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First-principles calculations of electron-energy-loss near-edge structure
and near-edge x-ray-absorption fine structure of BN polytypes
using model clusters
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Effects of a core hole in the unoccupied density of states are systematically studied using model clusters of
h-BN, c-BN, andw-BN, in order to reproduce and interpret experimental electron-energy-loss near-edge
structure /near-edge x-ray absorption fine structure at both B- and N-K edges. Wave functions are found to
localize significantly near the core hole, thereby changing their energies as well as spatial distribution. They are
very different from the Bloch states assumed in a band-structure calculation on the basis of a structural unit
cell. When the presence of the core hole is ignored, in other words at the ground state, small clusters such as
h-(BsN1,) exhibit better agreement with the experiment as compared with large clusters suqBgdN ;o9
because wave functions are made to localize in the small clusters. Features appeared in the experimental
spectra are interpreted in terms of chemical bondings among atomic orbitals using overlap population dia-
grams. Absolute transition energies by Slater’s transition state method agree with experimental values within
an error of 1%]S0163-18209)12131-3

[. INTRODUCTION having a layered structure. However, results from early the-

oretical studies by semiempirical methods are different from

A high spatial-resolution analytical electron microscopemodern theoretical results, especially at higher energies. Al-
equipped by electron energy-loss spectroscOpiLS) is  though spectral features in early experimental data measured

challenging to obtain spectra with single atomic column™ith relatively low-energy resolution were somehow
resolution® Since the near-edge structure of EE(ELNES) reproducet!~**by the early theoretical methods, they should

conveys information on chemical bonding from the illumi- be reexamined.
y . ) 9 ; . Most of the theoretical calculations that have been used to
nated area, one can expect to identify a local chemical env

e X Eompare with the experimental spectra were done for the
ronment of atomic-sized substances, such as interfaceground state. In other words, the presence of a core hole has
nanoprecipitates, and large molecules, directly by experiheen completely neglected. On the absorption phenomenon,
ments. When ELNES is taken by transmission electron mian electron is excited from a core level to an unoccupied
croscopy, it is analogous to near-edge x-ray absorption finerbital leaving a core hole. Unoccupied band structure is, in
structures NEXAFS) that is also widely utilized in physics/ general, changed by the presence of the core hole. Calcula-
chemistry of condensed matter. tion at the ground state reproduces the experimental spec-

Recently, ELNES technique has been successfully applieHum only when the core-hole effect is not significant.
to investigate @ (fulleren,? higher fullereng carbon The influence of the core hole has been estimated mainly

nanotubes, and BN nanotube$® Carbon-K-edge spectrum by increasing the atomic number of the nucleus undergoing

. . : excitation by one, which is called+ 1 approximatior? or
from Cgpis found to be sensibly different from that of graph- " . : -
ite reflecting the difference in the manner of C-C bondingsfmal state approximation. Since many of the modern first

h p looks simil principles calculations freeze core states for computational
The C-K edge spectrum from C nanotubes looks similar tG,conomy, thez+1 approximation is a convenient way to

graphite. Stephast al”* pointed out that a subtle difference jncjyde the effect. However, the validity of the approxima-
in the spectra between nanotubes and graphite can be agn should be carefully examined. In addition, since wave
cribed to the curvature of graphitelike layers in nanotubesfynctions are localized near the core-excited atom, a suffi-
Similar results have been reported for BN nanottbes. ciently large super-cell size should be chosen when one uses
Despite advances in experimental technique of ELNES, ghe band-structure method. Regarding graphite, Mele and
theoretical method to analyze the spectra is still immatureRitsko'® find that the effect of the core hole on the unoccu-
B-K-edge ELNES from hexagonal BNh{BN) resembles pied density of states is significant by an empirical method.
C-K-edge ELNES from graphite whose first two intenseAhuja et al!” recently performed more reliable calculations
peaks have been ascribed#d ando™ orbitals since litera-  using a full-potential linearized muffin-tin orbital method for
tures in the 1940% However, assignment of higher-energy a super cell composed of 50 atoms. They also reported ex-
peaks has not been well established to date. It is true that gerimental NEXAFS with a high-energy resolution of 0.13
number of band-structure calculations of graphite have thueV, and compared the spectra with theoretical ones. Accord-
far been madé®*?since it is a good reference material ing to them, both the* and=* excitons are localized in the
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vicinity of the core-excited atom. They concluded that theenergy difference between the initial and the final states, can
inclusion of the core hole was essential. Unfortunately, theyoe well approximated by the difference of one-electron or-
did not refer to the origin of the high-energy peaks. bital energies obtained for the Slater’s transition statéen

