in Eq.~4! denote integrals within a
single MT sphere, whereul 8(E) are thel 8 components of the
radial conduction band wave function.Nl 8 is the unoccupied
l 8- and MT-projected DOS. It follows from Eqs.~4! and~5!
that the Ni L2,3 ELNES is roughly proportional to a loca
density of Ni d states because:19,44 ~i! the overall DOS is
dominated byd symmetries,~ii ! the matrix elements@second
term on the right-hand side of Eq.~4!# are slowly varying
functions of energy, and~iii ! the matrix element for 2p→s
transitions is relatively small because of cancellations in
radial integral.

While the dipole approximation does certainly not app
to the whole EEL spectrum, it is usually good enough
describe the region close to the onset of a given edge w
D l 561 transitions dominate over a broad range ofq.42,50

The small-q regime can be enforced experimentally by usi
apertures to limit the range of collected scattering ang
However, the factorization of the DFF only holds if all d
rections ofq̂ are sampled. If there is anisotropy in the ele
tronic structure—this is quite likely at a grain boundary
care must be exercised in setting up the scattering geom
so as to give the differentq̂’s their proper weighting.51

B. Limitations of the single-particle approximation

In the strictest sense, the Kohn-Sham eigenvalues
wave functions are only meaningful in describing groun
state properties~charge density, total energy!, and there is no
formal justification for interpreting unoccupied energy eige
values as an excitation spectrum.52 First of all, the unoccu-
pied Kohn-Sham orbitals are calculated in the ground-s
potential due to all of the other electrons and nuclei, so
effect of any relaxation of the one-electron states, due to
creation of the core hole, is ignored. The ‘‘core-hole effec
is often characterized by a narrowing of the spectral featu
in the ELNES and a buildup of intensity near the ed
threshold compared with the ground-state, single-part
DOS.53,54 No features of this type have been observed in
Ni L2,3 edges of Ni-Al alloys and the agreement betwe
experimental and DFT-calculated spectra is excellent,18,19

which suggests that the perturbations caused by the 2p1/2,3/2
core holes are negligible.

Stern and Rehr discussed the validity of the single-part
approximation for transition metalL2,3 spectra using a modi
fied Hartree-Fock approach.55 Imposing the requirement tha
the excited electron be orthogonal to allinitially occupied
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one-electron states and that the core hole be orthogonal t
finally occupied states, they predicted two limiting cases
which the single-particle approximation is valid:~i! The
ground-state potential and single-particle DOS are appro
ate when the ejected core electron fills thed shell. ~ii ! The
single-particle potential and DOS of an excited atom is
propriate when the core electron is excited to an emptd
shell. The Nid-band is nearly full in the Ni-Al alloys, and
thus falls roughly into the first category, hence the go
agreement between the experimental and ground-s
single-particle calculations. However, as Stern and R
pointed out, in general the excitation process is a many-b
problem that is described inadequately in the single-part
approximation.

Another point concerns inadequate treatment of excha
and correlation in the excited states. The various approxi
tions to exchange and correlation used commonly in D
treat the exchange-correlation potentialV xc , as a function of
local variables~e.g., the local charge density!, but as a con-
stant of energy. Formal many-body theory predicts a p
nounced state dependence of exchange and correlation
tributions to the quasiparticle energy through a nonlocal~and
generally complex! self-energy operatorS(r ,r 8;E),56 to
which V xc is a reasonable approximation in the ground sta
but generally a poor one for excited states. The most se
consequences are observed for semiconductors and in
tors, whose band gaps are underestimated grossly in D
calculations.57 Simple metals do not present such a proble
because of effective screening, which keeps the self-ene
roughly constant up to about 10 eV above the Fer
energy.58 At higher excitation energies,V xc tends to overes-
timate the exchange-correlation interactions because
ejected electrons, having greater kinetic energy, are less
fectively screened. This leads to a discrepancy betw
experimentally-measured and DFT-calculated DOS that
creases with excitation energy.59 This is to be distinguished
from any effects due to the core hole, which can be treate
a separate quasiparticle.

