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Band structure of TiB,: Orientation-dependent EELS near-edge fine structure and the effect
of the core hole at the B K edge

K. Lie
Department of Physics, Norwegian University of Science and Technology, N-7034 Trondheim, Norway
and Department of Materials, School of Process, Environmental and Materials Engineering, University of Leeds,
Leeds LS2 9JT, United Kingdom

R. Brydson
Department of Materials, School of Process, Environmental and Materials Engineering, University of Leeds,
LEEDS LS2 9JT, United Kingdom

H. Davock
Department of Materials Science and Engineering, University of Liverpool, Liverpool L69 3BX, United Kingdom
(Received 6 July 1998

The ceramic compound TiBhas been studied by electron-energy-loss spectroscopy. Spectral shapes in the
vicinity of the B K edge with momentum transfefc andgl ¢ have been investigated and compared with
decomposed, calculated spectra. The dipole selectidn=¢-1) rule applies, so the B edge provides
information onp final states local to boron. For a uniaxial system like jIiBy; is proportional top, andq,
is proportional top,+ p, . The theoretical density of states has been calculated usirgptimtio full-potential
linear augmented-plane-wave method, and, when combined with the relevant matrix elements, theoretical
spectra have been obtained. While giving good agreement with experiment, our theoretical calculations show
that the presence of the core hole must be considered in order to reproduce the experiments, especially for
momentum transfey due to reduced screening in this direction. In this study the core-hole effect is calculated
within the Z+ 1 supercell approximation. From the interpretation of the spectral features common hybridized
electronic states between borpand titaniumd bands are observed, and the structure is highly anisotropic due
to more delocalizedr bonding within the boron planefS0163-182€09)02207-9

I. INTRODUCTION loss near-edge structuf®LNES) and weaker oscillations
from 30 eV up to several hundred eV above the edge often
TiB, is a covalently bonded, brittle ceramic with several designated as extended-energy-loss fine structure. EELS pro-
unique properties, among which are its high melting point\vides information on unoccupied electronic states and is thus
hardness, chemical stability, and metallic properties. It is &quivalent to x-ray-absorption spectroscdAS). In XAS,
layered, hexagonal structureP§/mmn) with hexagonal the polarization vector of incident electromagnetic radiation
sheets of titanium and boron atoms arranged perpendicular ¢/€cts the direction probed within the crystal, whereas in
the ¢ direction. Compared to other ceramics, JiBas very EELS the momentum transfq selects the'dlrectlon. The
high thermal and electrical conductivities. Due to its uniqueMomentum transfer is determined by the difference between
set of properties, TiB together with other transition-metal the incoming and the_scattered high-energy electrons, and
diborides (AlB-type), have attracted many experimental and may be deco.mp.osed Into_components parallel and perpen-
theoretical studiegsee, e.g., Refs. 1 and.zand have been dicular to the incident beam, as seen in Fig. 1. The a_dvan_tage
) . . o ) of EELS over XAS, however, relies on the fact that in using
p_roposed for use in a wuje vanety of applications. D|sper-a transmission electron microscope to obtain the EELS spec-
sions of TiB, precipitates in ceramics and met&OMPOS- 5 eytremely high spatial resolution can be obtained.
ites) are known to improve the fracture strength and tough-  grientation dependency in EELS arises because of the
ness in these mat_erlaﬁsand TiB; is also used for grain gjrectionality of the density of unoccupied electronic states,
refinement in aluminum alloy§TiB, coatings are hard and and hence transitions to these unoccupied final states. At a
relatively inert and suitable for biomaterial applications. Fur-given energy loss the direction of the momentum transfer
thermore, in the electrolysis of aluminum, it has been prochanges rapidly from parallel to perpendicular to the beam as
posed to replace the carbon cathode with a,1¢Brbon com-  the scattering angle increases. For a parallel beam of incident
posite, and it is also an attractive material for use in cuttingelectrons the crossover in the weighting of the two compo-
and extrusion tools. nents occurs at aboutég, where:=E/2yT (the denomi-
Electron-energy-loss spectrosco]ELS) is an estab- nator here being twice the relativistic corrected kinetic en-
lished technique for investigating the unoccupied electroniergy of the incoming electrond If the collection angle is
states in solid§.The fine structure in the region of the core small then principallyqy is sampled during an EELS experi-
edges can roughly be divided into two parts. Strong oscillament conducted with the crystal in a given orientation; oth-
tions up to~30 eV above threshold, called electron-energy-erwise scattering events over a wide rangejafectors are
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lated using the full-potential linear augmented-plane-wave
(FLAPW) method'?

