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We report the orientation dependentBedge electron-loss near-edge spectroscopy spectra of the isostruc-
tural compounds AlBand TiB,. The observed differences between the experimental spectra of the borides are
discussed in terms of the variation in bonding between the two materials. The orientation dependence is
rationalized in terms of the anisotropic nature of the common crystal structure. For a detailed comparison with
experiment, we have employed a first-principles method for the calculation of the partial density of states. This
method is based on band calculations using the full-potential linearized augmented plane-wave method within
density-functional theory. We ascribe the origin of the discrepancies between the broadened ground-state
density of states and experiment to the presence of a core hole in the final state. The core-hole effect is
self-consistently accounted for via the useatf initio supercell calculations, leading to improved agreement
with experiment particular in certain crystallographic directions, where screening of the core hole is expected
to be much reduced. Additionally a detailed analysis of the valence-band structure, charge-transfer effects, and
covalency in the diborides has been undertaken.

[. INTRODUCTION terized by the presence of sharp featunehite lineg, satel-
lites, and large multiplet effecfs* We note that an under-

Electron-energy-loss spectroscoiBELS) has rapidly be-  standing of core-hole effects is important not only for EELS
come a well-established technique for studying the unoccustudies of unoccupied electronic states, but in all techniques
pied electronic states of soliddn EELS and, in particular, involving creation and annihilation of core holes. Examples
in electron-loss near-edge spectroscdBYNES), an elec- ©Of such techniques are near-edge and extended Xx-ray-
tron is excited from an atomiclike core level into a previ- @bsorption fine structure, Auger spectroscopy, photoemis-
ously unoccupied bandlike electronic state above the Fernffion, and x-ray emission. ,
level E¢ . This is a local process obeying the dipole selection !N this paper we investigate the influence of the core hole

rules and, because of the atomiclike character of the cor@ the measured EK-edge spectra of AlBand TiB,, by

orbital, EELS spectra are considered to be directly proporc®MParing the experimental EELS results with the results of
tional 'to the site and symmetry projected unoccupied eIeC§tate—of-the—art band-structure calculations. The original mo-

X ) . . X tivation for the present work was to gain a better understand-
tronic density c_>f state(aDOS). This provides the b‘.is's for a ing of the EELS spectra of TiB which was studied in pre-
direct comparison with the results of theoretical band-

lculati H he infl £ th vious papers:® The fact that AIB and TiB, are isostructural
structure calcu atlpns. OWever, t.e Infiuence o the corqyakes these diborides an ideal system to study the effects of
hole produced during the EELS excitation process makes thge transition-metal 8 electrons. Both borides adopt a lay-

relationship between the ground-state partial density of statggqq hexagonal structur@@/mmn) with alternating hex-
and the ELNES spectra less direct. The core hole is known tggonal sheets of metal and boron atoms, respectively, ar-
distort the local density of states around the core-ionized sitganged perpendicularly to thedirection. Table | gives the
and the effects may be very complex in an interactingcrystallographic parameters and the atomic configurations
electron systerf.In systems with narrow conduction bands, for the two diborides. An investigation of the electronic
as inlL,3 (2p) edges of many transition-metal compoundsstructure, both occupied and unoccupied, states of these di-
and in theM, s edges of rare earths, the spectra are charadsorides has both fundamental scientific and technological

TABLE I. Crystallographic parameters and atomic configuratid@B.and B-B denote distances between
neighboring atoms.

a c c X-B B-B
a
Compound R R R R Atomic configuration
AlB, 3.005 3.253 1.083 2.378 1.735 AsRpl; B 2s22p?t
TiB, 3.030 3.230 1.066 2.381 1.750 Ti%s?; B 2s?2pt

0163-1829/2000/68)/17869)/$15.00 PRB 61 1786 ©2000 The American Physical Society



PRB 61 THEORETICAL SITE- AND SYMMETRY-RESOLVED. . .. 1787

significance. The AlB-type structure is one that is adopted very important, as even a small oxidation layer of boron
by many of the transition-metal diboridg®, (T=Sc, Ti, OXxide or metal borate distorts the measure&#dge spec-

