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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
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The electron-energy-loss near-edge structyEdsNES) of the B K, C K, and NK ionization edges of
different phases in the boron-carbon-nitrogBaC-N) system are calculated using a multiple scatte(M&)
approach. A comparison of calculated and experimental spectra for cubic diamond, graphitec-®iKjcand
hexagonal i-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, BG BC;, and3-C;N,, 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 characterizatidis0163-182¢09)02418-7

[. INTRODUCTION routes, the structures, the basic properties, and the potential
applications of B-C-N, B-C, and C-N materials have recently
The development of new boron-carbon-nitrogd&iC-N) been summarized by KawagiucHi.
materials is of considerable interest in materials science. The The syntheses of macroscopic quantities of these phases,
structural similarity of graphite and hexagonal boron nitridehowever, has been realized to be a considerably difficult task
(h-BN) has motivated the synthesis of new alloys of thesamost likely due to their metastability. The products of syn-
two phases. Graphite is a semimetal and forms a large vartheses are generally small particles or multiphase samples,
ety of intercalation compounds, wherga8N is an insulator  for which phase identification is not straightforward.
and a very limited host material. Due to their isogeometricElectron-energy-loss spectroscofBELS) in a transmission
and isoelectronic structures, graphite anBN are expected electron microscope with high spatial resolution has been an
to form new hybrid B-C-N materials, which should have important tool to investigate such products with respect to
semiconducting properties and a tunable band gap dependitigeir structure and chemist®} For light elements like boron,
on composition. The existence of phases asMB@Ref. 1) or  carbon, and nitrogen EELS is an especially suitable tech-
BC; (Refs. 2 and Bhave been predicted theoretically. nique to obtain both chemical composition and structural in-
The first hybrid of composition BN has been synthe- formation on local scal& It is well known that the charac-
sized by Kouvetakiset al* using CVD with BCk and teristic fine structure in the first few tens of eV beyond the
CHCN as starting materials. Hexagonal fCan be either onset of the core loss ionization edgds.NES) provides
metallic or semiconducting depending on whether the strucso-called coordination fingerprints, which can be used to
ture possesses inversion symmetry oribhe first synthesis  identify phases in complex systeffier even to study phase
of a BG; phase derived from interaction of BGind benzene transformations in nanoscale particféd.he usual procedure
(CgHg) at 800°C by substitution of boron atoms into the is the collection of experimental spectra from reference
hexagonal network of the graphite structure was reported bgamples which serve as database for future phase identifica-
Kouvetakiset al> Owing to the substitution of every fourth tion; for the B-C-N system see, for example, the recent re-
carbon atom by boron Bds lighter and has improved elec- view of Schmid? or the detailed discussion of the K
trical conductivity compared to graphite. Since the discoveryELNES in graphite by Batsof? In the case of hypothetical,
of carbon nanotubes in 1991B-C-N nanotubes with BN theoretically predicted phases in the B-C-N system no such
(Refs. 7-9 and BG (Refs. 9 and 1Pstructures have been reference spectra exist. Therefore a theoretical approach to
studied extensively both experimentally and theoretically. Asimulate the ELNES of such phases is desirable. In the
part of the search for new ultrahard materials the carbopresent work we calculate the ELNES of tke(1s) ioniza-
nitride phase,B-C3N4, has received remarkable attention. tion edges of BEN, BC;, and 8-C;N, using an updated
This compound was predicted by Liu and Cotleand is  version of the ICXANES code provided by Durham, Pendry,
based on the knows-Si;N, structure with carbon substi- and Hodge$? and Vvedensky, Saldin, and Pendry.
tuted for silicon. So far, considerable efforts have been di- Multiple scattering methods have been used by other
rected towards the synthesis 8§C;N,.'2"*°It is predicted groups to investigate the ELNES of materials like

that 8-C3N, is metastable and possesses a hardness compdiamond?®=2° graphite?’*° cubic®® and hexagonal boron

rable to or higher than diamortd1® The possible syntheses nitride 3132
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ll. CALCULATIONAL DETAILS The crystal structures for cubic diamond, graphieéN

The calculation of ELNES using a multiple-scattering ap-aﬂd h-BN were taken from Ref. 46; the models for the other