Il. EXPERIMENTAL CONSIDERATIONS

EEL spectra were collected using a parallel recording Ga-
tan 666 spectrometer fitted to a Phillips CM 20 transmission
electron microscope (LaBsource, operating at a nominal
voltage of 200 kV. The spectra were obtained with an energy
dispersion of 0.1 eV/channel, convergence angle
s =3.0 mrad, and a collection angi=1.5 mrad. The BK
edges were acquired in diffraction modienage coupling
with a 100um condenser aperture. The energy resolution
(measured as the full width at half maximum at the zero loss
peak was typically around 1.8 eV. With the parameters
listed above, the characteristic angiewas 0.7 mrad. In this
situation the collection angle is about2, and is small
Aperture, [T . compared to the crossover in the weighting of the two com-

' qll ponents, which occurs at abou#8. This implies that there
q is good resolution of the two components, and that the mo-
mentum transfer parallel to the beam is the dominant factor.

FIG. 1. Momentum-transfer components for a fast electron unf0r the experimental conditions there is a convergent beam
dergoing inelastic scattering. (=3 mrad), but for small scattering angles the relation-

ship between the two components is only slightly modified.
collected. In the case of isotropic materials the spectra aréhe processing of the sintered TLiReramic is described
not influenced by the direction of the momentum transferelsewhere; however, the polycrystalline nature of the
relative to the beam. For anisotropic materials, however, théample permits a large range of specimen orientations to be
situation is different. Orientation-dependent energy loss megstudied with limited tilting. Thin specimens were prepared
surements have been recorded previously for anisotropigy low-angle ion milling, and energy-loss measurements
structures such as graphite, boron nitride, and High- were carried out soon after thin foil preparation to minimize
superconductor§.® In the early work of Leapman, Fejes, any possible oxidation effects.
and Silco in their study of BN and graphite, they used a  Spectra from areas showing negligible oxygen contents
parallel electron beam incident on a specimen withalhais ~ and of similar thicknesst(A =0.6), as measured relative to
at an angle of 45°, and obtained the two components sep#he total inelastic mean free path of the 200-keV electrons,
rately. The basic structure of graphite consistsrdfonding ~ were compared when the orientation dependency was ana-
between the C atoms perpendicular to thexes and ther lyzed. The absolute energy scale was referenced to the first
bonds parallel to the axes. When the momentum transfer is peak inthe TiB B K ELNES which was set to 188.6 eV as
parallel to thec axes, states ofr character are greatly en- observed in isostructural CsB" Spectra were acquired par-
hanced over those witlr character, whereas if the vector is allel and normal to the axes together with the zorj@423]
perpendicular to the axes the reverse is true. Their results Which is about 64°off thee direction. Further spectra were
obtained for BN and graphite showed excellent agreemerticquired near but not exactly on the zone. When near edge
with theory. Browning, Yuan, and Brov(/rproposed an al- features were analyzed, however, no significant channelling
ternative approach in order to retrieve the two componentstffects could be detected. Spectra were deconvoluted using
The near-edge structures seen at a given orientation, atee Fourier-ratio method, as the low loss contribution was
compared for small and large axial collection angles. Theneasured separately.
different approaches for retrieving momentum-dependent en- The dark current due to the photodiode array was sub-
ergy loss measurements were recently reviewed by Bottorffacted from the spectra. Gain variations were corrected for
Boothroyd, and Stobbs. by acquiring several spectf8) at different positions on the

Anisotropic effects were observed earlier in JiBl photodiode array, and averaging them to produce a gain cor-
multilayers'! The motivation for the present work is to im- rected spectrum as described by Boothroyd, Sato, and
prove our understanding of the experimental data, and relatéamada‘* This approach permits the use of a shorter inte-
this to the electronic structure, which is closely connected t@ration time(1 s, which is required to improve energy reso-
the physical properties. We report the observations of orienlution, while still having a good signal-to-noise ratio. The
tation dependent ELNES at the R edge of TiB, at 188 eV. continuum background before the edge was fitted and sub-
Experimental conditions were such that the dipole approxitracted using the standard power-law procedure.
mation is satisfied; therefore in the ELNES region we are
probing 2 final states local to the boron site. In order to Ill. THEORY AND CALCULATIONS
resolve the momentum-transfer components we used a small
axial collection angle, and acquired spectra along different The theoretical calculations are based on the local-density
crystallographic orientations. The experimental spectra havapproximation within density functional theory, and use of
been compared with theoretically determined spectra, calcithe FLAPW method to solve the Kohn-Sham equéfiaelf-
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consistently. Similar to the linear-muffin-tin-orbitdIMTO) LA L AL AL A
approach, the unit cell of the solid is divided up into muffin I
tin spheres centered on the atomic sites, and an interstitial
region; however, one unique feature of the FLAPW calcula-
tions is that no shape approximation is made to the potential
or charge density: no spherical average of the potential is
assumed within the muffin tins spheres and, in the interstitial
region, no volume average is taken as in the LMTO ap-
proach. The program package given by Blabal?is used.