V, Cr, Mn, Y, Zr, Nb, Mo, Hf, Tg, and they possess some trum.

unique properties such as high melting point, hardness, Spectra from areas showing negligible oxygen contents
chemical stability, and metallic propertiésA simple ionic (< 5 atom % and of similar thicknesst(x =0.5), as mea-
picture has often been adopted B, compound$.Accord- ~ sured relative to the total inelastic mean free path of the
ing to this picture, the transition metal donates one electro?00-keV electronsX), were compared when the orientation

to each boron atom, resulting in a graphitelike two-dependency was analyzed. The absolute energy scale was
dimensional net. The remaining free electrons on the metdeferenced to the first peak in the TilB K-edge ELNES
would then account for the metallic conductivity exhibited which was set to 188.6 eV as observed in isostructural
by many of these materials. This purely electrostatic imagé&rB,."* Spectra were acquired parallel and normal to the unit
of bonding has been challenged, however, by recengell c axes(as determined by electron diffractiorFurther
calculations,®*°showing that Ti-B covalent bonding is very Spectra were acquired near but not exactly on the particular
important in the electronic structure, and therefore, in influ-zone axis, when near-edge features were analyzed; however,
encing the physical properties of TiBIn this work we have o significant channeling effects could be detected. Spectra
performed site- and symmetry-resolved unoccupied densitywere deconvoluted using the Fourier-rationethod, as the
of-states calculations, which have proven to give reliable relow loss contribution from the same area was measured sepa-
sults well above the bottom of the conduction band wherrately.

compared with experiment. In Secs. Il A and 11 B, we show The dark current due to the photodiode array was sub-
the results of the calculated ground-state and excited statéacted from the spectra. Gain variations were corrected for
DOS, respectively. In Sec. Il we compare the experiment®y acquiring several spect(8-19 at different positions on
with the calculated DOS, both with and without the inclusionthe photodiode array, and averaging them to produce a gain
of the core hole, and we identify the effects of the core-holecorrected spectrum as described by Boothroyd, Sato, and

potential on the measured spectral functions. Yamadat® This approach permits the use of a shorter inte-
gration time (1 seg, which is required to improve energy

Il. METHODS: DETAILS OF EXPERIMENT resolution, while still having a good signal-to-noise ratio.

AND CALCULATIONS The continuum background before the edge was fitted and

subtracted using the standard power-law procetiure.
A. Experimental details

EEL spectra were collected using a parallel recording Ga-
tan 666 spectrometer fitted to a Phillips CM 30 transmission
electron microscope (LaBsource operating at a nominal Theoretical calculations were performed using the full po-
voltage of 200 kV. The spectra were obtained with an energyential linearized augmented plane-wave metfiodPW) as
dispersion of 0.05 eV/channel, convergence angte3.0 embodied in thaviEng7 code® in a scalar relativistic version
mrad, and a collection anglé=1.5 mrad. The BK edges without spin-orbit coupling, which is one of the most accu-
were acquired in diffraction modémage coupling with a  rate schemes for electronic structure calculations in solids. In
100-.um condenser aperture. The energy resolufiorea- the LAPW method, the unit cell is divided into two parts:
sured as the full width at half maximutFWHM) at the atomic spheres centered on the atomic sii@gh atomic
zero-loss peakwas typically around 1.1 eV. With the pa- sphere radiR,; of 2.0 and 1.6 a.u. for Al/Ti and B, respec-
rameters listed above, the characteristic angglewas 0.7 tively) and an interstitial region. Inside the atomic spheres,
mrad. In this situation the collection angle is abo#:2 and the basis set used to describe electronic states employs
is small compared to the crossover in the weighting of theatomiclike functions, while in the interstitial region plane
two momentum-resolved components parallel and perpenwaves are used. Exchange and correlation effects are treated
dicular to the electron-beam direction, which occurs at abouwithin density functional theory, using the common local-
86 . This implies that there is good resolution of the two spin-density approximation. The linearization alone in the
directional components, and that, under all experimental con-APW method is reliable for about 1-2 Ry above the Fermi
ditions the momentum transfer parallel to the beam is thdevel. For TiB,, a local orbital extension was used to im-
dominant factor. For the experimental conditions there is @rove the situation for states high abdwge. The initial basis
convergent beam a=3 mrad, but for small scattering set included 4, 4p, and 31 functions at the Ti sites in
angles the relationship between the two components is onlgddition to local orbitals for semicoresZnd 3 and X and
slightly modified*! 2p functions were used at the B site. After self-consistency

