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Multiple-scattering calculations of electron-energy-loss near-edge structures of existing
and predicted phases in the ternary system B-C-N

M. Wibbelt and H. Kohl
Physikalisches Institut der Westfa¨lischen Wilhelms-Universita¨t, Wilhelm-Klemm Straße 10, D-48149 Mu¨nster, Germany

Ph. Kohler-Redlich
Max-Planck-Institut fu¨r Metallforschung, Seestraße 92, D-70174 Stuttgart, Germany

~Received 11 August 1998!

The electron-energy-loss near-edge structures~ELNES! of the B K, C K, and N K ionization edges of
different phases in the boron-carbon-nitrogen~B-C-N! system are calculated using a multiple scattering~MS!
approach. A comparison of calculated and experimental spectra for cubic diamond, graphite, cubic (c-BN! and
hexagonal (h-BN! boron nitride is made to judge the reliability of the MS approach. The calculations are found
to reproduce the main features of the experimental ELNES. However, in the quantitative comparison the peak
positions deviate up to 3 eV. The multiple-scattering approach is applied to predict the ELNES of three
hypothetical phases, namely, BC2N, BC3, andb-C3N4, for which no accepted experimental reference spectra
exist. Our results demonstrate the usefulness of MS calculations to predict the ELNES of novel phases as a tool
for future experimental characterization.@S0163-1829~99!02418-2#
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I. INTRODUCTION

The development of new boron-carbon-nitrogen~B-C-N!
materials is of considerable interest in materials science.
structural similarity of graphite and hexagonal boron nitri
~h-BN! has motivated the synthesis of new alloys of the
two phases. Graphite is a semimetal and forms a large v
ety of intercalation compounds, whereash-BN is an insulator
and a very limited host material. Due to their isogeome
and isoelectronic structures, graphite andh-BN are expected
to form new hybrid B-C-N materials, which should hav
semiconducting properties and a tunable band gap depen
on composition. The existence of phases as BC2N ~Ref. 1! or
BC3 ~Refs. 2 and 3! have been predicted theoretically.

The first hybrid of composition BC2N has been synthe
sized by Kouvetakiset al.4 using CVD with BCl3 and
CH3CN as starting materials. Hexagonal BC2N an be either
metallic or semiconducting depending on whether the str
ture possesses inversion symmetry or not.1 The first synthesis
of a BC3 phase derived from interaction of BCl3 and benzene
(C6H6) at 800 °C by substitution of boron atoms into th
hexagonal network of the graphite structure was reported
Kouvetakiset al.5 Owing to the substitution of every fourt
carbon atom by boron BC3 is lighter and has improved elec
trical conductivity compared to graphite. Since the discov
of carbon nanotubes in 1991,6 B-C-N nanotubes with BC2N
~Refs. 7–9! and BC3 ~Refs. 9 and 10! structures have bee
studied extensively both experimentally and theoretically.
part of the search for new ultrahard materials the car
nitride phase,b-C3N4, has received remarkable attentio
This compound was predicted by Liu and Cohen11 and is
based on the knownb-Si3N4 structure with carbon substi
tuted for silicon. So far, considerable efforts have been
rected towards the synthesis ofb-C3N4.

12–15 It is predicted
that b-C3N4 is metastable and possesses a hardness co
rable to or higher than diamond.11,16 The possible synthese
PRB 590163-1829/99/59~18!/11739~7!/$15.00
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routes, the structures, the basic properties, and the pote
applications of B-C-N, B-C, and C-N materials have recen
been summarized by Kawagiuchi.17