The experimentally measured quasiparticle excitatio
have finite lifetimes, which result in broadening of the spe
tral features. This information is contained in the imagina
part of the self-energy, Im@S(r ,r 8;E)#, but the DFT eigen-
values are real and so do not carry this information. Assu
ing that the features of the DFT-calculated ELNES in t
region of interest are essentially faithful to the quasiparti
energies, the finite lifetimes of the core hole and the seco
ary electron can be accounted for phenomenologically
applying an energy-dependent Lorentzian smoothing to
calculated spectrum.44

NiAl is a good, weakly correlated metal that shows
measurable magnetic ordering down to temperatures of a
Kelvin.60,61Therefore, according to the above arguments,
single-particle DOS and matrix elements calculated using
local-density approximation~LDA ! within DFT ~up to 10 eV
above the Fermi energy! should be adequate to describe t
effects we might see in experimental NiL2,3 spectra from
grain boundaries in NiAl.
7-3
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C. Charge-density maps

One if the main outputs of density functional calculatio
is the self consistent charge density, given by the sum o
all one-electron probability amplitudes~the moduli squared
of the Kohn-Sham orbitals!:

rsc f~r !5(
i

uck
i ~r !u2. ~6!

This expression, which neglects electron spin, gives the
rect total charge density when evaluated within an ene
window from 2` to EF , but it is often useful to evaluate i
in some other energy window corresponding to a particu
region of the DOS. This window need not be solely in t
occupied region of the DOS: The ‘‘unoccupied’’ charge de
sity evaluated in a window aboveEF represents a real-spac
distribution of excitation probabilities. These concepts w
provide a real-space picture to aid in the interpretation of
calculated DOS and ELNES.

Another useful quantity is the difference~or bonding!
charge density. It is a measure of the charge relaxation
occurs on forming the solid from isolated atoms, and is
fined as the self-consistent ground-state charge density o
solid minus a linear superposition of free-atom charge d
sities centered on the atomic coordinates$Ri% of the solid:

rdi f f~r !5rsc f~r !2(
i

r i
at~r2Ri !. ~7!

III. COMPUTATIONAL DETAILS

We performed all of the calculations presented below
ing theWIEN97 FLAPW code.38,62All band calculations were
non-spin-polarized, and used the LDA to the exchan
correlation functional as parametrized by Perdew a
Wang.63 We treated core states fully relativistically but in
cluded only scalar-relativistic effects for the valence ban
The starting density—a linear superposition of free-at
densities ~Ni: Ar3d84s2, Al: Ne3s23p)—was calculated
fully relativistically. The Kohn-Sham equations were iterat
to self-consistency using a modified tetrahedron method
interpolate betweenk points in the irreducible wedge of th
first Brillouin zone~IBZ!.64

Unless otherwise stated in the text, we imposed ene
cutoffs of 16 and 100 Ry~1 Ry 5 13.6 eV! for the plane
waves and stars, respectively, and used lattice harmonic
panded up tol 510 for the spherical part andl 54 for the
nonspherical part of the MT potential. We used MT radii
2 a.u. in all cases.

We calculated theL3 spectra using theXSPECroutine built
in to theWIEN97 software.38 Running in absorption mode thi
calculates the unoccupieds andd DOS and multiplies them
by their corresponding dipole matrix elements (2p3/2
→s,d). The treatment is very similar to that of Mu¨ller and
Wilkins,44 the only significant difference being that the int
grals are carried out inside MT spheres inXSPEC, rather than
the Wigner-Seitz spheres used by Mu¨ller and Wilkins. We
took account of the core-hole lifetime by convolving th
20511
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spectra with a Lorentzian of full width at half maximum 0
eV.65

A. Bulk calculations

We used an experimentally measured lattice paramete
5.4556 a.u. for the calculations of bulk B2 NiAl.4 Self-
consistency was assumed once all MT charges change
less than 1026e on three consecutive iterations, using ak
mesh with 84 points in the IBZ. We calculated partial DO
andL3 edges with and without a high-lying (EF122.3 eV!
Ni d local orbital as part of the basis, in order to assess
effect the linearization error had on the unoccupied par
DOS and ELNES. We evaluated the difference charge d
sity, and the charge density within the energy windows d
played in Table I. We then increased the plane-wave and
cutoffs to 25 and 400 Ry, respectively, performed the s
consistent calculation again, and recalculated the differe
charge density.

