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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 struct(E&NES) 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 dercsisisesf
and L; ELNES of Ni atoms at &3 (111 grain boundary in B2 NiAl using the full-potential linearized
augmented plane-wave method, carrying atinitio 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 inltheENNES, 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.
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[. INTRODUCTION Apart from its potential technological benefits, NiAl is an

Electron energy-loss spectrometiyELS) in the electron  apt choice for this paper for other reasons: First, the close
microscope is a powerful tool with which to probe the local correspondence between experimental INi spectra and
electronic structure of solids. The energy-loss near-edgéhose calculated from one-electron band theory indicates that
structure(ELNES) observed after the onset of a core-level many-body effects, which in general complicate the interpre-
ionization edge reflects a local, weighted density of finaltation of ELNES, are not important in this case. It can further
states to which core electrons are excited by fast incideribe shown that the NL; ELNES in NiAl approximates an
electrons. Therefore ELNES is highly sensitive to the sym-unoccupied, single-particle Ni density-of-state¢D0S).*81°
metry of the local chemical environment of the excited at-Therefore the DFT-based full-potential linearized augmented
oms. Furthermore, by focusing the incident beam to a finglane-wave(FLAPW) method used in this paper should be
probe, it is possible to obtain spectra that reveal atomic-scaledequate to describe all of the features of the experimental
variations in the electronic structure at interfaces andspectra. Second, there is an intimate relationship between the
dislocations- 3 Ni Ly ELNES and the bonding in NiAl. Most authors have

The purpose of this paper is to predict and understand theoncluded that the dominant contribution to the cohesive en-
changes in the ELNES that might be seen in atomic-columnergy of this compound comes from hybridization of local-
resolved NiL ; spectra from clean grain boundaries in B2  ized, directional Nid states with more diffuse, nearly free-
intermetallic NiAl. Grain boundaries in NiAl, as in many electronlike Al sp states. This simple concept, although
materials, play a crucial role in determining its mechanicalinadequate to explain the detailed fine structure of the DOS
properties, which have been the subject of much researatesulting from a complex mixing df, p, andd (and in prin-
over the past few decadés.This effort has been driven ciple greatell) symmetries, does explain its basic topology.
largely by the need for new high-temperature materials foiThe DOS(see Fig. 1, which is dominated by symmetries,
gas turbine blade3A significant part of this effort has been is split by thesp-d hybridization into a bonding-antibonding
directed towards understanding the bonding mechanism ioomplex separated by weakly interacting ‘“nonbonding”
NiAl and how this relates to its brittleness at room temperastates of a different angular symmetisee Sec. V A for a
ture. To this end the electronic structure of NiAl has beendetailed descriptior® In between these are regions of low
investigated extensively using a variety of experimentaDOS, often referred to as “pseudogap$-33 ELNES mea-
and modeling techniques: x-ray emission spectroséopy, sures an unoccupied DOS, so given that the Fermi level lies
x-ray photoelectron and Bremsstrahlung isochromain the nonbonding region, a two-peak structure is observed in
spectroscopy?~**x-ray absorption spectroscopfAS),***"  the unoccupied Nd DOS and hence in the Ni, 3 ELNES.
EELS}81° density-functional theoryDFT),*®~3C and tight-  Thus the ELNES measures a region of the DOS that will be
binding theory?'—34 highly sensitive to changes in the local symmetry and bond-
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Q where the sum is over all initial and final one-electron states
(i, f).

2] In the limit of small momentum transfer
(e'9"~1+iq-r), the DFF reduces further to the dipole-
approximated form,
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FIG. 1. Total and Nd density of states calculated for bulk NiAl; R
the areas of the shaded regions correspond to the contribution of théhereq is a unit vector in the direction af. This expression
ey andt,; components to thel DOS (i.e., d=tyy+ey). Eg=0. is essentially the same as that which appears in the cross
Bonding, nonbonding, and antibonding regions are labeled. sections for x-ray emission and absorption, which can be
obtained by replacing with e, the polarization vector of an
ing at grain boundaries, where substantial relaxations an@mitted or absorbed photdit**Hence, in this limit, ELNES
atomic rearrangements occur. and x-ray absorption near-edge structuf@ANES) are
The grain boundary studied here is based ordiBg111)  €quivalent. . . _
twin, which has @m point symmetry at the site of an atom The (i| terms n the matrix ele_ments of B, 3 We'ght
in the boundary plane. Nadarzinsky and Ermst investigated’® DFF strongly in the core region, where the effective po-
this structure experimentally using high-resolution electrorféntial felt by the final statef) is roughly spherical. There-
microscopy®® and Hagen and Finnis carried out an atomisticlO®: @ basis of angular momentum eigenfunctions is well-
simulation®” They concluded thati) the boundary plane is su_lted to the expansion of the fmal-sta_te wave function in
occupied by Al atoms, ani) there is a measurable expan- this region. U_smg such a basis, the matrix elements are sepa-
sion perpendicular to the boundary plane. The structural rg:2Pl€ into radial and angular parts, and upon averaging over
laxations are due to a strong repulsive force between Ni a@ll directions ofq (or €), the DFF factorizes into a sum over
oms either side of the grain boundary plane. atomic matrix elements multiplied by local, angular momen-
We present partial DOS and Ni; ELNES associated tum selected, single-particle densities-of-states. This factor-
with changes in the electronic structure at @ (111) grain  ization has been obtained rigorously for Slater’s augmented
boundary in NiAl, calculated after a fudlb initio minimiza- ~ Plane-wave basi$ with application to x-ray emissiott;*’
tion of the atomic forces normal to the boundary plane. WeXANES,* and recently as a special case for orientation de-
carried out the calculations using theens? FLAPW code®  pendent ELNES®
We observe large changes in the local electronic structure at The FLAPW basis does not strictly fulfill the DFF sepa-
the grain boundary, similar to those we observed in prelimitability criterion because it has a more flexible basis set that
nary studies®“° We predict that corresponding changes inis apt to describe nonsphericahuffin tin) MT wave func-
the Ni L; ELNES should be measurable experimentally attions and potentials. However, for deep core edges such as