The syntheses of macroscopic quantities of these pha
however, has been realized to be a considerably difficult t
most likely due to their metastability. The products of sy
theses are generally small particles or multiphase samp
for which phase identification is not straightforwar
Electron-energy-loss spectroscopy~EELS! in a transmission
electron microscope with high spatial resolution has been
important tool to investigate such products with respect
their structure and chemistry.18 For light elements like boron
carbon, and nitrogen EELS is an especially suitable te
nique to obtain both chemical composition and structural
formation on local scale.19 It is well known that the charac
teristic fine structure in the first few tens of eV beyond t
onset of the core loss ionization edges~ELNES! provides
so-called coordination fingerprints, which can be used
identify phases in complex systems20 or even to study phase
transformations in nanoscale particles.21 The usual procedure
is the collection of experimental spectra from referen
samples which serve as database for future phase ident
tion; for the B-C-N system see, for example, the recent
view of Schmid22 or the detailed discussion of the CK
ELNES in graphite by Batson.23 In the case of hypothetical
theoretically predicted phases in the B-C-N system no s
reference spectra exist. Therefore a theoretical approac
simulate the ELNES of such phases is desirable. In
present work we calculate the ELNES of theK (1s) ioniza-
tion edges of BC2N, BC3, and b-C3N4 using an updated
version of the ICXANES code provided by Durham, Pend
and Hodges,24 and Vvedensky, Saldin, and Pendry.25

Multiple scattering methods have been used by ot
groups to investigate the ELNES of materials lik
diamond,26–29 graphite,27,30 cubic31 and hexagonal boron
nitride.31,32
11 739 ©1999 The American Physical Society
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II. CALCULATIONAL DETAILS

The calculation of ELNES using a multiple-scattering a
proach is based on the interference between the outg
electron wave generated by the ejection of an inner-s
electron and the electron wave elastically backscattered f
the surrounding atoms.33,34 The origin of this approach is in
the study of x-ray-absorption near-edge structures~XANES!,
but for small collection angles where the momentum trans
is small and dipole transitions dominate, the interpretation
ELNES is the same.18 The formalism of the MS theory is
equivalent to the Korringa-Kohn-Rostocker~KKR! band
theory.35 In the simple one-electron picture the observ
near-edge structures reflect the symmetry-projected den
of unoccupied states above the Fermi level.36 But according
to a study of rutile and anatase by Brydsonet al.,37 we also
have to consider many-electron effects for the explanatio
the resulting ELNES.

The input data for the ICXANES code25 are~i! the cluster
coordinates of the atoms subdivided into shells surround
the absorbing atom,~ii ! the matrix elements for the transitio
of an electron from the 1s state of the central atom to th
conduction band, and~iii ! the phase shifts for inciden
spherical waves with angular momenta up tol max53 ~i.e., s
to f symmetry!, describing the scattering properties of ea
type of atom.

Phase shifts as well as matrix elements were calcula
assuming a muffin-tin shape for the crystal potential form
from atomic potentials according to Matthei
prescription38,39 for the superposition of neutral atom
charge densities derived from atomic self-consistent fi
~SCF! Xa wave functions.40 The so-called (Z11) approxi-
mation for the absorbing atom41 is used to consider the core
hole effects which can be considerable for lowZ elementK
edges.42 The local exchange parametera ~Ref. 43! was taken
to be 0.8 for all calculations and the muffin-tin radii we
chosen to be half of the nearest-neighbor distances. Bes
that, the inelastic attenuation parameterSE, which is the
imaginary part added to the energy of the excited electr
can be used to include the experimental broadening.30,44 It is
a common approach to choose the value ofSE equal to the
instrumental energy resolution, as defined by the full wid
at half maximum~FWHM! of the zero loss peak. Howeve
the chromatic aberrations of the spectrometer can lead
further reduction of the effective energy resolution for t
core edges depending on their energy loss. The convolu
of the calculated spectra with appropriately chosen Lore
ian functions can be used to handle this effect and to aim
a higher similarity of the calculated to the experimental d
~see, e.g., Ref. 45!. We have decided against a fitting of th
energy broadening and present all calculated spectra in
paper withSE50.5 eV. The main discrepancies observed
this investigation are shifts of the peak energies, which
not depend on broadening effects.