. . . phases are described in Sec. IVB. For the layered com-
proach is based on the interference between the outgou‘%O

| d by the eiect ¢ . h unds, graphite, anti-BN, the spectra for the two in-
electron wave generated by the ejection of an inner-she quivalent atom positions have been calculated separately

electron and .the eIectroSr:1 wave gla}stically backscattergd.frorgnd weighted to equal amounts in the spectra presented.
the surrounding atontS: The origin of this approach is in In the calculation of near-edge structures the crystal ori-
the study of x-ray-absorption near-edge struct@&sNES),  entation with respect to the incident electron beam has to be
but for small collection angles where the momentum transfegonsidered. It is known for layered structures like graphite
is small and dipole transitions dominate, the interpretation ofnd h-BN to show a large degree of anisotropy as revealed
ELNES is the sam& The formalism of the MS theory is by earlier XANES and ELNES investigatioR&:%° In our
equivalent to the Korringa-Kohn-RostockéKKR) band  calculations parameter settings were usged polarization,
theory® In the simple one-electron picture the observedRef. 25 which leads to an averaging over all possible
near-edge structures reflect the symmetry-projected densitycident-beam directions. This situation corresponds to the
of unoccupied states above the Fermi le¥’éRut according  signal expected in x-ray absorption or EEL spectroscopy
to a study of rutile and anatase by Brydsetral,®” we also  from polycrystalline samples. Anisotropy or polarization ef-
have to consider many-electron effects for the explanation ofects in general do change the intensity of peaks but do not
the resulting ELNES. shift their positions. Only for overlapping peaks, which are

The input data for the ICXANES cofare(i) the cluster 00 close to be resolved, the dependence of relative peak
coordinates of the atoms subdivided into shells surroundingitensities on the incident beam-direction may result in an
the absorbing atontii) the matrix elements for the transition apparent energy shift of the combined peak. This energy
of an electron from the 4 state of the central atom to the Shift can amount up to the energy difference of the two peaks
conduction band, andiii) the phase shifts for incident and is hence in the order of or smaller than the instrumental
spherical waves with angular momenta ug tq,=3 (i.e.,s  €nergy resolution.
to f symmetry, describing the scattering properties of each
type of atom. Ill. EXPERIMENTAL DETAILS

Phase shifts as well as matrix elements were calculated

assuming a muffin-tin shape for the crystal potential formed 1he experimental ELNE®he two spectra oé-BN were
fom atomic potentials according to Mattheiss provided by J. Loefflé®) were recorded with a Gatan 666
prescriptioni®3® for the superposition of neutral atomic parallel electro.n energy—los§ spectrometer attached to a VG
charge densities derived from atomic self-consistent field1B501UX dedicated scanning transmission electron micro-
(SCPH X, wave function€® The so-called Z+1) approxi- scope(STEM)_operatlng at 100 kV accelerating voltage. Ef-
mation for the absorbing atdhis used to consider the core- fective collection angles of 6.5 and 13 mrad have been used.
hole effects which can be considerable for lavelement ! general this is small enougfto be in the regime of small
edge€? The local exchange parametefRef. 43 was taken mqmentum transfer and fo'r thin samp[es the ob;erved tran-
to be 0.8 for all calculations and the muffin-tin radii were Sitions should obey the dipole selection rules, i.e., or
chosen to be half of the nearest-neighbor distances. Besid€49es the final state is predominarlike. For the different
that, the inelastic attenuation parame®E, which is the measurements the energy resolution of the system was in the
imaginary part added to the energy of the excited electronfan9€ Of 0.6-1.1 eMFWHM of the zero loss peak All
can be used to include the experimental broadeffidfitis ~ SPectra were corrected for dark currgr:t and detector gain
a common approach to choose the valus& equal to the variations. A background of the for’dE™" with the adjust-
instrumental energy resolution, as defined by the full width@b!e parameter& andr has been subtracted from each spec-
at half maximum(FWHM) of the zero loss peak. However, trum._The effec_ts of |_nelast|c scattering were removed by
the chromatic aberrations of the spectrometer can lead to @PPling a Fourier-Ratio deconvolutidhZero loss peak de-
further reduction of the effective energy resolution for theconvolution was_a%plled to correct for the instrumental
core edges depending on their energy loss. The convolutioRfoadening function” All data processing was performed
of the calculated spectra with appropriately chosen Lorentzith the Gatan EL/P 3.0 program. Details about the reference
ian functions can be used to handle this effect and to aim fopaMPles used to obtain the experimental spectra are given in
a higher similarity of the calculated to the experimental datdef- 51.
(see, e.g., Ref. §5We have decided against a fitting of the
energy broadening and present all calculated spectra in this IV. RESULTS AND DISCUSSION
paper withSE=0.5eV. The main discrepancies observed in
this investigation are shifts of the peak energies, which do
not depend on broadening effects. Figures 1-3 compile the calculated edge ELNES of
The calculations were performed in real space by dividingcubic diamond, graphite, cubicc{BN), and hexagonal
the cluster into concentric shells of atoms surrounding theéh-BN) boron nitride in comparison to the experimental ref-
central atom. The multiple scattering of the whole cluster iserence spectra. The spectra are plotted versus electron-
determined with intrashell and intershell scattering. The firsenergy loss. The absolute energy values forkhedges, as
ten shells were considered corresponding to a cluster radiuaeasured at half height of the edge onset in the experimental
of approximately 10 a.u. (100-150 atoms, 1a.u. spectra, are listed in Table I. The baseline is arbitrarily cho-
=0.529A). sen for clarity of presentation. The total intensities under the