We have recently demonstrated that inclusion of a coregemporary spin polarization associated with the transition is
hole in an all-electron calculation notably improves the the-allowed.
oretical ELNES/NEXAFS especially fow-Al,O; at the The overlap population betweeéth atomic orbital angth
Al-L 55 edge using a first-principles molecular-orbitddO) atomic orbital at théth MO is given by
method™® An unoccupied orbital was found to localize sig-
nificantly when an Al-2 hole was included, which changed Qi =CiC;S; (1)
remarkably the shape of the ELNES/NEXAFS near the onsef,
of the spectrum. In addition, an absolute transition energy
was reproduced within an error of a few percent by the cal-
culation for the Slater’s transition stafén which half of the J Xi(Nx;(ndr=s;. 2
electron in a core orbital is removed to put into the lowest
unoccupied orbital. Calculation of the localized states by ay; andC;, areith atomic orbital and its coefficient for théh
band-structure method requires a large supercell in generayjO.
which is very time consuming. Cluster calculations with  The photoabsorption cross secti®®CS is proportional
varying cluster size is, therefore, a practically useful ap-o the oscillator strength for the transition for photon absorp-

hereS;; is the overlap integral given by

proach for the reproduction of ELNES/NEXAFS. tion betweerith core state antth MO, which is given by
In the present study, we perform first-principles MO cal- .
culations of BN polytypes using model clusters. Results of L AEIr[i)], ()

first-principle band-structure calculations at the ground statg oo AE represents the transition energy. In the present
for BN polytypes can be found itRef. 20 and also refer- 5,00 the value was obtained directly by the numerical in-
ences cited therein. However, all of these calculations wer gration of the dipole matrix when necessary. Density of
c_onducted for the ground '.state..No first-principles CaICUIa'states(DOS) and PACS were obtained by convolution of
tion for a core-holed configuration has thus far been reyiscrete values at eadth MO by Gaussian functions of

ported. Moscovicet al?! recently reported the B- and N-K- 1.0-eV full width at half maximun{FWHM). Overla

) : .0- . p popu-
edge NEXAFS fromh-_BN with h'Qh energy resolution of 1445 diagrams were made in the same way using values
0.2 to 0.4 eV. Theoretical calculations can, therefore, be p“éiven by Eq.(1).

to the good test. The present paper aims at not only th
reproduction of the experimental spectra, but also interpreta-
tion of the origin of spectral features from the viewpoint of

interactions among atomic orbitals. Experimental spectrum &f-BN at the B-K edg&"?*(Fig.
1) resembles that of graphite at the C-K edge, since the major
component of the conduction band is B42 orbitals. It is
true that some experimental paper reported that the first peak
First-principles MO calculations were performed using alocated at 191 e\(that will be hereafter called peak)Alid
program SCAT??> based on the discrete variational not vanish even when the spectrum was taken with.&
Xa (DV-Xa) method®® Numerical atomic orbitals were condition, wherey is the momentum-transfer vector aads
used as basis functions. They were generated flexibly to #e unit vector towara axis. However, recent NEXAFS of a
given chemical environment by solving radial part Sehro single crystal highly oriented pyrolitic boron nitride by Mos-
dinger equations. All integrations were made in a numericatovici et al** and x-ray Raman-scattering spectra of a single
manner. Calculations were done for model clusters that wererystal BN by Watanabet al?® found that peak A entirely
cut from real crystals. In the case bfBN, two kinds of  vanishes under theL ¢ condition. It confirms that the origin
clusters composed of a single graphite layer and three laye@f peak A is the wave function perpendicular to the graphite
were first compared: Their results were found to be identicalayer, which is consistent with the assignment of peak A to
regarding the spectral shape. Then, the size of the singlde 7*. The second intense peak located at 198(edk B
layered cluster was changed from 19 to 199 atoms in order tbas been ascribed to* interaction. The x-ray Raman-
see the size dependence. Clusters were embedded in Madeattering spectra found that peak B did not vanish under the
lung potential generated by point charges located at the exlic condition, although it is much weaker than that mea-
ternal atomic sites. Minimal basis sets were used in order tsured under the L c condition. It means that the origin of
clarify the simple relationship between spectral features angeak B is not purely op,, type. A small peak can be found
chemical bondings except for the case otherwise noted. Thdyetween peaks A and B only when the energy resolution is