grain boundaries using a focused probe. Ni L, 5the core states (&,,2p3)) are well localized. Only
where there is a significant overlap between the core and

final state is there a significant contribution to the DFF. Since
Il. THEORY the Ni 2ps, wave function has 99% of its weight within a
radius of 0.62 atomic unit&@.u) from the nucleus—a region
where the potential is approximately spherical—the factor-

The inelastic scattering of fast electrons by atoms is deization still holds to a good approximation for the Ng

scribed quantum mechanically by the Bethe thédf?.In  edge. Therefore it is justifiable to calculate the absorption
the first Born approximation the double differential crossedges using the spherical parts of the FLAPW basis func-
section for the scattering of an incident electron with wavetions and potential inside the MT spheres.

A. ELNES in the single-particle approximation

vectorky into a state with final wave vectdr, through solid In the smallg limit, dipole selection rules dictate which
angle Q, transferring energye and momentum (ky—Kk) transitions are allowedXl=*1) and the matrix elements
=#(q to the target atom is become independent gf The dipole-approximated DFF for
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transitions from a core state;) with orbital (total) angular  one-electron states and that the core hole be orthogonal to all

momentum quantum numbexj) can thus be written 4% finally occupied states, they predicted two limiting cases for
which the single-particle approximation is valid;) The
B (i I (E))2 ground-state potential and single-particle DOS are appropri-
S|(E)=2> W, ———————N/(E), (4)  ate when the ejected core electron fills thehell. (i) The
I (Ui (E)|u(E)) single-particle potential and DOS of an excited atom is ap-
where the weighting factow, |, is nonzero only wher’ propriate Wh.en the core electron'is excitgd to an entpty
—l+1, ' shell. The Nid-band is nearly full in the Ni-Al alloys, and

thus falls roughly into the first category, hence the good

1 2141 | I+1 a_greement_ between Fhe experimental and ground-state,
== ) Lt ] (5 single-particle calculations. However, as Stern and Rehr
To322+1\20-1 7 2143 77 pointed out, in general the excitation process is a many-body

The bra-ket combinations in E%) denote integrals within a problem that is described inadequately in the single-particle

single MT sphere, wheng/ (E) are thel’ components of the apg\roxmnatlon.. inad ¢ h
radial conduction band wave functioN;, is the unoccupied hother point concerns inadequate treatment of exchange

I”- and MT-projected DOS. It follows from Eqé4) and (5) and correlation in the excited states. The various approxima-
that the NiL,s ELNES is roughly proportional to a local tions to exchange and cor-relation u§ed commonly in DFT
density of Nid states becaus@® (i) the overall DOS is treat the exchange-correlation potentig);, as a function of
dominated byd symmetries(ii) the matrix elementgsecond local variables(e.g., the local charge densinbut as a con-

term on the right-hand side of E¢4)] are slowly varying stant of energy. Formal many-body theory predicts a pro-
functions of energy, andii) the matrix element for g—s nounced state dependence of exchange and correlation con-

transitions is relatively small because of cancellations in thdtibutions to the quasiparticle energy through a nonl¢aed
radial integral. generally complex self-energy operato(r,r';E),*® to
While the dipole approximation does certainly not applyWhichV . is a reasonable approximation in the ground state,
to the whole EEL spectrum, it is usually good enough tobut generally a poor one for excited states. The most severe
describe the region close to the onset of a given edge whe@onsequences are observed for semiconductors and insula-
Al==*1 transitions dominate over a broad rangeqdf®® tors, whose band gaps are underestimated grossly in DFT
The smallg regime can be enforced experimentally by usingcalculations’’ Simple metals do not present such a problem
apertures to limit the range of collected scattering anglesbecause of effective screening, which keeps the self-energy
However, the factorization of the DFF only holds if all di- roughly constant up to about 10 eV above the Fermi
rections ofd are sampled. If there is anisotropy in the elec-energy>® At higher excitation energie¥/ . tends to overes-
tronic structure—this is quite likely at a grain boundary— timate the exchange-correlation interactions because the
care must be exercised in setting up the scattering geometgjected electrons, having greater kinetic energy, are less ef-

so as to give the differeny’s their proper weighting? fectively screened. This leads to a discrepancy between
experimentally-measured and DFT-calculated DOS that in-
B. Limitations of the single-particle approximation creases with excitation energyThis is to be distinguished