The processing of the sintered TiBeramic is described was achieved for this basis set, we included a few high-
elsewheré? however, the polycrystalline nature of this energy local orbitals; d-like functions were added at the Ti
sample permits a large range of specimen orientations to b&te, while 3- and 3-like functions were added at the B
studied with limited tilting. The AIB phase was studied in site. In addition to this expansion, we also tried to increase
an Al-3% B alloy (7258, which consisted of large plate- the Ti4s and 4p energies by 1 Ry. With this improved basis
shaped AIB particles(typical size between 5 and 10m)  set a few more self-consistency cycles were performed. The
distributed in an aluminum matrix. Thin specimens were precharge density and potentials were expanded into spherical
pared by low angle ion-milling and energy-loss measureharmonics up td=12 inside the spheres, and the Brillouin-
ments were carried out soon after thin foil preparation tozone integration was performed using a modified tetrahedron
minimize any possible oxidation effects. This proved to bemethod’ using 140 specid points in the irreducible wedge.

B. Electronic structure calculations
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3 — T T r r T T T T TABLE Il. Comparison of the nearest-neighb@N) distances

in the diborides with that of hexagonal boron nitride and graphite.
The chemical bonding in the hexagonal network for the latter two
cases is known to consist of a combination of batland = bond-
ing.

NN
Compound NN A)

AlB, B-B 1.735
TiB, B-B 1.750
h-BN B-N 1.446
graphite Cc-C 1.420

to investigate theoretically the influence of the core hole cre-
ated during the ELNES excitation process, we have per-
formed supercell calculations where the excited atom is for-
mally treated as an impurity. Two different models to
describe the excited state were considered. First, for one of
the atoms in the cell we omitted one of the electrons in the
1s orbital, while the number of electrons in the valence band
was increased by onghis approach will later be referred to
as the core-excited approacfrhis procedure simulates the
experimental situation, in which the sample can easily supply
an electron to screen a localized charge produced by the core
hole. Such an approach allows in a natural way for the sym-
metry breaking of the system, and self-consistently describes
Energy, E-E_ (eV) the charge redistribution induced by the core hole. In the
second approach we have employed the more widely used
FIG. 1. Comparison of the total- and site-resolvgrbund state 7+ 1 approximatiort® where the core hole is simulated as an
density of states of the two diborides studied. Note the main differextra nuclear charge at the excited atomic site. In this study
ence arises from the Tidstates in the transition-metal diboride in of XB, (X=AlTi), the supercell containing the core hole
the interval from—5 to_5 eV. However, both diborides show a contained 16 B and eighX atoms, i.e., it was eight times
pseudogap at the Fermi energy. larger than the unit cell (2 2x 2). The size of the supercell
) . Is important, and ultimately it should be large enough to
Electron energy loss near-edge structure provides infory it interaction between excited atoms in neighboring su-

mation about the unoccupied part of the band above thgecelis. Finally, the symmetry resolved DOS obtained on a
Fermi energy Eg). The differential cross section for scatter- cqre_ionized site was used to calculate the theoretical B

ing as derived from Fermi’s golden rdlis, within the dipole K-edge ELNES spectrum.