Ill. HEXAGONAL BORON NITRIDE (h-BN)

II. COMPUTATIONAL PROCEDURES

are 1Is, 2s, and 2 for both B and N. high>?!in both NEXAFS and ELNES. Three more features
Self-consistent calculations were made for three elecean be at least seen above peak B. Peaks C and D can be
tronic configurations, namely, ground stdieitial state, fi- clearly separated only when the energy resolution is figh.

nal state with the presence of a core hole, and the SlaterBeak E is broad even when measured with high resolution,
transition stat® in which a half electron was removed from and it is more clearly seen under the ¢ condition.

a core orbital to fill the lowest unoccupied orbital. Effect of  Figure 1 also displays B2 partial density of states
the presence of a core hole can be evaluated in this wayPDOS obtained locally at the center of three types of clus-
Moreover, the absolute transition energy, that is, the totaters. Calculations are done for groufinitial) states, Slater’s



4946

Ground State

ISAO TANAKA et al.

Transition State

Final State

"h-B7Nyg ]

PRB 60

0.8 08 Pl Y .
o4 4 o4t 1 o4 -
£ - - - . L 4
o
g 0 ; } 0 0
go.s— h-BigNa7 | gl 1 sk |
e L J L 4
"

Lo4t 04f . - .
P 0.4
o | L J L J
T o
g o
A 0.8 08fF A B 1 0.8f T
0.4r 7 04r 4 04r .
0 . . ) . 0 . . . 0 n : i
170 180 190 200 190 200 210 210 220 230
MO Energy Relative to B-1s (eV) Transition Energy (eV) MO Energy Relative to B-1s'-0 (eV)
' i ' ' N Experiment
» FLAPW A B,’ \\\ Schmid et al.
g 2
£ 5
o £
Py £
1 1 1 1 I 1 |I 1 I I I
0 10 20 190 200 210
Energy (eV) Energy Loss (eV)
' ' Exper'iment '
g A IE:\ Moscovici et al.
= I\ -,
8| j o~y -
‘9: * \\_,//E\
2

—— 20deg
~==90deg

190 200 210
Energy (eV)

FIG. 1. Local B-2 PDOS for(left column ground stategimiddle column Slater’s transition states, aridght column final states at
the center of model clusters d¢f-BN. Spin polarization is allowed only for the transition-state calculations. Clusterglaterow
h-(B;N1»)*", (2nd row) h-(B;gN,7)%*", and(3rd row) h-(Bg;N;09%*~. The FLAPW result at the ground state, and experimental B-K-edge
ELNES by SchmidRef. 24 and NEXAFS by Moscovicet al. (Ref. 21) are compared. The NEXAFS was measured at two polarization
angles(20 and 90 deg. The peaks denoted by an asterisk were ascribed to the ghost of the nitrogen-edge spectrum due to the presence of
a second harmonic in the monochromatic beam.