. ) from any effects due to the core hole, which can be treated as
In the strictest sense, the Kohn-Sham eigenvalues ang separate quasiparticle

wave functions are only meaningful in describing ground-
state propertieGcharge density, total energyand there is no
formal justification for interpreting unoccupied energy eigen-
values as an excitation spectridfFirst of all, the unoccu-

The experimentally measured quasiparticle excitations
have finite lifetimes, which result in broadening of the spec-
tral features. This information is contained in the imaginary

pied Kohn-Sham orbitals are calculated in the ground-stat@art of the self-energy, If(r.r";E)], bUt the DF.T elgen-
potential due to all of the other electrons and nuclei, so th/@ues are real and so do not carry this information. Assum-
effect of any relaxation of the one-electron states, due to thi'd that the features of the DFT-calculated ELNES in the
creation of the core hole, is ignored. The “core-hole effect” "€9ioN of |nter(_a§t are e;ssennally faithful to the quasiparticle
is often characterized by a narrowing of the spectral feature8nergies, the finite lifetimes of the core hole and the_ second-
in the ELNES and a buildup of intensity near the edge@ry electron can be accounted for phenomenologically by
threshold compared with the ground-state, single-particl@pplying an energy-dependent Lorentzian smoothing to the
DOS535* No features of this type have been observed in thecalculated spectrurf.
Ni L3 edges of Ni-Al alloys and the agreement between NiAl is a good, weakly correlated metal that shows no
experimental and DFT-calculated spectra is excefféht, measurable magnetic ordering down to temperatures of a few
which suggests that the perturbations caused by he 2,  Kelvin.°*® Therefore, according to the above arguments, the
core holes are negligible. single-particle DOS and matrix elements calculated using the
Stern and Rehr discussed the validity of the single-particléocal-density approximatiofLDA) within DFT (up to 10 eV
approximation for transition metal, ; spectra using a modi- above the Fermi energyghould be adequate to describe the
fied Hartree-Fock approachImposing the requirement that effects we might see in experimental Np 53 spectra from
the excited electron be orthogonal to alitially occupied grain boundaries in NiAl.
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C. Charge-density maps TABLE I. Ranges and classification of the energy windows used

One if the main outputs of density functional calculations the calculation of the bulk charge densigee Fig. 4

is the self consistent charge density, given by the sum over
all one-electron probability amplituddthe moduli squared

ower bound(eV) Upper boundeV) Classification

of the Kohn-Sham orbitals —4 -15 bonding
-1 15 nonbonding
i 2 4.5 antibonding
P> =2 [ ()

This expression, which neglects electron spin, gives the cospectra with a Lorentzian of full width at half maximum 0.5
rect total charge density when evaluated within an energﬁ—‘V-65

window from —« to Eg, but it is often useful to evaluate it

in some other energy window corresponding to a particular A. Bulk calculations

region of the DOS. This window need not be solely in the
occupied region of the DOS: The “unoccupied” charge den-
sity evaluated in a window abo\E- represents a real-space
distribution of excitation probabilities. These concepts will
provide a real-space picture to aid in the interpretation of th
calculated DOS and ELNES.

We used an experimentally measured lattice parameter of
5.4556 a.u. for the calculations of bulk B2 NiAlSelf-
consistency was assumed once all MT charges changed by
éess than 10% on three consecutive iterations, usingka
mesh with 84 points in the IBZ. We calculated partial DOS

L : : andL; edges with and without a high-lyinge¢ +22.3 eV
Another useful quantity is the differenc@r bonding i dlocal orbital as part of the basis, in order to assess the

charge density. It is a measure of the charge relaxation the fect the linearization error had on the unoccupied partial

occurs on forming the solid from isolated atoms, and is de- .
fined as the self-consistent ground-state charge density of t S??Saigdtfeu:fj ngere]\éﬁluzxﬁﬁi;hﬁ:gﬁ;nci\/?ﬂh deg\?vi g?sn
solid minus a linear superposition of free-atom charge den: Y, g y 9y

o ; . = played in Table I. We then increased the plane-wave and star
sities centered on the atomic coordinaf®s} of the solid: cutoffs to 25 and 400 Ry, respectively, performed the self-

consistent calculation again, and recalculated the difference
pditf(r) = psci(r)— EI p?t(l’— R). 7) charge density.