A. Existing phases
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FIG. 1. Experimentafexp) and theoreticaltheor) B K ELNES FIG. 3. Experimentalexp) and theoreticaltheor) N K ELNES
of c-BN andh-BN. The positions of the marked peaks are given in o¢ . g\ andh-BN. The positions of the marked peaks are given in

Table Il. Table 1.

edges are normalized to area. Owing to the arbitrariness thases resent in the B. C. andkNedges corresponds to
the muffin-tin potential zero, all calculated spectra are Shifte(fransitiorﬁ)s of the & electr1ons, 0 the en? - antibrc))ndin
in a way that the position of the main peak coincides with the_ . X L € emptyr aing
corresponding experimental one. The positions of the mos rbitals. .T.h's charact'enstlc peak IS widely used to 'd?"‘“fy
prominent peakg§labeled A to B in Figs. 1-3 relative to the sp2-hybr|d|zed* materllgls.s;l;he series of peak B t_o D is re-
main o* peak B are collected in Table II. lated to Is— o* transitions: The broad feature E is part of
In agreement with previous measuremé&nit$>3the dis- the extended energy-loss fine _struggtrm@(EL*FS) due to
played experimental spectra point out the differences in thgackst::atte:{r!ng:{[r:‘rogur\]leEzgesft tzelghkk))_ QTEe ™ S_chwrest
bonding characteristics of the hexagonal and cubic phaseg.re absent in the or thé cubic phases. The spectrum
The K ELNES of graphite and-BN (Figs. 1—3 show two is dommated by peak B. All cubic phases show 90n5|st9ntly
separate peak@, B) at the edge onset in contrast to the the higher energy features D and E, the latter being again an
cubic phases dia’mond aneBN, which show only one peak EXELFS oscillation. Peak C is clearly visible for diamond
(B). The additional feature A in the spectra of the hexagona@f]gNappears as a shoulder for thekBand NK edges in
: ———— : The characteristic distinction of the ELNES between the
B graphite cubic and the hexagonal phases for Klledges is clearly
reproduced by the calculations. Specifically, the feature
is only visible for theK edges of the hexagonal phases. Also
the existence of the features B to E in the spectra shows
reasonable correspondence between theory and experiment.
The relative intensities of the peaks with respect to each
other follow the correct trends with some exceptions. This is
more satisfactory for the cubic than for the hexagonal phases.

P
B
5 . However, the relative peak positions compared in Table Il
E diamond ., . .
reveal a misalignment of corresponding features by up to 3
F heor TABLE I. Absolute electron-energy losses 0.1 eV) of theK
c edges in the experimental spectra labeled in Figs. 1-3.
D
E lonization edggeV)
exp.
. . . . . Phase BK CK N K
280 290 300 310 320 330 340
Energy Loss (eV) Dlamo_nd - 287.9 -
Graphite - 284.3 -
FIG. 2. Experimentalexp) and theoreticaltheor) C K ELNES c-BN 194.5 - 397.4
of cubic diamond and graphite. The positions of the marked peaks h-BN 191.4 - 398.9

are given in Table II.
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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 the
main o* peak B. The estimated error is 0.2 eV.