transition states, and final states. PACS are also calculated asemingly less significant when the core hole is present. The
shown by broken curves. PACS is found to be well approxi-wave functions responsible for both peaks A and B are sig-
mated by the corresponding PDOS except for a small differnificantly localized due to the presence of the core hole. A
ence in intensities. We have reported the agreement betweg@ntour map of the wave function responsible for peak A is
PACS and PDOS in a number of systems using the preseshown in Fig. 2. The contour map at 26 pm above the gra-
computational methoésee, for example, Ref. 18This can  phitic plane is shown. In the smallest cluster, K8,
be ascribed to the use of “optimized” numerical atomic or-the wave function is mainly composed op2orbital of a
bitals. central B atom. It showsr* type antibonding interaction
At the ground state, local PDOS at the center of the cluswith its neighboring N atoms. With the increase of cluster
ter is notably dependent on the cluster size. The dependenéize, the wave function at the ground state becomes delocal-
may be ascribed to the mixture of surface states at the centéed as in the case of the largest clusteg;(B 09>’ . Band-
of the cluster. As for peaks A and B, the ground state usingtructure calculation foh-BN shows that peak A at the
the largest cluster, (09>}, agrees with the B partial  ground state is originated frotd and M points in the first
density of states by the full potential linearized augmentedrillouin zone?® The wave function of the cluster
plane wave(FLAPW) band-structure calculatici.DOS of  (BgiN1g9°'™ at the ground state shown in Fig. 2 corresponds
the FLAPW by the tetrahedron method is broadened by conto that of theK point in the band-structure calculation. When
voluting Gaussian function of 0.5-eV FWHM. They also a core hole is present, the wave function is significantly lo-
well reproduce the DOS in literatiffearound peaks A and calized. It is clearly seen in the largest clusterg (809> .
B. Disagreements in higher-energy features may be due tdowever, in the smallest cluster, the magnitude of localiza-
the use of the minimal basis set as will be seen withtion is almost invisible in the contour map. The wave func-
Fig. 8. tion is already localized even at the ground state when the
When a half-filled core hole is present, relative intensitiessmallest cluster is used. Bp2PDOS is not changed sig-
of peaks A and B compared with other peaks become muchificantly by the presence of the core hole either, as can be
stronger. As a result, cluster-size dependence of the PDOS $en in Fig. 1 for the (BN;)°" cluster. Rough agreement
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FIG. 2. Contour map of wave functions responsible for peak A shown in Fig. 1 obtained for Ng,JB~ cluster. Curves are drawn
for =0.01, £0.02, £0.04, and=0.08, respectively. Solid and dotted curves are for positive values and negative values, respectively.