In this study we used 126 irreducible Brillouin-zok@oints

for the primitive cell and 27 irreduciblk points for the su-
percell. For both cells angular momentg,,=12 and
muffin-tin radius for the atomic speci€si and B) were cho-

sen equal to 2.0 a.u. and 1.6 a.u. respectively. Furthermore,
381 logarithmic mesh points inside the muffin-tin radius
were used and a product &),tK\ax equal to 9 was ob-
tained.

Electron-energy-loss near-edge structure provides infor-
mation about the unoccupied part of the band above the
Fermi energy Eg). The differential cross section for scatter-
ing as derived from Fermi's golden ruléjs, within the di-
pole approximation, proportional to

Intensity (arb. units)

do 2 2 P A B B TP BN T
d_E°C {Imi i 1|®pL+1(E)+mi_4|%p —1(E)}, (1) 0 10 20 30 40 50

Energy Loss, E-E_ (¢V)

My =(fLoalrlip). FIG. 2. Experimental BK-edge spectra along three different
directionsq|c, olc, andq|[2423). Spectra are shifted and scaled
Herep is the density of unoccupied states with angular mo-for comparison.

mentumL*1, |i) represents the initial inner-shell electron
wave function, andf) represents the final unoccupied state.cited potentials in different cells. In principle the supercell
It can be seen from Ed1) that the near-edge structure should be increased in size until the spectra converge.
(NES can be related to the local angular-momentum-
resolved density of statd®0OS) projected onto the atomic
site in question. This means that a K sj1shell excitation
provides information about the unoccupiedDOS. More As demonstrated in Secs. | and Il, the normal axial
specifically in uniaxial systemglLlc is proportional topy method can give momentum-dependent energy-loss informa-
+py, While gl[c is proportional top,. Because the initial tion. We therefore applied this technique to study Tjir-
wave function|i) is a well-defined atomic wave function, the allel and normal to the boron planes. Figure 2 shows the
challenge of calculating the NES lies in calculating the final-near-edge structure of the B edge forqglLc, gl|c, and
state wave functionf). The augmented-plane-wave ap- q|[2423] obtained with a small aperture centered around the
proach uses products of radial wave functions and sphericgrimary beam. Fouc the peakA at 3.0 eV is enhanced,
harmonics inside the muffin tins, and expands the wave funowhile peakB at 7.2 eV is enhanced fayL c. Significantly,
tion in the space between the muffin tins as plane wavespectra acquired under these conditions exhibit strong anisot-
This band structure method only gives you the ground stateopy parallel and normal to the layers. Furthermore the spec-
and does not include correlations caused by the excitatiotra exhibits peak€ andD at 10.5 and 14.5 eV respectively.
process(e.g., core-hole effect The core-hole effect arises Both features are present in both spectra, but the jpeak
from the incomplete screening of the nuclear charge as aslightly more pronounced fagL c. In the case ofj|[2423]
electron is excited from a localized core state. Physically, thehe near-edge structure is similar to an average of the spectra
excited atom can be thought of as an impurity in the mateparallel and normal to the axes. It shows all the features
rial, with an associated local distortion of the electronicmentioned above, but the peaks are somewhat smeared out.
structure(and no atomic relaxation during the time scale of This spectrum should be proportional to the totgh Bensity
the excitation. In the absence of screening, the core holeof states.
may be approximated as an extra nuclear charge at the ex- The anisotropy presented above is in good agreement with
cited atomic site—this is commonly known as the-1 ap-  our theoretical spectra, and we now consider the relation
proximation. In the present work the core hole was approxibetween the energy-loss spectrum and the electronic struc-
mated by performing a supercell calculation in which there isure of TiB,. The main features of the total occupied Ti and
a single excitedZz+ 1 potential in each cell. The supercell B DOS have been reported previouélyhe total DOS pro-
consisted of 24 atoms (22X 2 primitive cel), and was files of TiB, with the FLAPW method(shown in Fig. 3
large enough to avoid interaction between neighboring exagree with these previous calculations using the LMTO-ASA