B. Grain boundary calculations

We constructed a hexagonal supercell~Space group:
P63 /mmc) containing 48 atoms and two identicalS3 ~111!
boundaries, one rotated 180 degrees about the 6¯ axis with
respect to the other~see Fig. 2! to achieve periodic boundar
conditions. We used fractional atomic coordinates deriv
from the simulation of Hagen and Finnis~courtesy of Pro-
fessor M. W. Finnis! for the thirteen inequivalentz-normal
planes, and the same bulk lattice parameter as in Sec. I

We then optimized the free internal parameters—thz
coordinates of the 13 inequivalent atoms—by iterating
following procedure:~i! the internal forces were calculate
self-consistently, and~ii ! the z coordinates were relaxed ac
cordingly using a damped Newton scheme.38 Each self-
consistent cycle used 16k points in the IBZ. Iterative mini-
mization was employed,62 which provided a speed-up facto
of almost three in the calculation of eigenvalues and eig
vectors, compared with diagonalizing the Hamiltonian ful
Self-consistency was assumed when the Hellman-Feyn
forces on the nuclei changed by less than 0.1 mRy~a.u.! 21

in three consecutive iterations, and then Pulay correction
the forces were added in the final cycle.62 We stopped the
geometry minimization when the self-consistent forces
each atom dropped below 1 mRy~a.u.! 21 We then expanded
the k-point set to 112 points in the IBZ and repeated t
self-consistent cycle once more.

We then calculated the partial DOS, ELNES, and to
and difference charge densities on the (1120̄) plane corre-
sponding to mutual$110% planes in the local, cubic coordi

TABLE I. Ranges and classification of the energy windows us
in the calculation of the bulk charge density~see Fig. 4!.

Lower bound~eV! Upper bound~eV! Classification

24 21.5 bonding
21 1.5 nonbonding

2 4.5 antibonding
7-4
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LOCAL SYMMETRY AND BONDING EFFECTS ON . . . PHYSICAL REVIEW B63 205117
nate systems of the rotated crystals. Finally we simula
crude spatial difference spectra for different probe size66

weighting the contribution of each inequivalent spectrum
the number of atoms of the relevant type contained withi
cylinder of a given radius, with the beam centered on
boundary and in the@112̄0# direction. We carried out two
calculations: one with the spectra aligned at the Fermi le
and one where we shifted each spectrum by a value equ
the self-consistent 2p3/2 core-level shift.34

IV. RESULTS

A. Bulk calculations

The bulk DOS, partitioned by site, and orbital angu
momentum quantum number,l are shown in Fig. 1. Also
shown are the nonequivalenteg and t2g contributions to the
partial d DOS. For a given Ni atom, the lobes of thed-eg
orbitals point alonĝ100& directions towards second-neare
neighbor Ni atoms, and the lobes of thed-t2g orbitals point
along^110& directions towards third-nearest-neighbor Ni a
oms, as shown in Fig. 2.

The calculatedL3 ELNES is shown in Fig. 3, superim
posed over the unoccupied Nid DOS. Including a Nid local
orbital in the basis boosts the overall magnitude of the un
cupiedd DOS in an increasing fashion towards higher en
gies but does not significantly alter the distribution of stat
The effect of the local orbital on the region of interest~0–5
eV! is negligible; thus it was considered justifiable to lea
out the local orbital in the calculations that followed.

The charge density in the energy windows in Table I
plotted on the~110! and~100! planes of the unit cell in Fig.
4. The difference charge density on the~110! plane is plotted
in Fig. 5 for the two different convergence criteria describ
in Sec. III A.