B. Grain boundary calculations

1. COMPUTATIONAL DETAILS We constructed a hexagonal supercépace group:

We performed all of the calculations presented below usP63/mmF) containing 48 atoms and two iden_ti@ (11_1)
ing thewiEN97 FLAPW code®®52 All band calculations were  boundaries, one rotated 180 degrees about tlei§ with
non-spin-polarized, and used the LDA to the exchangerespect to the othdsee Fig. 2to achieve periodic boundary
correlation functional as parametrized by Perdew anconditions. We used fractional atomic coordinates derived
Wang® We treated core states fully relativistically but in- from the simulation of Hagen and Finnisourtesy of Pro-
cluded only scalar-relativistic effects for the valence bandsfessor M. W. Finnis for the thirteen inequivalert-normal
The starting density—a linear superposition of free-atonplanes, and the same bulk lattice parameter as in Sec. Il A.
densities (Ni: Ar3d®4s?, Al: Ne3s?3p)—was calculated We then optimized the free internal parameters—the
fully relativistically. The Kohn-Sham equations were iteratedcoordinates of the 13 inequivalent atoms—Dby iterating the
to self-consistency using a modified tetrahedron method téollowing procedurex(i) the internal forces were calculated
interpolate betweek points in the irreducible wedge of the Self-consistently, andi) the z coordinates were relaxed ac-
first Brillouin zone(IBZ).8 cordingly using a damped Newton scheffieEach self-

Unless otherwise stated in the text, we imposed energgonsistent cycle used I6points in the IBZ. Iterative mini-
cutoffs of 16 and 100 Ryl Ry = 13.6 eV} for the plane Mization was employef, which provided a speed-up factor
waves and stars, respectively, and used lattice harmonics eRf almost three in the calculation of eigenvalues and eigen-
panded up td =10 for the spherical part anid=4 for the  Vectors, compared with diagonalizing the Hamiltonian fully.

nonspherical part of the MT potential. We used MT radii of Self-consistency was assumed when the Hellman-Feynman
2 a.u. in all cases. forces on the nuclei changed by less than 0.1 nRy) ~*

We calculated thé 5 spectra using thespecroutine built  in three consecutive iterations, and then Pulay corrections to
in to thewiENg7 softwares8 Running in absorption mode this the forces were added in the final cy€fewe stopped the
calculates the unoccupiesandd DOS and multiplies them geometry minimization when the self-consistent forces on
by their corresponding dipole matrix elements pgg ~ €ach atom dropped below 1 mRg.u) ~* We then expanded
—s,d). The treatment is very similar to that of Mer and  the k-point set to 112 points in the IBZ and repeated the
Wilkins,** the only significant difference being that the inte- Self-consistent cycle once more.
grals are carried out inside MT spheresPEG rather than We then calculated the partial DOS, ELNES, and total
the Wigner-Seitz spheres used by IMu and Wilkins. We  and difference charge densities on the (Qldlane corre-
took account of the core-hole lifetime by convolving the sponding to mutua{11Q planes in the local, cubic coordi-
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FIG. 2. Symmetry of Nid orbitals in theB2 structure;(a), ey
(dya—y2,d,2) and (b), tyg (dyy,dy,,d;). Atom positions are

Intensity (arb. units)

NSRS

marked; ®, Ni; O, Al. Dashed lines show the directions along AR
which the orbital lobes point, originating from the central Ni atom. ;g 5:‘:\

A
A
7
2
’
-
’

nate systems of the rotated crystals. Finally we simulated
crude spatial difference spectra for different probe siZes, riT S,
weighting the contribution of each inequivalent spectrum by 1'0 15
the number of atoms of the relevant type contained within a Energy (V)
cylinder of a given radius, with the beam centered on the

boundary and in th¢1120] direction. We carried out two ! X X i _

calculations: one with the spectra aligned at the Fermi levelPUk NiAl (1.0, labels the result we obtained after including adNi

and one where we shifted each spectrum by a value equal {8cal orbltal.at 2_2.3 eV. The areas of the shaded regions corrgspond

the self-consistent 2/, core-level shifé4 0 the contribution of the, andt,y components to the unoccupied
812 ' Ni d DOS.

~A
\\\:.\\’\\\-:\<<§
Py :’)0.3 22500

pegiiipdile iy

FIG. 3. NiLj edges and unoccupied MiDOS calculated for

IV. RESULTS ments were less than half this value. All of the forces on the
atoms remained below 1.1 m Ry (a.u})upon expansion of
the k-point set.

The bulk DOS, partitioned by site, and orbital angular  The partial Nid DOS for the inequivalent Ni atoms in the
momentum quantum numbelr,are shown in Fig. 1. Also supercell is shown in Fig. 7 and the correspondingedges
shown are the nonequivalee§ andt,, contributions to the in Fig. 8. There are large deviations from the bulk topology
partial d DOS. For a given Ni atom, the lobes of thee;  for the occupiedi DOS of Ni atoms near the grain-boundary
orbitals point along 100 directions towards second-nearest- plane, which decay sufficiently rapidly that tileDOS for
neighbor Ni atoms, and the lobes of tte 4 orbitals point  the Ni atom furthest from the grain boundafii2) re-
along(110 directions towards third-nearest-neighbor Ni at- sembles closely that of the bulk. Similarly, the unoccupded
oms, as shown in Fig. 2. DOS andL 3 edges for the Ni atoms close to the boundary