with the experimental spectra and the B-PDOS of the the nearest-neighbor Bp2-N-2p, interaction around the
small cluster at the ground state is not accidental. Use of theentral B atom. However, the manner of second-neighbor
small cluster forces to localize the wave function similar toB-2p,-B-2p, interaction is opposite in sign between peaks
the case when a core hole is present. A and A’, although the magnitude of the overlap population
In order to understand the origin of peaks from the view-for B-B is an order of magnitude smaller than that of the
point of chemical bonding in a simple manner, overlap popuB-N. These wave functions are drawn in Fig. 4. Contribution
lation diagram regarding B4, orbital for the smallest clus- of the 2p, orbitals cannot be found above peak. Aeak A
ter are plotted as shown in Fig. 3. An extra peak denoted bys originated from the wave function that contains a maxi-
A’ can be seen at around 195 eV, which corresponds to théum number of nodes, thus having the highest energy within
low-energy shoulder of peak B. The wave functions respon-
sible for peaks A and Aare both antibonding with respect to
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FIG. 4. Contour maps of wave functions responsible for peak A
and A’ shown in Fig. 3 obtained for the ¢Bl;,)'°> cluster at the
FIG. 3. Local B2, DOS and overlap population diagrams for transition state. Curves are drawn fai0.01, +£0.02, +£0.04, and
the B2p,-N2p, and B2 ,-B2p, interactions obtained for Slater's =0.08, respectively. Solid and dotted curves are for positive values
transition state of the (f;,)°" cluster. and negative values, respectively.
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molecular orbitals made by the Bp2 orbitals. No contribu- above calculations even when a core hole is included. We
tion of B-2s or B-2p,, orbitals can be seen for peaks A and use minimal basis sets in the above calculations in order to
A understand the orbital interactions most clearly. However,
Although the B-K edge spectrum corresponds to thp B- highest eigenvalues of molecular orbitals in the above calcu-
PDOS because of the electric dipole selection rule, sB-2 lations are approximately 20 eV measured from peak A. It
orbital plays an important role in determining spectral shapemeans peaks at higher energies are not able to be reproduced.
Peak B is usually denoted simply by th& peak. However,
PDOS shown in Fig. 5 clearly indicates that the B-&bital
significantly hybridizes with the B-@2,, orbitals in the en-
ergy region around peak B at the ground state. When a core
hole is included, localization of the BgZ, orbitals is more
significant than that of the B=orbital. As can be seen in
the overlap population diagrams shown in Fig. 5, the nearest-
neighbor interaction between Bp2, and N-Z, 2p,, for
peaks B, C, and D are all antibonding around the central B
atom. The antibonding between Ns 2nd B-2p,, is signifi-
cant for peaks B and C. On the other hand, p2B-2p,,
antibonding is significant for peak D. Both Bsand N-2%
components thus contribute significantly to peak B. In addi-
tion to the contribution of the 2components, the wave func-
tions responsible for peaks B, C, and D can be discriminated
by the number of the nodes, which can be seen by the over-
lap population diagrams of the 2nd neighbor B-B interac-
tions. The situation is similar to the AAsplitting, but this is
more complicated because of the mixture af @nd 2o,
orbitals. Molecular orbitals having a Bpz, component at
the center of the cluster under thg,Csymmetry can be
categorized in a point group @& symmetry that are doubly
degenerated. Contour maps of pairs of the doubly degener-
ated wave functions responsible for peaks B, C, and D in the
smallest cluster are shown in Fig. 6. As can be clearly seen,
the number of nodes increases in the order of peaks B, C, and
D. Assignment of peaks can be made in the same way USing FiG. 6. Contour maps of pairs of the doubly degenerated wave
the largest cluster when a half-filled core hole is included asunctions responsible for peaks B, C, and D shown in Fig. 5 ob-
shown in Fig. 7. Peaks B, C, and D are different in both theained for the (BN;,)'®~ cluster at the transition state. Curves are
contribution of the 3 components and the number of nodesdrawn for+0.01,-0.02,+0.04, and+0.08, respectively. Solid and
in the molecular orbitals. dotted curves are for positive values and negative values, respec-
Peak E located at around 215 eV is not reproduced by thavely.




PRB 60 FIRST-PRINCIPLES CALCULATIONS OF ELECTRON .. 4949

=}
(o]
N-2p, PDOS
©

B-2s,2p,, PDOS
(states / eV atom)
(o]
S
(states / eV atom) (states / eV atom)
(=)

Bondlng

0 Anti- Bondlng
041 E 4
BZPXY -N2s 400 410 420

Bon ding ' Transition Energy (eV)

0 Anti-Bonding ' I Q ' 'Expeﬁmen't
1 % - Jaouen et al.
-0.4F 1 ; N
\Y

szxy-NZpr

N-2s,2p,, PDOS
o

o

Intensity

— qllc
--- glc

Overlap Population

uo4 s . . , . . .
/AA\ - 400 410 420
0 Bonding Energy Loss (eV)
| Anti BondmgW
i P Q Experiment
-0.04 BZpr-BZS 1 s N\ Moscovici et al.
= i\ ™R
=3 [ R \,
0.04 E 5 \
L g 8
Bonding <
0 Antl -Bonding - —_ 2Odeg T QOdeg
7 400 410 420
-0.04- BQpr-BQp . Energy Loss (eV)
190 . 200 210 FIG. 9. Local(1st row N-2p, and(2nd row N-2p,, PDOS at

Transition Energy (eV, Y .
oy (eV) the center of a model clustér (Bg;N;09 %Y the transition state, in