B. Grain-boundary calculations

At the start of the geometry minimization, the maximu
atomic force was 12.7 m Ry (a.u.)21 acting on atom Ni12
~see Fig. 6! and the second largest 4.5 m Ry (a.u.)21 acting
on atom Ni6. At the end of the minimization all forces ha
dropped below 1 m Ry (a.u.)21, resulting in a maximum
displacement of 0.08 Å for atom Al11. All other displac

FIG. 2. Symmetry of Ni-d orbitals in theB2 structure;~a!, eg

(dx22y2,dz2) and ~b!, t2g (dxy ,dyz ,dzx). Atom positions are
marked;d, Ni; s, Al. Dashed lines show the directions alon
which the orbital lobes point, originating from the central Ni ato
20511
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ments were less than half this value. All of the forces on
atoms remained below 1.1 m Ry (a.u.)21 upon expansion of
the k-point set.

The partial Nid DOS for the inequivalent Ni atoms in th
supercell is shown in Fig. 7 and the correspondingL3 edges
in Fig. 8. There are large deviations from the bulk topolo
for the occupiedd DOS of Ni atoms near the grain-bounda
plane, which decay sufficiently rapidly that thed DOS for
the Ni atom furthest from the grain boundary~Ni2! re-
sembles closely that of the bulk. Similarly, the unoccupiedd
DOS andL3 edges for the Ni atoms close to the bounda
deviate significantly from the bulk calculations. Again, the
deviations decay such that the bulk spectrum is well appro
mated for Ni2. The calculated spatial difference spectra~Fig.
9! have an oscillatory nature, going from negative to posit
back to negative within the first 5 eV. The amplitude of t
oscillations decays with increasing probe radius.

The difference charge density plotted on the (1120̄) plane
of the supercell is shown in Fig. 10. The difference cha
surrounding the cores of Ni atoms close to the bound
~Ni10 and Ni12! is highly anisotropic compared to the bulk
where the deformation is approximately uniform. The diffe
ence charge density around the atoms furthest from
boundary ~Al1, Ni2! approximates well that of the~110!
plane of the bulk calculation.

V. DISCUSSION

A. Bulk calculations

The calculated bulk partial DOS~Fig. 1! are in good
agreement with previous DFT calculations,18,19,27,30,67as are
the calculatedL3 edges~Fig. 3!.18,19 The topology of the

.

FIG. 3. Ni L3 edges and unoccupied Nid DOS calculated for
bulk NiAl; ~l.o.! labels the result we obtained after including a Nid
local orbital at 22.3 eV. The areas of the shaded regions corresp
to the contribution of theeg and t2g components to the unoccupie
Ni d DOS.
7-5
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DOS, which is dominated byd states, can be understoo
qualitatively in terms of the model of Gelatt,et al.,35 having
three distinct components: bonding states~up to 21 eV!,
nonbonding states~21 to 1.5 eV!, and antibonding state
~above 1.5 eV!. There is a region of low DOS o
‘‘pseudogap’’ between the bonding and the nonbond
states, and between the nonbonding and the antibon
states, although the feature is less pronounced in the l
case. The appearance of such pseudogaps has been attr
to strong hybridization of transition-metald with Al sp
states.31,68

Regarding the Nid DOS; the nonbonding orbitals hav
almost pureeg (dx22y2,dz2) symmetry~Fig. 1!, as pointed

out by Zou and Fu,29 but the bonding and antibonding orbi
als have a mixture oft2g (dxy ,dyz ,dzx) and eg symmetry
~recall Fig. 2!. The physical interpretation of this~see Fig. 4!
is that the bonding and antibonding orbitals point from
towards nearest-neighbor Al atoms, whereas the nonbon
orbitals point towards second-nearest-neighbor Ni ato
The bonding~antibonding! orbitals are pushed towards lo
~high! energies because of the strong hybridization withsp
states of the neighboring Al atoms. Filling up thesp-d hy-
bridized bonding orbitals thus piles up charge along
nearest-neighbor̂111& directions, resulting in a strong Ni-A
bond, and increases the cohesive energy~in the tight-binding