The calculated-; ELNES is shown in Fig. 3, superim- deviate significantly from the bulk calculations. Again, these
posed over the unoccupied NIDOS. Including a Nid local  deviations decay such that the bulk spectrum is well approxi-
orbital in the basis boosts the overall magnitude of the unocmated for Ni2. The calculated spatial difference spegfig.
cupiedd DOS in an increasing fashion towards higher ener-9) have an oscillatory nature, going from negative to positive
gies but does not significantly alter the distribution of statespack to negative within the first 5 eV. The amplitude of the
The effect of the local orbital on the region of interé8t5  oscillations decays with increasing probe radius.
eV) is negligible; thus it was considered justifiable to leave e gifference charge density plotted on the (Q)Lplane
out the local orbital in the calculations that followed. of the supercell is shown in Fig. 10. The difference charge

The charge density in the energy windows in Table | iSg;rounding the cores of Ni atoms close to the boundary
plotted on the(110 and(100 planes of the unit cell in Fig.  (Nj10 and Ni13 is highly anisotropic compared to the bulk,
4. The difference charge density on 4.0 plane is plotted  \yhere the deformation is approximately uniform. The differ-
in Fig. 5 for the two different convergence criteria describedgce charge density around the atoms furthest from the
in Sec. Il A. boundary (Al1, Ni2) approximates well that of th¢110)

plane of the bulk calculation.

A. Bulk calculations

B. Grain-boundary calculations

At the start of the geometry minimization, the maximum V. DISCUSSION
atomic force was 12.7 m Ry (a.u. acting on atom Nil12
(see Fig. B and the second largest 4.5 m Ry (a.d.)acting
on atom Ni6. At the end of the minimization all forces had The calculated bulk partial DO$Fig. 1) are in good
dropped belw 1 m Ry (a.u.)"!, resulting in a maximum agreement with previous DFT calculatiofis->273067as are
displacement of 0.08 A for atom Al11. All other displace- the calculated.,; edges(Fig. 3.*¥'° The topology of the

A. Bulk calculations
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FIG. 4. Bulk charge density evaluated within the energy win-
dows:(a) —4 to —1.5 eV (bonding states (b) —1 to 1.5 eV(non-
bonding states (c) 2 to 4.5 eV(antibonding statgs(i) on the(110

plane,(ii) on the(002) plane of the unit cell. Contours are separated ﬁ iR
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o

by (@ 2, (b) 1, and(c) 0.25e A ~3. In-plane atom positions are

labeled.

qualitatively in terms of the model of Gelagt al.,> having
three distinct components: bonding statep to —1 eV),

FIG. 5. Bulk difference charge density calculated on th&0)
plane of the unit cell with cutoffs ofa) 16 and 100 Ry andb) 25

o _ and 400 Ry for the plane waves and stars, respectively. Contours
DOS, which is dominated byl states, can be understood are placed at-2'/100e A =3 (i=0,1,2 . . .). Positive contours are

nonbonding state$—1 to 1.5 eV}, and antibonding states
(above 1.5 eY. There is a region of low DOS or sense; see Ref. BSFilling the symmetry-related antibonding
“pseudogap” between the bonding and the nonbondingstates would have the opposite effect, reducing the cohesive
states, and between the nonbonding and the antibondirgnergy.
states, although the feature is less pronounced in the latter The nonbonding states are what remains ofdka cou-
case. The appearance of such pseudogaps has been attribuypidg that is the predominant bonding mechanism in pure Ni,

solid; negative ones are dashed; thicker solid lines are zero con-
tours. In-plane atom positions are labeled.

but noting that the Ni-Ni interatomic distance is 6% greater

to strong hybridization of transition-metal with Al sp
states>18

Regarding the Nd DOS; the nonbonding orbitals have
almost pureey (dy2_,2,d,2) symmetry(Fig. 1), as pointed
out by Zou and F@® but the bonding and antibonding orbit-
als have a mixture of,, (dy,,dy,,d,,) andey symmetry
(recall Fig. 3. The physical interpretation of thisee Fig. 4
is that the bonding and antibonding orbitals point from Ni
towards nearest-neighbor Al atoms, whereas the nonbonding FIG. 6. Hexagonal supercell geometry used for the grain-
orbitals point towards second-nearest-neighbor Ni atomgoundary calculation. Left; projection dow@001}—in the cubic
The bonding(antibonding orbitals are pushed towards low coordinate systems of the two half-crystalscs1, ccsp one of
(high) energies because of the strong hybridization wgith ~ Which is rotated by 180° with respect to the other, this is[thEl]
states of the neighboring Al atoms. Filling up thp-d hy- ~ axis normal to the twin plane. Right: projection doWfh120]
bridized bonding orbitals thus piles up charge along theg[110], in ccs1;[110], in ccsl. Atom positions are marked®,
nearest-neighbgrl11) directions, resulting in a strong Ni-Al Ni; O, Al. Inequivalent atom positions, grain boundarigb), and
bond, and increases the cohesive enéigyhe tight-binding  hexagonal axesx=[2110], y=[1210], z=[0001]) are labeled.