approximation, proportional to In addition to the band-structure calculations described
q above, Wes1£]§3/e also performed multiple-scatteriMS)
i 2 2 calculations:™“" MS theory is based on the interference be-
dEOC{|rnL+l| pLea(BE) Mo 1 (E)}, tween the outgoing electron wave of the ejected electron and
the electron wave which has been backscattered from the
My =(fLaq|r]ip). (1) atoms surrounding the excited atom. The scattering proper-
ties of the various atoms are described by phase shifts which
Herep is the density of unoccupied states with angular mo-are calculated non-self-consistently using a muffin-tin form
mentumL =1, |i) represents the initial inner-shell electron for the potential. This is a common choice in which a con-
wave function, andf) represents the final unoccupied state.stant potential is assumed in the interstitial region. This form
It can be seen from Ed1) that the near-edge structure can of the muffin-tin approximation is best for close-packed
be related to the local angular-momentum-resolved DOStructures! and its spherical approximation inside the muf-
projected onto the atomic site in question. This means that fin tins is shown to be a poor approximation for the direc-
K (1s) shell excitation provides information about the un- tional bonding in TiB between Ti and B sites. In the limit of
occupiedp DOS. More specifically in a uniaxial system such large cluster size the MS approach it is equivalent to Kohn-
as the AIB structureqL c is proportional top,+p,, while  Korringa-Rostocker band theory. Since MS calculations are
gllc is proportional top, . performed in real space, using a cluster approach, it is more
In this paper our interest will be focused on a descriptioneasily applied to nonperiodic structures, such as interphases,
of localized excitations, in the context of which a core hole isgrain boundaries, or systems with large unit cells. The
present in the final state. The theoretical investigations premuffin-tin radius was chosen to be half the nearest-neighbor
sented here consist of “heavy” first-principles electronic distance within the various sheelR,+=2.79 a.u. for Ti and
structure calculations, with no variable parameters. In ordeAl, and 1.65 a.u. for B. We have used tiex exchange

Density of states (States/atom/eV)

0.5

0.0 L A L L L
20 -16 -10 -5 0 5 10 15 20 25 30
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TABLE lll. Angular decomposition of the LAPW valence charge in the muffin-tin spheres for titanium
and aluminum diboridd.is the charge in the interstitial regid¢divided by eight for the supercells, describing
the excited states, to allow comparison between ground and excited.stafeat.den.” is the superposition
of neutral atomic densitiess state are the values for the fully self-consistent calculations. Bexc aAd B(
+1) are values for the calculation including a core-hole described by the core-excited -aig @pproxi-
mations, respectively. No significant intersite charge transfer between the two compounds could be detected.

TiB, Tis Tip Tid Ti tot Bs B p, B pyy B tot I
Gstate 2.058 5.907 1.627 19.61 0.538 0.366 0.706 3.644 5.107
Sat.den. 19.85 3.54 5.07
Bexc. 2.06 5.90 1.64 19.61 0.74 0.60 1.20 3.59 5.12
B(Z+1) 2.06 5.90 1.60 19.63 0.90 0.59 1.18 4.69 5.07
AlB, Al s Al p Al d Al tot Bs B p, B pyy B tot I
Gstate 0.389 6.387 0.139 10.93 0.528 0.384 0.704 3.652 4.771
S at.den. 11.21 3.51 4.77
Bexc. 0.40 6.38 0.14 10.93 0.74 0.61 1.22 3.60 4.80
B(z+1) 0.40 6.40 0.14 10.93 0.91 0.59 1.18 4.70 4.77

potential??> with «=0.8 in both cases. The computer pro- retical methods, were noted by several autfidf<3-2" A

gram we used was that of Durham, Pendry, and Hodges. common feature for all TM diborides and AJBs the deep
DOS minimum(pseudogapat the Fermi energy separating
the valence band and the conduction band. According to Pas-

. RESULTS AND INTERPRETATION turel et al,?® a pseudogap arises because of a strong chemi-
_ _ cal interaction. TheM-B covalent bonding is believed to be
A. Comparison of the ground-state DOS of AIB and TiBy: responsible for this effect. In Fig. 1 we compare the total