The calculations were performed in real space by divid
the cluster into concentric shells of atoms surrounding
central atom. The multiple scattering of the whole cluste
determined with intrashell and intershell scattering. The fi
ten shells were considered corresponding to a cluster ra
of approximately 10 a.u. ~100–150 atoms, 1 a.u
50.529 Å).
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The crystal structures for cubic diamond, graphite,c-BN
andh-BN were taken from Ref. 46; the models for the oth
phases are described in Sec. IV B. For the layered c
pounds, graphite, andh-BN, the spectra for the two in-
equivalent atom positions have been calculated separa
and weighted to equal amounts in the spectra presented

In the calculation of near-edge structures the crystal
entation with respect to the incident electron beam has to
considered. It is known for layered structures like graph
andh-BN to show a large degree of anisotropy as revea
by earlier XANES and ELNES investigations.47–49 In our
calculations parameter settings were used~no polarization,
Ref. 25! which leads to an averaging over all possib
incident-beam directions. This situation corresponds to
signal expected in x-ray absorption or EEL spectrosco
from polycrystalline samples. Anisotropy or polarization e
fects in general do change the intensity of peaks but do
shift their positions. Only for overlapping peaks, which a
too close to be resolved, the dependence of relative p
intensities on the incident beam-direction may result in
apparent energy shift of the combined peak. This ene
shift can amount up to the energy difference of the two pe
and is hence in the order of or smaller than the instrume
energy resolution.

III. EXPERIMENTAL DETAILS

The experimental ELNES~the two spectra ofc-BN were
provided by J. Loeffler50! were recorded with a Gatan 66
parallel electron energy-loss spectrometer attached to a
HB501UX dedicated scanning transmission electron mic
scope~STEM! operating at 100 kV accelerating voltage. E
fective collection angles of 6.5 and 13 mrad have been u
In general this is small enough52 to be in the regime of smal
momentum transfer and for thin samples the observed t
sitions should obey the dipole selection rules, i.e., forK
edges the final state is predominantlyp-like. For the different
measurements the energy resolution of the system was in
range of 0.6–1.1 eV~FWHM of the zero loss peak!. All
spectra were corrected for dark current and detector g
variations. A background of the formAE2r with the adjust-
able parametersA andr has been subtracted from each spe
trum. The effects of inelastic scattering were removed
applying a Fourier-Ratio deconvolution.18 Zero loss peak de-
convolution was applied to correct for the instrumen
broadening function.18 All data processing was performe
with the Gatan EL/P 3.0 program. Details about the refere
samples used to obtain the experimental spectra are give
Ref. 51.

IV. RESULTS AND DISCUSSION

A. Existing phases

Figures 1–3 compile the calculatedK edge ELNES of
cubic diamond, graphite, cubic (c-BN!, and hexagonal
~h-BN! boron nitride in comparison to the experimental re
erence spectra. The spectra are plotted versus elec
energy loss. The absolute energy values for theK edges, as
measured at half height of the edge onset in the experime
spectra, are listed in Table I. The baseline is arbitrarily c
sen for clarity of presentation. The total intensities under
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PRB 59 11 741MULTIPLE-SCATTERING CALCULATIONS OF . . .
edges are normalized to area. Owing to the arbitrarines
the muffin-tin potential zero, all calculated spectra are shif
in a way that the position of the main peak coincides with
corresponding experimental one. The positions of the m
prominent peaks~labeled A to E! in Figs. 1–3 relative to the
main s* peak B are collected in Table II.

In agreement with previous measurements22,30,53 the dis-
played experimental spectra point out the differences in
bonding characteristics of the hexagonal and cubic pha
The K ELNES of graphite andh-BN ~Figs. 1–3! show two
separate peaks~A, B! at the edge onset in contrast to th
cubic phases diamond andc-BN, which show only one peak
~B!. The additional feature A in the spectra of the hexago

FIG. 1. Experimental~exp.! and theoretical~theor.! B K ELNES
of c-BN andh-BN. The positions of the marked peaks are given
Table II.