in NiAl, this second-nearest-neighbor interaction is weak

1 Nid Al7 Nil0 All3

Niz Als Nis Alll
¢ O e O
D--- @O @b - WO @O0 -~ -&--O---0---

Qo e O e
Al3 Ni6 A9 Ni12

—_— gb gb
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INil2 supercell Nil2 N supercell
s 1 0y - uniteel | | A/ N 000000 meee- unit cell
-------- Ni d DOS
0 I
5
0 T T
Nis
T‘; 5 ]
8 -
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2 0 ' T g
b= 1Ni6 &
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- 3
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Energy (eV)

FIG. 7. Nid DOS calculated for the six inequivalent Ni atoms in
the supercell compared to the bulk NiDOS from the unit-cell

calculation.Eg=0. FIG. 8. L; edges and unoccupietiDOS calculated for the six
inequivalent Ni atoms in the supercell, compared to the bulk Ni
in comparison to the strong, nearest-neighbsp-d  edges from the unit-cell calculation.
interaction®® Because thel-d interaction is relatively weak,
these states appear in an intermediate energy range in tioeie to antibonding states, which have mixggle, character
middle of the bonding-antibonding complex, so filling the similar to the bonding states. Herein lies the relationship be-
nonbonding states does not affect the cohesive energy aween the NiL; ELNES, the single-particle DOS, and the
greatly as filling the bonding or antibonding states. Therebonding in the material. Although ELNES samples unoccu-
fore, although it may not be accurate in the strictest sensenied states, which do not participate directly in the bonding,
the classification of these states as “nonbonding” seems reahe occupied states that do are related to them through the
sonable in a comparative sense because the nearest-neighbonding-antibonding symmetry. This underlines the need for
interaction is much stronger. The high stability, degree ofelectronic structure calculations if the origin of the ELNES is
ordering, and large heat of formation of stoichiometric NiAl to be properly understood.
can hence be understood by the fact that the Fermi erlrgy  In contrast to the DOS and the Ni; ELNES, the fine
eV) lies in the middle of the nonbonding states—i.e., all ofdetails of the difference charge density obtained with the
the bonding states are occupied and all of the antibondingpwer plane-wave and star cutoffBig. 5 appear somewhat
states are unoccupied. crude compared with previous calculaticis® Better agree-
The position of the Fermi energy in the nonbonding statesnent was obtained when the plane-wave and star cutoffs
also has interesting consequences for th& NELNES (see  were increased. Note however that the features are greatly
Fig. 3. As explained in Sec. Il the NL; ELNES and the magnified in such a difference plot where the contours are
unoccupied Nid DOS differ only by a slowly varying func- not equally spaced, but separated by factors of 2. The fea-
tion of energy, so the twin-peaked fine structure just aboveures in the interstitial are therefore small compared to the
the onset of both can be described as follows: The first peaéhanges near the atom cores, which are unaffected when the
is due to the unoccupied region of the nonbonding statesutoffs are increased. It is these larger changes near the core
having predominantlye; symmetry, whereas the second is regions to which the MT-projected partial DOS and espe-

Energy (eV)
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20 rectly related to the strongp-d bonding and to the inequiva-
@ —06-08om -—--16nm lence of thed-e, andd-t,, s tri th ied

9 2g Symmetries among the occupie
states.

In summary, thel DOS, the NiL3 edges, and the differ-
ence charge density all show evidence of a crystal-field split-
ting of the Nid symmetries. In other words the electronic
structure has a non-negligible angular dependence. We ex-
pect therefore to see some measurable chaivigethe NilL ;
ELNES) in the electronic structure at a grain boundary where
atomic relaxations and re-arrangements break the crystal-
field symmetry. The angular dependence indicates further
that three-body interactions need to be considered to explain
the cohesive properties. Indeed Mulktral,'® have demon-
strated the importance of the shape-dependent normalized
fourth momen{or s parameterof thed DOS, which to some
extent takes into account this angular dependence, to explain
cohesive trends in the Ni-Al system.

1T K - 1.0-12nm - 1.8 nm

Spatial difference (% max. L, intensity)

B. Grain-boundary calculations

The occupied Nd DOS of the six inequivalent Ni atoms
in the supercell(Fig. 7) are qualitatively similar to those
calculated previously for this boundafyithout ab initio
relaxation.3®%° The features of thel DOS of atoms Nil2
and NilO—those nearest and second nearest the boundary
T T plane—are considerably flattened compared with those of the
5 10 15 20 pulk d DOS. In other words, states are removed from the