Peak position relative to peak @V)

Phase Edge A B C C c’ D D’ E

Diamond CK theor. - 0 4.4 12.0 34.8
exp. - 0 55 12.9 34.1
Graphite CK theor. -4.9 0 25 6.6 10.3 19.4 36.0
exp. -6.8 0 4.4 11.2 14.7 22.1 35.1
c-BN B K theor. - 0 55 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. -84 0 5.7 125 19.8 -

exp. -6.8 0 5.6 16.1 -
N K theor. -6.8 0 4.1 8.2 20.9 34.3
exp. -6.1 0 7.2 17.6 31.8

eV. It is noted for the cubic phases that in contrast to thegant limitation of the MS approach calculation is the mean-
generally good agreement, peak D of thé&KBedge ofc-BN field neglecting effects of quasiparticle excitatish® or
(Fig. 1) is shifted by 3 eV to lower energies in the calculatedcontributions from dipole-forbidden transitions in the experi-
spectrum. Lowering of the symmetry due to disturbed stackmental spectrésee, e.g. Ref. 56

ing order between neighboring basal planes might explain

the absence of the calculated doublet peaks'Di® K of

h-BN) in Fig. 1 and C/C (N K of h-BN) in Fig. 3 in the B. Predicted phases

actual experimental spectra. Garvie, Craven, and Brydson Based on the systematic study described above the
found a similar peak splitting in their MS calculations of the myltiple-scattering approach is used further to predict the
B K edge ofh-BN. In the case of graphite a detailed com- near-edge fine structure for the hypothetical phasesNBC
parison of the relative peak positions between theory an@c, and 8-C;N,. Those results can serve as preliminary
experiment(cf. Fig. 2 and Table )ireveals some substantial reference spectra for materials characterization until reliable
deviations, especially for the peaks C, &d C. Brydson, E|NES spectra are available. Furthermore, the following
Brown, and Brule$” have proposed that the neglect of the calculations offer the possibility to monitor from the theoret-
energy dependence of the exchange potéfitah resultina ical point of view the effects of subsequent substitution of
mismatch between the theoretical and the experimental ersingle boron atoméas is BG) or BN units(as in BGN) into
ergy scale. the graphitic network on the ELNES.

The comparative study demonstrates both the potential
and the limitations of the MS approach in modeling the
ELNES of K edges of B-C-N materials. The multiple- 1. BGN
scattering one-electron theory can be used to predict the gen- For simplicity, the BGN phase is modeled by the semi-
eral trends for the ELNES of B, C K, and NK. Relative  conducting model Il for a BN monolayer[Fig. 4(a)] pro-
peak positions derived from calculations should be interposed by Liu, Wentzcovitch, and Coh&rSince no unam-
preted with great care. It has been pointed out that an impombiguous predictions or experimental determination of the

o e e o e ® o
@ P ¢F ® B © 7

FIG. 4. Crystal structures of BS (a), BC; (b), and 8-C3N, (c). The lattice parameters of B and BG are a=2.48 A andc
=6.68 A. The unit cells are enclosed by dashed lines. The crystal structgrCgiil, is projected onto the basal plane. Numbers beside the
atoms are the respective valueszofThe lattice parameters f@-C;N, area=6.43 A andc=2.46 A.
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Intensity
Intensity
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Relative Energy Loss (eV) Relative Energy Loss (V)

FIG. 7. Theoretical NK ELNES of BGN in comparison to

FIG. 5. Theoretical BK ELNES of BGN and BG in compari- h-BN. The o* peaks are shifted to 0 eV.

son toh-BN. The o* peaks are shifted to 0 eV.

the knowledge of the authors. The separation values given in
Table Il are from boron-carbon-nitrogen hybrid phases with
stoichiometries close to B@I.

Comparison with the experimentdd edges ofh-BN

stacking sequences for B are available to date, we have
decided to use the graphitelike AB stacking.

The calculated near-edge structures of Keedges are
displayed in Figs. 5-7. The K, C K, and NK features X
show consistantly graphitelike appearance. All three spectr12Kes evident that both the 18 and the NK edges do not
exhibit a sharpm* peak, a broader* peak, a feature be- have characteristic dissimilarities which would allow an un-

tween 25 and 35 eV, and a broad EXELFS peak. The sep&Mbiguous ideniificatior'] of B@I. It is only the marked
rations of the calculated and o* features of BGN are ~ changes in thes™ transition region of the G< edge for
summarized in Table 11l in comparison to some experimentaPC2N Which might serve as a fingerprint for this phase.
EELS results in the literatufe®® The relative peak separa-
tion values of the theoreticd edges match the measured 2.BG
data within an error of 0.5 eV. HOWeVer, Structura“y well- Figure 4b) shows the atomic arrangement in the basal
characterized BEN reference samples are not available topjane of BG originally suggested in Ref. 5. The graphitelike
AB stacking which most likely is the stable phasgused to
build up the cluster for the MS calculation. The spectra for
the two inequivalent atom positions have been calculated
separately and weighted to equal amounts in the presented
spectra.