FIG. 4. Bulk charge density evaluated within the energy w
dows:~a! 24 to 21.5 eV ~bonding states!, ~b! 21 to 1.5 eV~non-
bonding states!, ~c! 2 to 4.5 eV~antibonding states!; ~i! on the~110!
plane,~ii ! on the~001! plane of the unit cell. Contours are separat
by ~a! 2, ~b! 1, and ~c! 0.25 e Å 23. In-plane atom positions are
labeled.
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sense; see Ref. 69!. Filling the symmetry-related antibondin
states would have the opposite effect, reducing the cohe
energy.

The nonbonding states are what remains of thed-d cou-
pling that is the predominant bonding mechanism in pure
but noting that the Ni-Ni interatomic distance is 6% grea
in NiAl, this second-nearest-neighbor interaction is we

-

FIG. 5. Bulk difference charge density calculated on the~110!
plane of the unit cell with cutoffs of~a! 16 and 100 Ry and~b! 25
and 400 Ry for the plane waves and stars, respectively. Cont
are placed at62i /100 e Å 23 ( i 50,1,2, . . . ). Positive contours are
solid; negative ones are dashed; thicker solid lines are zero
tours. In-plane atom positions are labeled.

FIG. 6. Hexagonal supercell geometry used for the gra
boundary calculation. Left; projection down@0001#—in the cubic
coordinate systems of the two half-crystals,~ccs1, ccs2!, one of
which is rotated by 180° with respect to the other, this is the@111#

axis normal to the twin plane. Right: projection down@112̄0#

(@11̄0#, in ccs1;@ 1̄10#, in ccs2!. Atom positions are marked;d,
Ni; s, Al. Inequivalent atom positions, grain boundaries~gb!, and

hexagonal axes (x5@211̄0#, y5@ 1̄21̄0#, z5@0001#) are labeled.
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in comparison to the strong, nearest-neighborsp-d
interaction.35 Because thed-d interaction is relatively weak
these states appear in an intermediate energy range in
middle of the bonding-antibonding complex, so filling th
nonbonding states does not affect the cohesive energ
greatly as filling the bonding or antibonding states. The
fore, although it may not be accurate in the strictest se
the classification of these states as ‘‘nonbonding’’ seems
sonable in a comparative sense because the nearest-nei
interaction is much stronger. The high stability, degree
ordering, and large heat of formation of stoichiometric NiA4

can hence be understood by the fact that the Fermi energ~0
eV! lies in the middle of the nonbonding states—i.e., all
the bonding states are occupied and all of the antibond
states are unoccupied.

The position of the Fermi energy in the nonbonding sta
also has interesting consequences for the NiL3 ELNES ~see
Fig. 3!. As explained in Sec. II the NiL3 ELNES and the
unoccupied Nid DOS differ only by a slowly varying func-
tion of energy, so the twin-peaked fine structure just ab
the onset of both can be described as follows: The first p
is due to the unoccupied region of the nonbonding sta
having predominantlyeg symmetry, whereas the second

FIG. 7. Ni d DOS calculated for the six inequivalent Ni atoms
the supercell compared to the bulk Nid DOS from the unit-cell
calculation.EF50.
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due to antibonding states, which have mixedt2g /eg character
similar to the bonding states. Herein lies the relationship
tween the NiL3 ELNES, the single-particle DOS, and th
bonding in the material. Although ELNES samples unocc
pied states, which do not participate directly in the bondi
the occupied states that do are related to them through
bonding-antibonding symmetry. This underlines the need
electronic structure calculations if the origin of the ELNES
to be properly understood.