Energy (eV) characteristic bonding, nonbonding, and antibonding peaks,

FIG. 9. Spatial difference spectra simulated for different probeand built up in the regions between them. The intensity of

diameterqsee legend (a) without, (b) including the self-consistent th_e '?rge spike located _a% 1.6 eV in thed DO.S of atom
core-level shifts. Nil2 is greatly reduced in the present calculation, compared

with the results of the previous studies. This is the most

noticeable difference between the present results and those
C|a”y the ELNES are most sensitive. While the deformationfrom the pre”minary FLAPW Ca|cu|atioﬁ), which used re-
around the Al core is approximately spherical, the regionaxed atomic coordinates from an atomistic simulafibive
surrounding the Ni atom is noticeably aspherical, showing aised these as the starting coordinates for the predeinitio
preferential buildup of charge alon@11) directions, i.e., minimization, which showed little deviation from the atom-
towards nearest-neighbor Al atoms. This directionality is di-istic results: The largest relaxation was 0.08 A for Al11. Itis

S |
8 | Nito | nin2
A 7 A9 Al A3

FIG. 10. Difference charge density plotted on the (Q)Lplane of the supercell. Half of the supercell in Belirection 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 are placed
at+2i/100e A —3 (i=0,1,2 .. .). Positive contours are solid; negative ones are dashed; thicker solid lines are zero contours. The inequiva-
lent atom positions are labeled.
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not surprising, therefore, that the results are very similar, angrovided that calculations are also carried out to link changes
that the largest discrepancy occurs for Nil2 as mentioneth the occupied and unoccupied states.

above; Nil2 being adjacent to Al11, the atom for which the The interesting features seen in the difference charge den-
largest relaxation was observed. sity on the (11D) plane of the grain-boundary cékig. 10

The flattening of the features of thet DOS of the Ni  can be described as followé) a deficit closely resembling
atoms near the grain boundary can be understood as followthe shape of a bondingl{t,,/eg) orbital at the site of atom
The large relaxations and rearrangements break the symmmi12, and(ii) a deficit with the approximate shape of a non-
try of the crystal field that gave rise to the bonding, nonbondbonding {d-e,) orbital at the site of atom Ni10. The relax-
ing, and antibonding peaks in the DOS. Tégeandt,, sym-  ation around Nil2 is by far the more asymmetrical of the
metries are no longer appropriate to describedleéectrons, two, re-emphasizing the point made above; NilO feels
which now all experience different fields due to the relax-mainly a uniaxial distortion, whereas Nil2 feels an addi-
ations, thus their individual contributions to tdeDOS shift ~ tional field due to the unusual coordination of the atoms
and change shape by differing degrees. This has the net efurrounding it. It is clear that the directionality of the bond-
fect of lowering the peaks of thé DOS and filling in the ing increases near the boundary, a factor that may contribute
gaps between them. This change in the shape ofith®©S  to grain-boundary brittleness. However, whether or not the
reflects a reduction in the cohesive energy at the boundarynechanical properties are affected, the important conclusion
Muller et al, identified the importance of the fourth moment for this paper is that the anisotropy of the electronic structure
of the d DOS in NiAl,*® related through Aoki’s bond-order at grain boundaries may have important consequences for the
expansion of the cohesive enerfyThed DOS of atom Ni2  acquisition of EEL spectra. Care will have to be taken to
has the roughly Lorentzian profile typical of the bulk, but optimize the beam convergence and spectrometer acceptance
approaching the boundary tite DOS becomes flatter and conditions in order to properly sample the differeys as-
narrower, in other words more rectangular. The transitiorsociated with the directional final stat¥sThe existence of
from Lorentzian to rectangular entails a reduction of the noran independent directiore (n this cas¢ may also point to-
malized fourth moments) of thed DOS®° corresponding to  wards the importance of cross terms in the IE®hich are
a reduction of the cohesive energy via Aoki's bond orderbeyond the scope of this paper.
expansion. The reduction of tlegparameter results from the Although the present paper covers just one type of grain
broken symmetry caused by the rearrangements and relakoundary out of the many possible Idv-(X=<29) grain
ations at the boundary, changing locally the degree oboundaries in NiAl, not to mention the infinite variety of
nearest-neighbor overlap and the available closed, four-stegeneral ones, we believe the effects observed here to be
hopping pathgi.e., involving not only nearest- but also next- largely transferable. We would expect to see similar effects
nearest neighboys Simply interpreted, the shape-changeat any large-angle grain boundary where distortions are re-
shifts the center of weight of the occupiddDOS to higher quired to accommodate the structure. In general this will lead
energy, subtracting weight from the peak and tails of theto a flattening of the features of tlteDOS, which will ap-
Lorentzian and adding it to the gap regi@round—1 eV), pear also in thé.; ELNES.
resulting in a less-tightly bound band and hence reduced
cohesive energy.