FIG. 7. Local BZ andp,, PDOS by the (B;N309% clusterat ~ comparison with(3rd row) experimental N-K-edge ELNES by
the transition state and the overlap population diagrams. gso;lezr?)t al. (Ref. 27 and(4th row) NEXAFS by Moscoviciet al.
ef. 20.
These features can be generated only when basis sets are
extended to include B8and 3. Asumof B-2p and B-3  tion energy, peak width increases in general. Further addition
PDOS using the (BN1,)**" cluster at the Slater’s transition of extended basis functions may improve the reproduction of
state including B-8 and 3 orbitals as basis functions in the high-energy features. However, this is out of the scope of
extra is shown in Fig. 8. Peaks A and B are not changed byhe present paper, since the broader the peak becomes, the
the extension. On the other hand, new peaks appear aboygss information regarding its chemical environment it pro-
peak C. Using the extended basis sets, peak D is made by thgjes
B-3p rather than the B-@. With the increase of the transi- F|gure 9 shows experimental N-K-edge ELNESnd
N NEXAFS?! from h-BN in comparison with theoretical
B mg’;g?sa' i N-2p, and N-2,, PDOS by a N-centered cluster,
] (Ng1B109°Y". Similar to the case of the B-K edge, the inclu-
- sion of a half-filled core hole makes the first and second
. peaks pronounced. Agreement between experimental and
. theoretical spectra are satisfactory. Moscoviet al?!
pointed out that the first peak of the N-K-edge NEXAFS
(peak B is much more broader than that of the B-K edge
(peak A. They ascribed the fact to be due to the larger radius
of N-2p, orbital as compared with that of Bg2, leading to
a larger overlap of the orbitals, which results in larger dis-
. ‘ . . . persion of the band. The bandwidth of the Bs2can be
190 290 210 defined as the difference in peaks A ant] Aince they have
ransition Energy (eV) . .
two extreme wave vectors as shown in Fig. 4. The A-A
FIG. 8. The B-2/p PDOS by the (BN;,)'® cluster at the difference is as large as the width of the first peak of the
transition state(top) using minimal-basis setéottom including ~ N-K-edge spectrum. Therefore, the claim by Moscovici
B-3s and P orbitals as basis functions in extra. et al?! is found not to be the case.
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FIG. 10. Local B-2 PDOS for model clusters dfeft column c-BN, (middle column w-BN, and(right column w-BN, with idealized
tetrahedrons. Clusters ace(B;3N,g)*®™ andw-(B13N,0)*® .  (1st row) results at the ground staté@nd row) at the transition states with
minimal basis-sets, an@rd row) with the extended basis sets. Experimental B-K-edge ELNES by Scfieifd 24 are compared.

Regarding absolute transition energies, theoretical resulsxperimental spectra is not well reproduced by these ground-
by Slater’s transition-state method allowing temporary spirstate calculations. When a core hole is includegil g is
polarization(as denoted by transition energy in the figures remarkably increased in both andw-BN. This can be as-
agree with experimental values within an error of 1% at bottcribed to the localization of the wave function responsible

B-K and N-K edges. The transition energy is found to befor peak A due to the presence of the core hole. ¥ in
almost independent of the cluster size. the experimental spectra are then reproduced. In other words,

the presence of the core hole significantly alterslihé g in
these two crystals.
IV. CUBIC AND WURTZITE BORON NITRIDES Peak B is found to be sharper iaBN as compared with
(c-BN,w-BN) w-BN, which agrees with the experimental spectra. Besides
_ ) ) . the difference in the stacking of thi&N,] tetrahedrons, they

Cu_b|c and wurtzite BN are both 4:4 coordinated, but theirg,o slightly elongated im-BN but are regular tetrahedrons
atomic arrangements are different at the second nearesk c.BN. In order to find the effect of the difference in the
neighbor shells. B-K-edge ELNES from these two polytypesshape of tetrahedrons, an extra calculationvieBN using
reported by Schmid are shown in Fig. 10. Roughly speak- perfect tetrahedrons was made as shown on the right panels
ing, B-N bonds in botle- andw-BN are allo* type and they  of Fig. 10. As can be seen, the structure of B-RDOS is
are saturated. The intense peaks located at 196 eV has begx sensibly changed by the idealization of fiBN,] tetra-
ascribed to ther™ interaction. Other than the intense peak hedrons irw-BN. The difference between the width of peak
(peak A, two peaks can be seen in the energy region belovB betweenc- and w-BN can, therefore, be ascribed to the
220 eV. Both peaks B and C in the experimental spectra ardifference in the manner of the tetrahedral stacking. The
seemingly broader im-BN than inc-BN. Schmid” pointed  presence of a low-energy shoulder of peak C in the experi-
out that a small difference at the low-energy shoulder of peaknental spectrum as pointed out by Schifiglthough the
C is a fingerprint for thev-BN. However, he did not refer to shoulder peak does not clearly show up, may also be related
the origin at all. to the broadening.