In contrast to the DOS and the NiL3 ELNES, the fine
details of the difference charge density obtained with
lower plane-wave and star cutoffs~Fig. 5! appear somewha
crude compared with previous calculations.25,26Better agree-
ment was obtained when the plane-wave and star cut
were increased. Note however that the features are gre
magnified in such a difference plot where the contours
not equally spaced, but separated by factors of 2. The
tures in the interstitial are therefore small compared to
changes near the atom cores, which are unaffected when
cutoffs are increased. It is these larger changes near the
regions to which the MT-projected partial DOS and esp

FIG. 8. L3 edges and unoccupiedd DOS calculated for the six
inequivalent Ni atoms in the supercell, compared to the bulk NiL3

edges from the unit-cell calculation.
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D. A. PANKHURST, G. A. BOTTON, AND C. J. HUMPHREYS PHYSICAL REVIEW B63 205117
cially the ELNES are most sensitive. While the deformati
around the Al core is approximately spherical, the reg
surrounding the Ni atom is noticeably aspherical, showin
preferential buildup of charge alonĝ111& directions, i.e.,
towards nearest-neighbor Al atoms. This directionality is

FIG. 9. Spatial difference spectra simulated for different pro
diameters~see legend!: ~a! without, ~b! including the self-consisten
core-level shifts.
20511
n
a
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rectly related to the strongsp-d bonding and to the inequiva
lence of thed-eg andd-t2g symmetries among the occupie
states.

In summary, thed DOS, the NiL3 edges, and the differ-
ence charge density all show evidence of a crystal-field sp
ting of the Ni d symmetries. In other words the electron
structure has a non-negligible angular dependence. We
pect therefore to see some measurable changes~via the NiL3
ELNES! in the electronic structure at a grain boundary whe
atomic relaxations and re-arrangements break the cry
field symmetry. The angular dependence indicates furt
that three-body interactions need to be considered to exp
the cohesive properties. Indeed Mulleret al.,19 have demon-
strated the importance of the shape-dependent norma
fourth moment~or s parameter! of thed DOS, which to some
extent takes into account this angular dependence, to exp
cohesive trends in the Ni-Al system.

B. Grain-boundary calculations

The occupied Nid DOS of the six inequivalent Ni atom
in the supercell~Fig. 7! are qualitatively similar to those
calculated previously for this boundary~without ab initio
relaxations!.39,40 The features of thed DOS of atoms Ni12
and Ni10—those nearest and second nearest the boun
plane—are considerably flattened compared with those of
bulk d DOS. In other words, states are removed from
characteristic bonding, nonbonding, and antibonding pea
and built up in the regions between them. The intensity
the large spike located at21.6 eV in thed DOS of atom
Ni12 is greatly reduced in the present calculation, compa
with the results of the previous studies. This is the m
noticeable difference between the present results and t
from the preliminary FLAPW calculation,40 which used re-
laxed atomic coordinates from an atomistic simulation.37 We
used these as the starting coordinates for the presentab initio
minimization, which showed little deviation from the atom
istic results: The largest relaxation was 0.08 Å for Al11. It

e

re placed
equiva-
FIG. 10. Difference charge density plotted on the (1120̄) plane of the supercell. Half of the supercell in theC direction is displayed with
a grain-boundary plane at the center of the diagram, i.e., this plot covers the left-half of the right-hand side of Fig. 6. Contours a
at 62i /100e Å 23 ( i 50,1,2, . . . ). Positive contours are solid; negative ones are dashed; thicker solid lines are zero contours. The in
lent atom positions are labeled.
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not surprising, therefore, that the results are very similar,
that the largest discrepancy occurs for Ni12 as mentio
above; Ni12 being adjacent to Al11, the atom for which t
largest relaxation was observed.