IV. RESULTS AND DISCUSSION
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FIG. 3. Density of states in TiB showing the total DOS, and E-E, (V)
the contributions decomposed at the Ti and B sites. The profiles
have been shifted vertically on the intensity scale. FIG. 4. Theoretical decompose-edge spectra of boron in

. . . iB, within the sudden approximation—-no core-hole effects. For
technique. The main features of the total DOS were assigne e solid line a 2-eV Lorentzian broadening is applied to the calcu-

V_Vith increasing energy, by Tian and Waﬁgeakx is essen- lated results, and spectra are shifted and scaled for comparison.
tially due to the boron & states, the broad peak corre-

sponds to the boron®and titanium & states, and the sharp . . h | sh di
peakZ just above the Fermi level is related to the nonbond- !Bz Consists of hexagonal sheets of B atoms perpendicu-

ing titanium 3 states. They also pointed out a pronouncedar to thec direction that are sandwiched between layers of
. ) . ;
mixing between the Ti 8 and B 2 states over a wide !l atoms. Ther® peak at7.2 eV, seen most stronglygnc,

range from the bottom of the valence band ufEto. Other results from the in-plansp? hybrids in the hexagonal B

authors, using different computational techniques such a§heets. This type of bon(.jing' is not 'presen.t betyvee_n the
Korringa-Kohn-Rostoker for Crg’ and the APW method sheets, and the structure is highly anisotropic which is re-
for ZrB,,® also reported the same general features for th lected in the spectral properties. The feature at 3 eV, present

total occupied DOS. A “pseudogap” separating the bonding or the moment.um transfer parallel @is due to hybricjiza—
and nonbonding states is well defined in our DOS, and i °™ and possibly charge transfer, between thedTand

: " tates. We clearly see in Fig. 5 that the® DOS
located exactly at the Fermi level. A decomposition of the® Pz S . . . ;
total DOS onto the Ti and B sites also reveals the hybridiza-rm‘lects the Ti d DOS in the interval 05 eV. This leads to

tion in the region 0—5 eV abovEe (Fig. 3. This is impor- common electronic states between the dliand the B p,

tant to notice considering that with EELS we are probings.tate.s’ arising from. covalent bonding between the b_oron.and
unoccupied electronic states titanium sheets. This feature at 3 eV may also be rationalized

In Fig. 4 we represent straightforward calculations of theby consideration of the possible charge transfer from Ti to B,
Lo . ) : )

1s—2p transitions within the perfectly screened approxima-res’uIt'ngJ In am .antlbon_dmg state. However,_ since there is a
tion (no core holg¢resolved intop, + p, andp, components. Iarge' hybridization of Ti 8 and B 2 states, it IS f“?‘t“ra' to

Compared with feature&—D in Fig 2y there is an excellent consider that charge transfer will not be so significant. Inte-

correspondence between the peak positions in the energy- _ _

loss spectrum and the corresponding partial density of unoc- TABLE I~ A comparison of experimental and calculated
cupied statefsee Table)l The relative intensity of the peaks (ground statppeak posmons. Note that the experimental peak at 3.0
also show an excellent agreement fprc; for gf|c, how- e\( for q; gnd the experimentat* peak at 7.2 eV fog, have been
ever, the agreement is not totally satisfactory. The peak at 189ned with theory.

eV is too intense in the calculations compared with the ex- »

. - Peak position A B C D
perimental data, especially for tipe component. The reason
for this behavior will be discussed below. We obtained simi-Experimental 3.0 7.2 10.5 14.6
lar, although less accurate, results using non-self-consistemheoretical 3.0 7.2 10.5 14.7

cluster-based multiple-scattering calculatidhs.
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FIG. 5. Calculated symmetry-resolvéground statedensity of states in Ti8 (a) B site showing nondegenerate parfestates anc
states. Note that the total Td DOS is shown superimposed with the B, states, and is scaled for comparis@. Ti site showing the

nondegenerate partidl states.

gration of the total B DOS indicates a charge transfer of
about 0.28 electrons from Ti to B, and is consistent with
previous calculated valuésAlso experimental x-ray photo-
emission  spectroscopy and proton-induced  x-ray
emissiorR® data suggest that almost no electron delocaliza-
tion or transfer takes place in the case of JiB\n interest-
ing finding in the interval 0-5 eV, shown in Fig. 5 is that, in
terms of their energy position, thg states are strongly cor-
related with the total Tid states implying a substantial de-
gree of hybridization as stated above. Tpgtp, states,
meanwhile, essentially mix with the Tid(,+d,,) andd,
states. In the valence band, of all the Ti d states, it appears
that the Ti @d,,+d,,) hybridize most with the out of plane
(py) and in-plane p,+py) B p states, and that the,
states are slightly lower in energy relative to the+p,
states. These findings can be rationalized by the degree of
overlap with Ti d states; since thp, states are pointing out
of the boron planes toward Ti, they will have a larger overlap
integral.