Effects of Ti d states DOS for AIB, and TiB,. In both systems we observe a deep

In our previous papérthe electronic structure of TiB  minimum in the DOS at the Fermi energy, although this gap
was discussed. Three principal subbands, made up of B 2appears much broader in the case of AlBhe Ti 3d states
states, B 8 and 2p and Ti 3d and 4 states, and Ti@ and  in TiB, are the dominant features in the interval fronb to
4s states, respectively, could be differentiated in the,TiB 5 eV, responsible for this difference. These tightly bound
valence band. Similar band-structure results for ,T#hd  states show overlap with Bf2and to a lesser extent Bs2
other transition-meta(TM) diborides, using different theo- states in this narrow energy interval both above and below
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0.20¢ FIG. 2. Calculated symmetry-
resolved(ground statedensity of
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the nondegenerate partiplstates
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ing the partiall states.
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Er, implying considerable covalency. Higher-energy states O04——T1T—7T—T T T T T T T T 7T
5-20 eV abovecg appear to arise from Tigand 5 states | XDOS e p,B* ]
hybridized with B 2 states.

Compared to TiB, the electronic structure of AlBhas 0.2
been less studied in the literature. The phase diagrémn
the Al-B system indicates that aluminum diboride AlIB
transforms into aluminum dodecaboride AjBat 980 °C. 0.0
Band-structure calculations for AjB(using the linear com-

bination of atomic orbitals methot! have postulated a 09 [
charge transfer from Al to B resulting in an effective charge g 02
of AI"1884 which is exactly the description proposed by the § o1 L
earlier work of Lipscomb and Brittoh. These authors 2 [
claimed that ther bond order between each boron pair in the 3 0.0
boron sheet must approaéhas is the case in isoelectronic g/ 03
benzene. However, we observe from Table Il that in hexago% '

nal BN (and graphite the nearest-neighbor distance within 0.2
the hexagonal net is about 0.3 A shorter than the B-B dis-=
tance in the diboride boron sheet due to the stabilized
bond. This tends to indicate small or insignificanbonding 0.0
within the boron sheets in the diborides. Comparing the DOS i
results for TiB, and AlIB, (Fig. 1), the Al and B unoccupied [
and occupied DOS'’s for AlIBshow a remarkable correspon- 02 |

Partial D

0.3

dence, reflecting the strong similarity of these elements as

well as the presence of significant amounts of bond cova- 01

lency or hybridization between the two elements in the AlB 0.0 T TrT T TR T
structure. The rise of the unoccupied DOS fré&m on both 20 15 -10 -5 0 5 10 15 20 25 30 35 40
sites is more gradual in the case of AlBelative to TiB,. Energy, E-E_ (V)

Again this is due to the lack of tightly bourdistates avail- _ _ _ 3
able for |ntersheet bond|ng between the metal and boron hex_ FIG. 3. Local, B-Slte-prOJECted, pal’tla| densities of states for
agonal nets in the AlBstructure relative to TiR We also TiB, as calculated for the ground state and for the excited state with

note from Table | that the/a ratio is smaller in TiB rela- g:;sﬁsrtisn‘;nczcc‘gu;?: | ?grr?,vi::]?rl]eééh; 5 CsoJe;:ggl effect is self-
tive AIB, due to stronger intersheet bonding. Table Il shows y P '

the charge decomposition within the spatial division of the g Results of excited-state calculations showing the influence
unit cell derived from the full potential linearized augmented of the core hole on the DOS

plane-wave(FLAPW) calculations. When we compare the . :
converged ground-state charge density with that of the In Fig. 3 we compare the calculated local partia,B,,

simple superposition of neutral atomic charge densities‘r’mdpxy DOS curves for ground-state Tiiwith those found