The flattening of the features of thed DOS of the Ni
atoms near the grain boundary can be understood as foll
The large relaxations and rearrangements break the sym
try of the crystal field that gave rise to the bonding, nonbo
ing, and antibonding peaks in the DOS. Theeg andt2g sym-
metries are no longer appropriate to describe thed electrons,
which now all experience different fields due to the rela
ations, thus their individual contributions to thed-DOS shift
and change shape by differing degrees. This has the ne
fect of lowering the peaks of thed DOS and filling in the
gaps between them. This change in the shape of thed DOS
reflects a reduction in the cohesive energy at the bound
Muller et al., identified the importance of the fourth mome
of the d DOS in NiAl,19 related through Aoki’s bond-orde
expansion of the cohesive energy.70 Thed DOS of atom Ni2
has the roughly Lorentzian profile typical of the bulk, b
approaching the boundary thed DOS becomes flatter an
narrower, in other words more rectangular. The transit
from Lorentzian to rectangular entails a reduction of the n
malized fourth moment~s! of thed DOS,69 corresponding to
a reduction of the cohesive energy via Aoki’s bond ord
expansion. The reduction of thes parameter results from th
broken symmetry caused by the rearrangements and re
ations at the boundary, changing locally the degree
nearest-neighbor overlap and the available closed, four-
hopping paths~i.e., involving not only nearest- but also nex
nearest neighbors!. Simply interpreted, the shape-chan
shifts the center of weight of the occupiedd DOS to higher
energy, subtracting weight from the peak and tails of
Lorentzian and adding it to the gap region~around21 eV!,
resulting in a less-tightly boundd band and hence reduce
cohesive energy.

The flattening effect described above covers both the
cupied and the unoccupiedd DOS and hence is present als
in the L3 ELNES spectra~Fig. 8!. Approaching the bound
ary, there is buildup of states in between depleted nonbo
ing and antibonding peaks. The results are almost identic
those obtained previously without the inclusion ofab initio
relaxations,40 predicting a maximum effect for Ni10, the N
atom second closest to the grain boundary. The reason
this is not immediately obvious; we might expect the effe
on Ni12 to be more extreme. However, Ni10 feels a hig
distorted version of the cubic crystal field in that all of i
proper nearest and next-nearest neighbors are pre
whereas the crystal field around Ni12 is more complicat
involving both lattice distortions and atomic rearrangemen
one of its nearest-neighbor Al atoms is replaced by Ni a
three next-nearest-neighbor Ni atoms are missing. It is d
cult to make a direct comparison for this reason. In any ca
the important result is that thed DOS flattening that ap-
peared in the bonding states is also present in theL3 ELNES,
illustrating the point that changes in the symmetry of oc
pied states are mirrored to some extent in the unoccu
states. Therefore, real information about bonding change
grain boundaries can be extracted from the EEL spectr
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provided that calculations are also carried out to link chan
in the occupied and unoccupied states.

The interesting features seen in the difference charge d
sity on the (112̄0) plane of the grain-boundary cell~Fig. 10!
can be described as follows:~i! a deficit closely resembling
the shape of a bonding (d-t2g /eg) orbital at the site of atom
Ni12, and~ii ! a deficit with the approximate shape of a no
bonding (d-eg) orbital at the site of atom Ni10. The relax
ation around Ni12 is by far the more asymmetrical of t
two, re-emphasizing the point made above; Ni10 fe
mainly a uniaxial distortion, whereas Ni12 feels an ad
tional field due to the unusual coordination of the ato
surrounding it. It is clear that the directionality of the bon
ing increases near the boundary, a factor that may contrib
to grain-boundary brittleness. However, whether or not
mechanical properties are affected, the important conclus
for this paper is that the anisotropy of the electronic struct
at grain boundaries may have important consequences fo
acquisition of EEL spectra. Care will have to be taken
optimize the beam convergence and spectrometer accep
conditions in order to properly sample the differentq’s as-
sociated with the directional final states.51 The existence of
an independent direction (z in this case! may also point to-
wards the importance of cross terms in the DFF,48 which are
beyond the scope of this paper.

Although the present paper covers just one type of gr
boundary out of the many possible low-S (S<29) grain
boundaries in NiAl, not to mention the infinite variety o
general ones, we believe the effects observed here to
largely transferable. We would expect to see similar effe
at any large-angle grain boundary where distortions are
quired to accommodate the structure. In general this will le
to a flattening of the features of thed DOS, which will ap-
pear also in theL3 ELNES.