As pointed out earlier, the peak at 18 eV in the calcula-
tions is too intense for thp, component. In the experimental

spectra we do not see any pronounced feature at this energy.

The interpretation for this behavior is that core-hole effects
in the experiment increase the spectral weight at the thresh-
old. In this situation the relative intensity is altered. As the

traction of the wave functions at the threshétdrigures 6

Intensity (arb. units)

Experiment

Core hole (Z+1)
No core hole

E-E_(eV)

At 4 : FIG. 6. Theoretical BK-edge spectrag+ p,) of TiB,—with
core electron is ejected the nuclear charge is only partiallgnd without the core hole, together with the experimentgl @)
screened. This has the effect of pulling states in the condugpectrum for comparison. The core-hole calculations used a 24-
tion band down toward the Fermi level, and causing a conatom supercell. The experimental data have been shifted and

and 7 show the calculations in both the sudden approximapeak at 7.2 eV.

aligned with the spectrum in the sudden approximation atothe
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SRRARAREE AR RARAR BRI the states within the boron planes. In other words, the bond-
[ Experiment 1 ing within this sheet has a degree of metallic character which
A Core hole (Z+1) i will be reflected in the anisotropic nature of quantities such
as thermal and electrical conductivity. This can be seen in
Fig. 5, where the number of electrons, represented as the
integral up toEg, is larger for thep,+ p, states relative, .

The p, states are also slightly more localized, which implies
that the elcetrons present here have less of a screening effect.
The core-hole effect is therefore more pronounced along the
c direction. This also explains why the peak at 14.5 eV in the
experimental spectrum fayc is less pronounced than for
the data within the boron planes. The inclusion of the core-
hole effects substantially improves the appearance of the cal-
culated spectra for the momentum transfer parall@l bhis
means that the nuclear charge is only partially screened
along this direction and there is some excitonic modifica-
tions. The small charge transfer from Ti is not enough to
screen the core hole effectively, so we may interpret the
B p, DOS in the interval 0-5 as arising from the tail of the
localizedd orbitals of Ti atoms.

------ No core hole

Intensity (arb. units)

V. CONCLUSION

Excellent agreement is found between the results of the-
E-E_(eV) oretical FLAPW band structure calculations and experimen-
tal ELNES for the analysis of the unoccupied electronic
states of TiB. By performing orientation-dependent mea-
trum for comparison. The core-hole calculations used a 24-ato surements and CalclulationS. it i-s p0§sible to'gain inform_ation
N . . -about the anisotropic bonding in this material. These differ-
supercell. The experimental data have been shifted and aligned wit] . . . .
the spectrum in the sudden approximation at a peak at 3 eV. ehces In bondlng will have important consequences for an-
isotropic properties such as thermal and electrical conductiv-
tion and the supercell approximation for the core hole fority. Significant improvement in the agreement between the
glLc andg]c, respectively. In theZ+ 1 approximation the theoretical and experimental spectrum obtained with the mo-
energy position of the peaks are moved down toward thénentum transfer parallel theaxis (p,) was found after the
Fermi level, as expected. The experimental EELS spectra at@clusion of single-particle core-hole effects, using the super-
also shown for comparison. As can be seen the relativ€ell approximation; this was found not to be the case for the
weights of the peaks fa/c has significantly improved with ~ spectrum with the momentum transfer perpendicular tccthe
the inclusion of the core hole. The overestimated intensityaXis. This is rationalized in terms of enhanced screening of
for the peak at 18 eV in the sudden approximation is reducethe core hole for electronic transitions perpendicularcto
relative to the peaks at 3.0, 10.5, and 14.6 eV, and showghere the bonding has significant metallic character, and
better agreement with experiment. It should also be notice@nly partial screening for transitions paralleldo
that there is a gap in the DOS at 20 eV; therefore, the 2-eV
broadened spectra tend to smear out the fegture at 18 eV. ACKNOWLEDGMENTS
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FIG. 7. Theoretical BK-edge spectrap,) of TiB,—with and
without the core hole, together with the experimentllc) spec-
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