which is the initial charge density in the Kohn-St¥raqua- for the final, excited stqte. In the latter the influence of the
tions, we find a small charge transfer from the metal to thecor(_a hole was self-consstently accounted for, using the core-
' excited model. When comparing the ground state DOS and
nonmetal atoms. From 'I_'able I we calculat_e values of O'ZAthe excited-state DOSXDOS) we note that the presence of
and 0.28 electrons for TiBand AlB,, respectively. No pro- e core hole induces large modifications of the theoretical
nounced differences between the compounds was apparefiectronic states. The most interesting effect is the shift of
and overall substantial covalency is implied. Further, in Fig-weight toward the bottom of the B bands when a core hole is
2 we show the site- and symmetry-resolved DOS of AIB introduced. In particular the local density of occupiedsB
(the partial DOS results for TiBwas already published in a states belowEr at a core-ionized site is very different from
previous papéy. It is interesting to see the close resem-that of the unperturbed system, with a major peak near the
blance between the partial B, and p,, states in the occu- bottom of the band. This effect has also been demonstrat-
pied region, which is a consequence of admixture betweesd in simulations of corehole effect in light elemeiiiéa,
in-plane and out of plane B states. Further Ab andd states Mg, Al, Si), and transition-metal silicide¥. We also note
hybridize with Bp states, producing antibonding states, andthat the relative weight of unoccupiedsandp states above
give rise to the high-lying peaks observed in the experimenEg is shifted toward lower energy; however, for states higher
tal spectra shown in Sec. Il C. than 20 eV the difference is less pronounced, due to the large
Finally, Armstronget al3° stated that with respect to B-B separation of these states from the effectively atonsc 1
bonding, there is little experimental evidence to provide devel.
description of the nature of the bonding in these compounds, The effect of the core hole on the partial density opB
as there is little in boron chemistry with which to compare states shows similar effects to those for thetates. We
the diborides. This is exactly where orientation dependenbbserve a shift in weight of the major peaks toward lower
ELNES measurements at thekBedge can aid as a quanti- energy, from the bottom of the valence band to about 20 eV
tative tool in the interpretation of this bonding. aboveEg. It will be shown below that this change induces
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strong changes in the spectral functions, even when lifetimeeighbor atoms have peaks at betf13.2 and—12.2 eV,
and experimental broadening is taken into account. We alssimilar to the excited atom. These peaks haggmmetry as
call attention to the increase in the area under the occupied Ban be seen from Fig. 3, and are modified from being broad
S, p,, andp,, states curves belo&g . This corresponds to states to more localized states in the presence of the core
0.20, 0.23, and 0.49 extra electrons, respectively, as can twle. These findings suggest that the core hole is mostly
seen from Table Ill. This reflects the screening of the cordocalized on the core-excited atom, but has some weight on
hole by the valence electrons which are mainly of 8ghd  the nearest-neighbor atoms, and can be associated with the
B 2p character(see Fig. 1, and is most effective in the B presence of a Frenkel excitdhi®*®Further, since the per-
plane. This is in agreement with the momentum resolvedurbation from the ground state is very small at the B site
experimental spectrdsee below, which show enhanced 4.43 A from the core excited site, this indicates that a
screening of the core hole for electronic transitions perpen2X2X2 supercell should be large enough to avoid interac-
dicular toc. tions from neighboring supercells in the calculation, which
In order to investigate the influence of the potential onincludes a core hole. Thus, to a good approximation, the
neighboring atoms, caused by the core-excited atom, wexciton has both its electron and its hole in a single unit
have plotted the projected DOS of different atoms within thesupercell. Naturally, since the hole is localized deep within
supercell(see Fig. 4 The largest modification of the XDOS the core, it is incapable of hopping from one atomic site to
is naturally found for the atom at the core-hole site. How-another.
ever, for some of the other boron atoms in the supercell there In Fig. 5 we compare th&+1 and core-excited approxi-
is also a redistribution of the electronic statsinilar effects mations for TiB. As pointed out by Pickartf, the Z+1
can be seen in Ref. 33 in the case of graphfer instance, approximation is less accurate because it attempts to cancel
the nearest-neighbor boron atom to the core Katea dis- out one of the core electrons by placing an additional charge
tance of 1.75 A has an XDOS which resembles that of the at the nucleus. In particular there is no distinction between
core-hole-excited atom, although with somewhat less prois and 2p core holes in th&+1 approximation. However,
nounced features. As an example we note that the nearedor the case of TiB, Fig. 5 shows that there is no significant
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(CIUN o e L B A L LA B B B B L hole occupies a smaller radius orbit than the electron in the
025 L Core-Excited ] chemical bond$®
0.20 [ P. ] C. Comparison of the experimental BK-edge spectra
0.15 | - with ground- and excited-state calculations
0.10 | The measured bordd edges of TiB and AIB, are shown
0.05 I in Fig. 6. The only dipole allowed transitions from the B 1
core level are to final states pfsymmetry with a projection
0.00 at the B site. Therefore we compare the measured spectrum
025 | with momentum transfeq| c with the calculated B, DOS,
—_ - and the spectrum witfL ¢ is compared with B, + p, DOS.
% 0.20 The theoretical spectra have been convoluted by a Lorentz-
S o5} ian of FWHM of 1 eV, to simulate experimental broadening.
Z 010 I The experimental results in Fig. 6 demonstrate that both
& L TiB, and, to a much lesser extent, AlIBhow some orienta-
g 005 tion dependency in the B-edge ELNES. In TiB the most
< 0.00 k= notable feature is the dominance of a peak in the interval 0-5
'ZS : 1 eV aboveEg in the spectra measured witfjc. This feature
g 08 B . reflects the strong hybridization of Tid3states with B
= 06 [ s 1 2p (2p,), and to a lesser degree Bs Ztates, leading to
T ] covalent bonding between the B and Ti sheets. This effect is
0.4 | _ much less pronounced for the case of Alpresumably due
s 1 to the absence of availabtestates in the metal which leads
02} 1 to hybridized Al 20 and B 2p states being spread out over a
) 1 much wider energy region. We also note from Fid(#® and
0.0 : e