C. Experimental outlook

The great advantage of EELS over XAS is that spec
can be acquired from very small volumes, owing to the f
that an electron beam can be focused to a fine probe.
even though it is possible in principle to obtain the 1 Å probe
needed to obtain atom-column-resolved spectra in a con
tional scanning transmission electron microscope~STEM!,
the effect of the spherical aberration (Cs) of the objective
lens would limit the current density severely at such a sm
probe size, resulting in spectra with a poor signal-to-no
ratio. The acquisition of atom-column-resolved ELNES o
good enough quality for a comparison with the present
sults is probably beyond the capability of current commerc
instrumentation and awaits the realization of a microscope
sufficient stability, equipped with a high-resolution spe
trometer and an objective lensCs corrector.71 Such an instru-
ment should be capable of delivering 100 pA into a 1 Å
probe,72 compared to 1 nA into 1 nm, typical of a
Cs-uncorrected, cold field emission, dedicated 100-
STEM.73

Obviously a 1-nm probe does not give atomic resolutio
but nevertheless the interfacial signal may still be extrac
in an averaged sense from spectra obtained with suc
7-9
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probe. This can be achieved using the spatial differe
method,66 where a bulk spectrum is subtracted from a sp
trum taken at the grain boundary, or by multivariate statis
cal analysis of a spectrum-line profile crossing the gr
boundary.74 Spatial difference spectra simulated crude
from the present results~Fig. 9! show that even with a large
probe (.1 nm!, some interface signal may be detectab
The spatial difference spectrum has an oscillatory form c
responding to a transfer of weight from the two peaks at
onset of the NiL3 edge to the region between them. Th
inclusion of the self-consistent core-level shifts in the calc
lation does not alter the nature of this result. Similarly, th
oscillatory signal may also be picked up as the second p
cipal component when multivariate statistical analysis is
plied to an experimental line profile. The form of the spat
difference spectrum stems from the flattening of the Nd
DOS discussed in Sec. V B, and indicates that even wit
1nm probe it may be possible to detect changes in the bo
ing that can be related to changes in cohesion at an N
grain boundary. Indeed this statement applies to any orde
material where a crystal-field effect is present in theL2,3
ELNES.

It will be important while performing the experiments t
differentiate between the effects described above and th
due to segregation of impurities, grain-boundary no
stoichiometry, and specimen and surface oxide thickn
variations. These may affect the measured ELNES seve
leading to an erroneous interpretation, but can be monito
to a great extent by carefully analyzing the whole EEL sp
trum and taking complementary x-ray energy dispers
spectra. Also, they will lead in general to a nonzero net c
tribution to the spatial difference spectrum, whereas an in
gration of the calculated spectrum in Fig. 9 predicts zero
spatial difference. Another effect that must be monitored
that of electron-beam-induced specimen damaging; the e
surface sputtering caused by the intense probe of a dedic
STEM is particularly severe for the clean specimens we w
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to examine. It has been shown that this process can
slowed dramatically by coating the specimen with a thin c
bon film.75 With these considerations in mind, experimen
are planned involving the acquisition of NiL2,3 spectra from
a bicrystalline specimen of stoichiometric NiAl containin
the sameS3 ~111! boundary studied here.

VI. CONCLUSION

We have shown using one-electron band-structure ca
lations how the crystal field set up by thesp-d hybridization
influences the NiL3 electron ELNES in NiAl. We have pre
dicted that as a consequence the NiL3 ELNES should be
sensitive to the type of lattice distortions and atomic re
rangements that occur at grain boundaries. Our supercell
culations involving aS3 ~111! grain boundary bear out thi
assertion, predicting a flattening of the partial density of Nd
states that can be detected also in the calculated NiL3 EL-
NES. The flattening of the spectral features can be linked
a change in shape of the density of Nid states from a Lorent-
zian to a more rectangular profile, shifting the center
weight of thed band higher in energy and lowering the c
hesive energy of atoms at the grain boundary. We have
dicted that the small changes observed in the calculated s
tra should be measurable using not only an instrum
capable of forming an atomic-sized probe, but also usin
larger probe on a conventional cold-field-emission analyti
electron microscope.
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