FIG. 2. Experimental~exp.! and theoretical~theor.! C K ELNES
of cubic diamond and graphite. The positions of the marked pe
are given in Table II.
of
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phases present in the B, C, and NK edges corresponds t
transitions of the 1s electrons to the emptyp* antibonding
orbitals. This characteristic peak is widely used to ident
sp2-hybridized materials. The series of peak B to D is r
lated to 1s→s* transitions.47 The broad feature E is part o
the extended energy-loss fine structure~EXELFS! due to
backscattering from nearest neighbors.18 The p* structures
are absent in the ELNES of the cubic phases. The spect
is dominated by peak B. All cubic phases show consisten
the higher energy features D and E, the latter being again
EXELFS oscillation. Peak C is clearly visible for diamon
and appears as a shoulder for the BK and N K edges in
c-BN.

The characteristic distinction of the ELNES between t
cubic and the hexagonal phases for allK edges is clearly
reproduced by the calculations. Specifically, thep* feature
is only visible for theK edges of the hexagonal phases. Al
the existence of the features B to E in the spectra sh
reasonable correspondence between theory and experim
The relative intensities of the peaks with respect to e
other follow the correct trends with some exceptions. This
more satisfactory for the cubic than for the hexagonal pha
However, the relative peak positions compared in Table
reveal a misalignment of corresponding features by up t

ks

FIG. 3. Experimental~exp.! and theoretical~theor.! N K ELNES
of c-BN andh-BN. The positions of the marked peaks are given
Table II.

TABLE I. Absolute electron-energy losses (60.1 eV) of theK
edges in the experimental spectra labeled in Figs. 1–3.

Ionization edge~eV!

Phase BK C K N K

Diamond - 287.9 -
Graphite - 284.3 -
c-BN 194.5 - 397.4
h-BN 191.4 - 398.9
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TABLE II. Positions of peaks A to E in the spectra in Figs. 1–3. All positions are given relative to
main s* peak B. The estimated error is 0.2 eV.

Peak position relative to peak B~eV!

Phase Edge A B C C8 C9 D D8 E

Diamond CK theor. - 0 4.4 12.0 34.8
exp. - 0 5.5 12.9 34.1

Graphite CK theor. 24.9 0 2.5 6.6 10.3 19.4 36.0
exp. 26.8 0 4.4 11.2 14.7 22.1 35.1

c-BN B K theor. - 0 5.5 14.2 33.2
exp. - 0 7.0 17.2 34.6

N K theor. - 0 6.1 15.2 30.5
exp. - 0 6.4 15.5 29.8

h-BN B K theor. 28.4 0 5.7 12.5 19.8 -
exp. 26.8 0 5.6 16.1 -

N K theor. 26.8 0 4.1 8.2 20.9 34.3
exp. 26.1 0 7.2 17.6 31.8
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eV. It is noted for the cubic phases that in contrast to
generally good agreement, peak D of the BK edge ofc-BN
~Fig. 1! is shifted by 3 eV to lower energies in the calculat
spectrum. Lowering of the symmetry due to disturbed sta
ing order between neighboring basal planes might exp
the absence of the calculated doublet peaks D/D8 ~B K of
h-BN! in Fig. 1 and C/C8 ~N K of h-BN! in Fig. 3 in the
actual experimental spectra. Garvie, Craven, and Bryds31

found a similar peak splitting in their MS calculations of th
B K edge ofh-BN. In the case of graphite a detailed com
parison of the relative peak positions between theory
experiment~cf. Fig. 2 and Table II! reveals some substantia
deviations, especially for the peaks C, C8 and C9. Brydson,
Brown, and Bruley28 have proposed that the neglect of t
energy dependence of the exchange potential54 can result in a
mismatch between the theoretical and the experimental
ergy scale.