The flattening effect described above covers both the oc-
cupied and the unoccupielDOS and hence is present also  The great advantage of EELS over XAS is that spectra
in the Ly ELNES spectrgFig. 8). Approaching the bound- can be acquired from very small volumes, owing to the fact
ary, there is buildup of states in between depleted nonbondhat an electron beam can be focused to a fine probe. But
ing and antibonding peaks. The results are almost identical teven though it is possible in principle to obtaith A probe
those obtained previously without the inclusionalf initio  needed to obtain atom-column-resolved spectra in a conven-
relaxations’® predicting a maximum effect for Ni10, the Ni tional scanning transmission electron microsc¢s&EM),
atom second closest to the grain boundary. The reason fdhe effect of the spherical aberratio€d) of the objective
this is not immediately obvious; we might expect the effectlens would limit the current density severely at such a small
on Nil2 to be more extreme. However, NilO feels a highlyprobe size, resulting in spectra with a poor signal-to-noise
distorted version of the cubic crystal field in that all of its ratio. The acquisition of atom-column-resolved ELNES of a
proper nearest and next-nearest neighbors are presegpod enough quality for a comparison with the present re-
whereas the crystal field around Nil2 is more complicatedsults is probably beyond the capability of current commercial
involving both lattice distortions and atomic rearrangementsinstrumentation and awaits the realization of a microscope of
one of its nearest-neighbor Al atoms is replaced by Ni andufficient stability, equipped with a high-resolution spec-
three next-nearest-neighbor Ni atoms are missing. It is diffitrometer and an objective lef corrector’! Such an instru-
cult to make a direct comparison for this reason. In any casenent should be capable of delivering 100 pAoira 1 A
the important result is that thd DOS flattening that ap- probe’? compared to 1 nA into 1 nm, typical of a
peared in the bonding states is also present iLhELNES,  Cgs-uncorrected, cold field emission, dedicated 100-kV
illustrating the point that changes in the symmetry of occu-STEM.”®
pied states are mirrored to some extent in the unoccupied Obviously a 1-nm probe does not give atomic resolution,
states. Therefore, real information about bonding changes &t nevertheless the interfacial signal may still be extracted
grain boundaries can be extracted from the EEL spectrunmin an averaged sense from spectra obtained with such a

C. Experimental outlook
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probe. This can be achieved using the spatial differencéo examine. It has been shown that this process can be
method®® where a bulk spectrum is subtracted from a specslowed dramatically by coating the specimen with a thin car-
trum taken at the grain boundary, or by multivariate statisti-bon film.”> With these considerations in mind, experiments
cal analysis of a spectrum-line profile crossing the grainare planned involving the acquisition of N 3 spectra from
boundary’* Spatial difference spectra simulated crudelya bicrystalline specimen of stoichiometric NiAl containing
from the present resuliig. 9 show that even with a large the same>3 (111) boundary studied here.

probe (-1 nm), some interface signal may be detectable.
The spatial difference spectrum has an oscillatory form cor-
responding to a transfer of weight from the two peaks at the
onset of the NiL; edge to the region between them. The We have shown using one-electron band-structure calcu-
inclusion of the self-consistent core-level shifts in the calcudations how the crystal field set up by te@-d hybridization
lation does not alter the nature of this result. Similarly, thisinfluences the NL; electron ELNES in NiAl. We have pre-
oscillatory signal may also be picked up as the second prindicted that as a consequence thelNi ELNES should be
cipal component when multivariate statistical analysis is apsensitive to the type of lattice distortions and atomic rear-
plied to an experimental line profile. The form of the spatialrangements that occur at grain boundaries. Our supercell cal-
difference spectrum stems from the flattening of thedNi culations involving a3 (111) grain boundary bear out this
DOS discussed in Sec. V B, and indicates that even with assertion, predicting a flattening of the partial density ofiNi
1nm probe it may be possible to detect changes in the bondtates that can be detected also in the calculated;N&L-

ing that can be related to changes in cohesion at an NIANES. The flattening of the spectral features can be linked to
grain boundary. Indeed this statement applies to any ordereaslchange in shape of the density of d\states from a Lorent-
material where a crystal-field effect is present in thg;  zian to a more rectangular profile, shifting the center of
ELNES. weight of thed band higher in energy and lowering the co-

It will be important while performing the experiments to hesive energy of atoms at the grain boundary. We have pre-
differentiate between the effects described above and thos#icted that the small changes observed in the calculated spec-
due to segregation of impurities, grain-boundary non-<ra should be measurable using not only an instrument
stoichiometry, and specimen and surface oxide thicknessapable of forming an atomic-sized probe, but also using a
variations. These may affect the measured ELNES severebarger probe on a conventional cold-field-emission analytical
leading to an erroneous interpretation, but can be monitoredlectron microscope.
to a great extent by carefully analyzing the whole EEL spec-
trum and taking complementary x-ray energy dispersive
spectra. Also, they will lead in general to a nonzero net con-
tribution to the spatial difference spectrum, whereas an inte- We thank Professor M. W. Finnis for providing the
gration of the calculated spectrum in Fig. 9 predicts zero neatomic coordinates used for the starting geometry in this
spatial difference. Another effect that must be monitored iswvork, and thank also A. Scott and W. M. Temmerman for
that of electron-beam-induced specimen damaging; the exitiseful discussions. The work was carried out on an EPSRC
surface sputtering caused by the intense probe of a dedicatstudentship with additional funding from the Foresight Chal-
STEM is particularly severe for the clean specimens we wislienge Project.

VI. CONCLUSION
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