Figure 10 shows B3 PDOS by two clusters taken from Peak C can only be reproduced when B-&hd 3 orbit-
c-BN andw-BN, i.e.,c-(B13N,9) % andw-(B1sN,g)*®™, in als are included as basis functions in extra, which is the same
comparison with experimental spectra. Calculations weras peak E irh-BN as found in Fig. 8. It can, therefore, be
made both at the ground and Slater’s transition states. Miniascribed to the B-@ components. Similar to the case of peak
mal and extended basis sets were employed. ThepB-2B, peak C is broader iw-BN as compared witle-BN. The
PDOS at the ground state in two systems well agree witlbroadening is also seen in the wurzite structure with ideal-
those by the band-structure calculation using the orthogonated [ BN,] tetrahedrons. Thus, this can also be ascribed to
linear combination of atomic orbital€OLCAO) method?° the difference in the manner of tetrahedral stacking.
However, the intensity ratio of A to B, i.el,/lg, of the The absolute transition energies by theoretical calcula-
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tions are in good agreement with experiments similar to thes-K-edge spectrum oh-BN are interpreted in terms of
case ofh-BN. chemical bondings among atomic orbitals using overlap
population diagrams. Although peaks B, C, and D are all
V. SUMMARY originated from B-23,, orbitals, they are different in the
. o . . magnitude of contributions of B=2and N-2X as well as the
First-principles  molecular-orbital calculations of BN- .\ o0 ¢ nodes in the molecular orbitali4) The N-K-
polytypes,h-BN, c-BN, andw-BN, are conducted using edge spectrum di-BN is well reproduced. Its first peak P is

model clusters. Effects of a core hole in the unoccupied denzJa o4 t0 be broader than the first peak A in the B-K-

sity of states are systematically studied in order to reproducgd
X ; ge spectrum. (5) The B-K-edge spectra af andw-BN
and interpret experimental ELNES/NEXAFS at both B- andincluding their small differences are well reproduced. The

N-K .edges. Major r_esults can be sumr_narlz_ed_ as fOI'difference in the experimental spectra are attributed not to
lows: (1) Wave functions are f°“'.‘d to Io_callze s!gnlflcantly the shape of theBN,] tetrahedrons but to the difference in
near the core hOI?’ thereby changing their energies as well e manner of tetrahedral stacking6) Regarding absolute
their spatial distribution. They are very different from the transition energies, theoretical results by Slater’s transition-

Bloch states assumed in a band-structure calculation on ﬂkqate method allowing temporary spin polarizati@s de-

EaIS'S.Of. structgrql unt|:] cell. V\(/jhen tt?ﬁ presenge ?ftthe corl oted by transition energy in the figujesgree with experi-
o'€ 15 ignored, In other words at the ground state, sMalyenia| values within an error of 1% at both B-K and N-K

cluste_rs such as-(B/N;) exhibi_t better agreement with the edges. The transition energy is found to be almost indepen-
experiment as compared with large clusters such 83ent of the cluster size

h-(BgiN1gg) because wave functions are made to localize in
the small clusters. (2) Peak E in the B-K-edge spectrum of
h-BN and peak C in the B-K-edge spectrumoefandw-BN

are not reproduced by the calculations using minimal basis This work was supported by a Grant-in-Aid for General
functions. They emerge only when the basis set is expande8cientific Research from the Ministry of Education, Sports,
to include B-3 and 3. (3) All of the other peaks in the Science, and Culture of Japan.
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