The comparative study demonstrates both the poten
and the limitations of the MS approach in modeling t
ELNES of K edges of B-C-N materials. The multiple
scattering one-electron theory can be used to predict the
eral trends for the ELNES of BK, C K, and NK. Relative
peak positions derived from calculations should be int
preted with great care. It has been pointed out that an im
e
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n-
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-
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tant limitation of the MS approach calculation is the mea
field neglecting effects of quasiparticle excitations54,55 or
contributions from dipole-forbidden transitions in the expe
mental spectra~see, e.g. Ref. 56!.

B. Predicted phases

Based on the systematic study described above
multiple-scattering approach is used further to predict
near-edge fine structure for the hypothetical phases BC2N,
BC3, and b-C3N4. Those results can serve as prelimina
reference spectra for materials characterization until relia
ELNES spectra are available. Furthermore, the follow
calculations offer the possibility to monitor from the theore
ical point of view the effects of subsequent substitution
single boron atoms~as is BC3) or BN units~as in BC2N) into
the graphitic network on the ELNES.

1. BC2N

For simplicity, the BC2N phase is modeled by the sem
conducting model II for a BC2N monolayer@Fig. 4~a!# pro-
posed by Liu, Wentzcovitch, and Cohen.1 Since no unam-
biguous predictions or experimental determination of
the

FIG. 4. Crystal structures of BC2N ~a!, BC3 ~b!, and b-C3N4 ~c!. The lattice parameters of BC2N and BC3 are a52.48 Å andc

56.68 Å. The unit cells are enclosed by dashed lines. The crystal structure ofb-C3N4 is projected onto the basal plane. Numbers beside
atoms are the respective values ofz. The lattice parameters forb-C3N4 area56.43 Å andc52.46 Å.
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stacking sequences for BC2N are available to date, we hav
decided to use the graphitelike AB stacking.

The calculated near-edge structures of theK edges are
displayed in Figs. 5–7. The BK, C K, and N K features
show consistantly graphitelike appearance. All three spe
exhibit a sharpp* peak, a broaders* peak, a feature be
tween 25 and 35 eV, and a broad EXELFS peak. The se
rations of the calculatedp* and s* features of BC2N are
summarized in Table III in comparison to some experimen
EELS results in the literature.4,9,57 The relative peak separa
tion values of the theoreticalK edges match the measure
data within an error of 0.5 eV. However, structurally we
characterized BC2N reference samples are not available

FIG. 5. Theoretical BK ELNES of BC2N and BC3 in compari-
son toh-BN. Thes* peaks are shifted to 0 eV.

FIG. 6. Theoretical CK ELNES of BC2N and BC3 in compari-
son to graphite. Thes* peaks are shifted to 0 eV.
ra

a-

l

the knowledge of the authors. The separation values give
Table III are from boron-carbon-nitrogen hybrid phases w
stoichiometries close to BC2N.

Comparison with the experimentalK edges of h-BN
makes evident that both the BK and the NK edges do not
have characteristic dissimilarities which would allow an u
ambiguous identification of BC2N. It is only the marked
changes in thes* transition region of the CK edge for
BC2N which might serve as a fingerprint for this phase.

2. BC3

Figure 4~b! shows the atomic arrangement in the ba
plane of BC3 originally suggested in Ref. 5. The graphitelik
AB stacking which most likely is the stable phase2 is used to
build up the cluster for the MS calculation. The spectra
the two inequivalent atom positions have been calcula
separately and weighted to equal amounts in the prese
spectra.

The calculated ELNES of the BK edge~Fig. 5! exhibits a
doublet of sharpp* peaks separated by 3.5 eV. The pred
tion of these two peaks agrees with previous density-
states~DOS! calculations,2,3 where the separation is approx
mately 3.0 eV. This splitting of thep band is attributed to
the lowering in translational symmetry caused by the orde

FIG. 7. Theoretical NK ELNES of BC2N in comparison to
h-BN. Thes* peaks are shifted to 0 eV.