The calculated ELNES of the R edge(Fig. 5) exhibits a
doublet of sharpr* peaks separated by 3.5 eV. The predic-
tion of these two peaks agrees with previous density-of-

o*

2 statesDOS) calculations’® where the separation is approxi-
g mately 3.0 eV. This splitting of ther band is attributed to
= the lowering in translational symmetry caused by the ordered
TABLE lIl. Values of the separation between the& and o*
features (0.5 eV) for the corresponding edges of BGN.
graphite 7* —o* Separation(eV)
B K CK N K
0 0 10 20 30 40 MS Calculations 85 75 5.5
Relative Energy Loss (eV) Kouvetakis(Ref. 4 7.0 6.5 6.0
Weng-Sieh(Ref. 9 8.0 7.0 6.0
FIG. 6. Theoretical &K ELNES of BGN and BG in compari- Sasaki(Ref. 57 6.0 7.5 5.5

son to graphite. The™* peaks are shifted to 0 eV.
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z z
E= Z
:
= =
diamond ¢-BN
-10.0.10I20I3O.40 -10.0.10I20I3O.40
Relative Energy Loss (eV) Relative Energy Loss (eV)
FIG. 8. Theoretical &K ELNES of 8-C3N, in comparison to FIG. 9. Theoretical NK ELNES of 8-C3N, in comparison to
diamond. Thes™* peaks are shifted to 0 eV. c-BN. The o* peaks are shifted to 0 eV.
presence of boron in the graphitic structdre. reference to V. CONCLUSION

the mentioned DOS calculations two* features in the & . .
We have presented one-electron multiple-scattering calcu-

E;?S:tigr:e gﬁ?e;tz?r’] tl)g:*t?:esatljrgoits b(:g;een(zur;;%;hethl\él%ations of theK edges of various phases in the ternary boron-
j y 9 P 9 carbon-nitrogen phase diagram. For cubic diamond, graphite,

spectrum look very similar to graphite. There is also Sornec-BN, andh-BN multiple-scattering calculations are able to

experimental evidence in the electron energy-loss spectrrae roduce the main features and the relative intensity trends
from a thin sample of BE>® They show two distinctr* P y

peaks for BK separated by 2.6 eV but only one for kC of the experimental data. Differences in the peak positions

: : - . are mainly attributed to quasiparticle effedts®
which might be related to the limited energy resolution of . - L
this experimental ELNES. Expect for the doubié peak This systematic investigation lays the groundwork for the

- . near-edge structure calculations of a great variety of novel

g]gﬁ are no distinct differences between th Bf BC; and phases expected in the B-C-N system. Multiple-scattering
2 calculations have been used to predict theKhELNES for
BC,N, BGC;, and B-C3N,. The spectra for BEN and BG

3. B-CaNy reveal mainly graphitic features, whereas the latter has near-

Finally the K edges of the hypothetical carbon nitride €dge features similar to those of diamond @BN. How-
solid B-C3N, were calculated. The model in Fig(ch dis-  ever, distinct features in the ELNES have been discussed
plays the crystal structure @f-C;N, projected onto the basal which may allow the identification of these phases even in
plane. The unit cell is hexagonal and contains two formulssmall particles or multiphase materials. Notably, theKB
units (14 atoms. Eachsp*-hybridized carbon atom is tetra- ELNES of BG; exhibits two#* features at the onset of the
hedrally surrounded by nitrogen atoms, whereas thenainc* peak as a consequence of the lowering in the trans-
sp?-hybridized nitrogen atoms are in a nearly trigonal planarational symmetry caused by the substitution of boron for
geometry. This three-dimensional covalent network is a goodarbon® We believe that the calculations of reference spectra
prototype for the study of cubic{8, even though the bond- for BC,N, BC,, and 8-C3N, and also for other predicted
ing is not exclusivelysp®.***® Thus it is expected that the novel materials may serve as an invaluable tool for future
ELNES Of the CK and N K edgeS are Similar to that Of characterization and phase determination.
diamond anc:-BN.

The calculatedk ELNES of 8-C3N, (Figs. 8 and ®
clearly illustrate the cubic character for this phase exhibiting
no 7* feature. A distinct difference to diamond is found in
the CK ELNES of B8-C3N, only for the higher energy fea- ACKNOWLEDGMENTS
tures above the dominant* peak. These peaks are strongly One of us(Ph.K.-R) was supported by the DFG under
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