(b), lower pari that the core-hole potential produces much
more dramatic changes just abdwein AIB, compared with
Energy, E-E, (eV) TiB,, which again is an effect of Ti® states.
FIG. 5. Comparison of th&+1 and core-excited approxima-  In the B K-edge ELNES of both TiB and AlB,, mea-
tions for the BK edge in TiB.. In the latter case one of the electrons sured withgLl c, the main increase in intensityelative to
in the 1s orbital was omitted, while the number of electrons in the gc) arises at around 7 eV and is due $@?-hybridized
valence band was increased by one. bonding in the plane of the hexagonal B sheets. Again in the
case of TiB, this o* is not greatly influenced by the local-
difference in the symmetry- and site-resolvedpBDOS’s ized (—5 and 5 eV unoccupied Ti 8 states; however, in
derived using the two approximations. These are the stateslB, the more delocalized Al @ states modify the appear-
we are probing in our measurements of thekKBedge ance of this peak significantly. These effects produce the
ELNES. We have obtained similar results for AIBThis  differences in the spectral functions of the diborides studied.
shows that a deep hole plus an electron is little different from Comparing the experimental spectra of both Ji&nd
a proton plus an electron, which is acceptable as long as th&lB, with the theoretical calculations, we observe that for

20 -15 .10 -5 0 5 10 15 20 25 30 35 40

—— Experiment TiB
R Ground state 2 )
-~ Core-Excited B K-edge

FIG. 6. Symmetry resolved theoretical B
K-edge spectra ofa) TiB, and (b) AIB,, with
and without the core hole, together with the ex-
perimental orientation-resolved spectra for com-
parison. The core-hole calculations used a 24-
atom supercell, and were calculated both within
the Z+1 approximation and with the core-
excited configuration. The experimental data for
TiB, have been shifted and aligned with the cal-
culated ground-state spectrum, while for Alsie
experimental data have been aligned with calcu-
lated spectrum using thé+ 1 approximation for
the core hole.