TABLE III. Values of the separation between thep* and s*
features (60.5 eV) for the correspondingK edges of BC2N.

p* 2s* Separation~eV!

B K C K N K

MS Calculations 8.5 7.5 5.5
Kouvetakis~Ref. 4! 7.0 6.5 6.0
Weng-Sieh~Ref. 9! 8.0 7.0 6.0
Sasaki~Ref. 57! 6.0 7.5 5.5
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presence of boron in the graphitic structure.3 In reference to
the mentioned DOS calculations twop* features in the CK
ELNES are expected, but this is not borne out by the M
calculation. Only a singlep* feature is present making th
spectrum look very similar to graphite. There is also so
experimental evidence in the electron energy-loss spe
from a thin sample of BC3.

58 They show two distinctp*
peaks for BK separated by 2.6 eV but only one for CK
which might be related to the limited energy resolution
this experimental ELNES. Expect for the doublep* peak
there are no distinct differences between the BK of BC3 and
BC2N.

3. b-C3N4

Finally the K edges of the hypothetical carbon nitrid
solid b-C3N4 were calculated. The model in Fig. 4~c! dis-
plays the crystal structure ofb-C3N4 projected onto the basa
plane. The unit cell is hexagonal and contains two form
units ~14 atoms!. Eachsp3-hybridized carbon atom is tetra
hedrally surrounded by nitrogen atoms, whereas
sp2-hybridized nitrogen atoms are in a nearly trigonal plan
geometry. This three-dimensional covalent network is a g
prototype for the study of cubic C3N4 even though the bond
ing is not exclusivelysp3.11,16 Thus it is expected that th
ELNES of the CK and N K edges are similar to that o
diamond andc-BN.

The calculatedK ELNES of b-C3N4 ~Figs. 8 and 9!
clearly illustrate the cubic character for this phase exhibit
no p* feature. A distinct difference to diamond is found
the CK ELNES of b-C3N4 only for the higher energy fea
tures above the dominants* peak. These peaks are strong
attenuated for the CK ELNES whereas the NK ELNES is
nearly the same than forc-BN. One possible explanation i
the incomplete tetrahedral coordination resulting in a stro
attenuation of the features for CK at higher energies.

FIG. 8. Theoretical CK ELNES of b-C3N4 in comparison to
diamond. Thes* peaks are shifted to 0 eV.
S

e
ra

f

a

e
r
d

g

g

V. CONCLUSION

We have presented one-electron multiple-scattering ca
lations of theK edges of various phases in the ternary boro
carbon-nitrogen phase diagram. For cubic diamond, graph
c-BN, andh-BN multiple-scattering calculations are able
reproduce the main features and the relative intensity tre
of the experimental data. Differences in the peak positio
are mainly attributed to quasiparticle effects.54,55

This systematic investigation lays the groundwork for t
near-edge structure calculations of a great variety of no
phases expected in the B-C-N system. Multiple-scatter
calculations have been used to predict the theK ELNES for
BC2N, BC3, and b-C3N4. The spectra for BC2N and BC3

reveal mainly graphitic features, whereas the latter has n
edge features similar to those of diamond andc-BN. How-
ever, distinct features in the ELNES have been discus
which may allow the identification of these phases even
small particles or multiphase materials. Notably, the BK
ELNES of BC3 exhibits twop* features at the onset of th
mains* peak as a consequence of the lowering in the tra
lational symmetry caused by the substitution of boron
carbon.3 We believe that the calculations of reference spec
for BC2N, BC3, and b-C3N4 and also for other predicted
novel materials may serve as an invaluable tool for fut
characterization and phase determination.

ACKNOWLEDGMENTS

One of us~Ph.K.-R.! was supported by the DFG unde
Contract No. RU 342/11-1 and is grateful to Professor
Rühle for helpful suggestions. The authors would like
thank Dr. R. Brydson for continuous advice for this wo
and the introduction to the ICXANES code.

FIG. 9. Theoretical NK ELNES of b-C3N4 in comparison to
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