Normalized Intensity (arb. units)
Normalized Intensity (arb. units)
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Experiment |
e M cale,
--------- DFT

FIG. 7. Comparison of the experimental B
K-edge ELNES spectrum ia) AIB, qlLc and
(b) TiB, (averagg with the results of eight-shell
MS calculations and with the borom DOS de-
rived from the LAPW calculation. Both the
ground state and +1 approximations are com-
pared.

Normalized intensity
Normalized Intensity
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spectra withg||c, satisfactory agreement with the calculated IV. CONCLUSIONS

B 2p, states is only achieved after proper inclusion of the

core hole using the core-excited approximation. We propose In this work we have presented the IB-edge ELNES
that this effect arises since the valence electrons in this dispectra of the isostructural compounds AlBnd TiB,, as
rection, arising from the covalent intersheet bonding, arguell as the orientation dependence of such spectra. Experi-
more tightly bound and thus unable one to screen the eXnenta] results have been compared to the results of theoret-
posed potenpal due to the core hole. Conversely, for SPECtidy| FLAPW calculations of the DOS which imply substan-
measured witly L ¢, the effect on thep DOS of the inclusion ct)if’:ll covalency in the bonding.

of the core hole is much less pronounced and, in the case The orientation dependence of the spectra for both com-
TiB,, is perhaps an overestimate when compared to the ex- P P

perimental result. The latter observation must be due to thB0UNdS may be understood from the highly anisotropic lay-
increased screening in a direction along the B shegtc) ered structure. In particular, TiBshows strong anisotropy in

due to the more mobile valence electrons. These effects cdhe electronic structure, reflecting the strong intersheet bond-
also be seen in the data in Table IlI, where inclusion of théng arising from hybridization between the Td3and B 20
core hole leads to an increase in the occupied,Band B states. In AIB there is also substantial covalent intersheet
pxy DOS’s of 0.23 and 0.49 electrons, respectively, clearlyponding; however, owing to the tightly bountistates, less
the screening occurs more readily perpendicular &xis (z  directionality is observed.
direction). Overall, when proper inclusion of the core-hole  Further we observe significant differences between the
effects is undertaken, we observe good agreement betwegound-state symmetry-resolved DOS calculations and ex-
theory and experiment for both TjBand AlB,. perimental orientation dependentiBedge ELNES data for

In Fig. 7 we compare the results of the multiple-scatteringooth AIB, and TiB,. By introducing a  core hole at the
calculations with those derived USing the FLAPW method. |nboron site and Carrying out self-consistent calculations
the MS approach the calculation is averaged over all oriengithin a supercell approach, we find that we can properly
tations of the scattering vector and compared with tptal gescribe the changes in spectral weight induced by the core
DOS from the band method. The MS calculations of the Bysje particularly for the spectrum measured with momentum
K-edge ELNES in the two diborides were carried out using g, sfer parallel tac, where we expect there to be reduced

cluster of eight shellgthe total numbgr of_atoms is §2 screening due to the presence of strong intersheet covalent
Convergence was assured by comparing with the results oll)_)—

tained using six- and seven-shell clusters. As we can see mondmg.
Fig. 7, overall the LAPW band method gives a substantially
better agreement with experiment. However in the case of
AIB,, the MS approach with thé+ 1 approximation for the
core hole shows satisfactory agreement with experiment.
This is not the case for TiBwhich is probably due to the ~~ The authors are grateful to the Norwegian Research
imperfection of the simple muffin-tin approximation em- Council for financial support. We acknowledge Gunnar Pet-
ployed in the MS calculations. This spherical symmetry oftersen, NTNU, for providing the sintered TiBpecimen, and
the potential is a poor approximation for the highly direc- Lars Arnberg for the Al-3% B alloy; Peter Blaha, Technical
tional p-d bonding between boron and titanium in TiB  University-Wien, for help and information on th&lEng?
which is apparent in the orientation-dependent measureprogram and Jgrn Amundsen for help and support on the
ments. parallel machine CRAY T3E.
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