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Nonresonant inelastic x-ray scattering study of cubic boron nitride
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The dynamic structure factor of cubic boron nitride has been measured using nonresonant inelastic x-ray
scattering. The experimental data are compared with the results of a recently deaojpéteb calculation
scheme, which takes into account the interaction between the excited electron and the hole. The agreement
between the experiment and theory is good over an extended momentum transfer range, which emphasizes the
importance of proper inclusion of the electron-hole interaction. The results are also compared with a reflec-
tance measurement that represents the zero-momentum-transfer limit. The complementary nature of these
different experimental methods is discussed in view ofahenitio calculations.
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[. INTRODUCTION diamond shows the versatility of this technique accessing,
for example, an indirect band gap. The goals of this study are
We have conducted a combined experimental and theoreft) to study the momentum-transfer dependence of the dielec-
ical study of the dynamic structure factor of single crystaltric response of cBN andi) to complement and verify the
cubic boron nitride(cBN) using nonresonant inelastic x-ray findings of the experimental absorption studies and the the-
scattering(NRIXS). Recently boron nitride has been exten- oretical results. S . _ _
sively studied by numerous experimental techniques because !N What follows, we first give some basic relationships of
it exhibits several fascinating characteristics such as sem[NRIXS related to our computational scheme. After discuss-
conducting properties with a large band gap. The interest i#19 €xperimental details, we report the main experimental
partially due to the fact that cubic boron nitride and diamond'eSults. Finally, we compare NRIXS calculations and experi-
have many very similar properties. They have similar latticgMental results with their optical counterparts.
constants, being in the diamond and zinc blende crystal
structures, respectively. Both materials have low densities,
and high thermal conductivities, electrical resistivities, and
melting points. This has caused both materials to be consid- The double differential cross section of inelastic x-ray
ered as candidates for high-temperature electronics, althougitattering is directly proportional to the dynamic structure
the potential fom- andp-type doping is much more promis- factor S(q, »)
ing in cBN. Conversely, it can be difficult to grow cBN
crystals in the zinc blende structure. Because of the lattice )
constants being similar, cBN is considered also as a candi- d°o — (do/dQ) S )
date material for growing diamond thin films. d0de _ (do/d)mS(a,0),
The optical properties of cBN have also drawn both
experimentd— and theoretic4linterest. The computational
part of this work is based on ab initio schem&® that takes

II. INELASTIC X-RAY SCATTERING

whereq andw are the momentum and energy transfers from
into account the interaction of the excited electron and th the photon to the electrons of the system, respectively. The

- . hoton-electron interaction is described by the Thomson
hole. The scheme was originally developed for studying th . 2 — —n2 i
optical properties of solids and later extended to NRI¥S, €ross section do/dQ))m =ro(€1- €2)“wz/wy, whererg is
This scheme, as well as others based on the sanide classical electron radius, and (w») ande; (e,) are the
formalism? has proven reliable in the study of the optical energy and the polarization vector of the incidéstatterey
properties for a wide range of materials. It has also been useghoton. By measuring the energy transfer and changing the
to model absorption in cBN where comparison with ex- transferred momentum via the scattering angle, one can se-
perimental reflectance d&thas revealed some discrepancies.lectively study the various excitations produced in the
This has motivated us to study this system with NRIXS,sample. For solids, the low-momentum transfer @ few
which can access the dynamic structure factor with a finitéd ~!) and low-energy transfer<(50 eV) region ofS(q, »)
momentum transfer. The experimental method has beeis dominated by valence electron excitations. In this region
shown to give reliable results for a wide variety of the dynamic structure factor can be written in terms of the
materialst! A very recent study on lithium fluoride and macroscopic dielectric functiosy,
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92 -1 National Laboratory. The x rays were produced by a 27-pole
S(q,w)= Im , (2) hybrid wiggler and monochromatized using a four-bounce
47°n  [em(Q,0) ;
monochromator based on two separate and asymmetrically

wheren is the average electron density in the solid. Thecut channel-cut Si crystals usiri@20) reflections. The inci-
dielectric functione,, describes the response of the systemdent energy resolution was approximately 0.2 eV at 8 keV.
to the total macroscopic electric field. The dynamic structurel N& monochromatic x rays were focused onto the sample
factor can be directly probed with NRIXS ang, can be Using a double-focusing toroidal mirror with a platinum coat-

calculated with the aid of the Kramers-Kronig transforma-ind. The spot size was approximately 0.5 nihorizonta)
tions. X0.2 mm (vertica). A detailed description of the experi-

mental setup can be found in Refs. 15,16.
IIl. COMPUTATIONAL SCHEME The scattered photo_nsf were analyzed u_sing a spherically
bent S{444) crystal within the Rowland-circle geometry
In principle, calculation of the macroscopic dielectric with a bending radius of 1 m. The active area of the analyzer
function e, would require the solution of the equations of crystal was limited to 36 mm of diameter in order to improve
motion (EOM) for the electron-hole pair operator, a typical the energy resolution and simultaneously limit the spread of

equation being the scattering angles. The energy transfer scan was per-
o o formed utilizing the so-called inverse-energy scan technique,
(®|[H,ala,]|0)=E(d|ala,|0). (3) i.e., keeping the scattered energy fix@rresponding to a

- o fixed analyzer angle of 86° close to back scattering in order
HereH is the exact Hamiltonian of the many-body system,to improve the energy resolutipavhile scanning the inci-
alav is an electron-hole pair creation operator, 4#d is an  dent energy. Finally, the photons were detected by a very
exact excited state with ener@y Using the Tamm-Dancoff low-noise Si pin-diode detector. The total energy resolution
approximation(TDA),2 we can extract an effective Hamil- of 0.4 eV at 7.92 keV was determined from the full width at
tonian Hqi from the EOM. In the Tamm-Dancoff approxi- half maximum(FWHM) of the quasielastic line.
mation the excited state is assumed to be a combination of The momentum transfer is determined by the scattering
singly excited states, and in the ground stidg only the  angle 29 asq~4mx/\ siné, wherex =2mc/w, is the wave-
valence states are occupied. The effective Hamiltonian corlength of the incident radiation, which varies by less than 5%
tains single-particle term$or both the electron and the hgle in the energy range of interest. The momentum resolution is
and electron-hole interaction terms. The interaction includeslominated by the finite size of the analyzer crystal and the
both the attractive “direct” interaction and the repulsive relative uncertainty of the momentum transfieq/q varied
“exchange” interaction. This method has previously beenbetween 1.0 atg=0.28 A~ (0.18°'X) and 0.11 atq
used to analyze absorption and inelastic x-ray scattering=2.46 A~1 (1.4°X).

experiments® The boron nitride sample was prepared using the
Within linear-response theory, the macroscopic dielectricemperature-difference method at high press6r&Pa and
function of the system can be written as at 2000 K! The size of the sample was 2 mn2 mm
X0.4 mm and it was positioned in a vacuum chamber

. 1 .
Pa———Py

wo—Fgtin used between the sample, analyzer and detector to minimize

air absorption and scattering. The measurements were per-
where pg is the density-fluctuation operator. The resolventformed by varying the momentum transfer along three main
(w_ﬂeff"'i 7)~1in Eq. (4) is calculated using an iterative crystallographic directiongalong the Qartesian directions
Lanczos method. A detailed review of this scheme can bél.0.0, (1,1,0, and (1,1,), corresponding tag||I'X, I'K,
found in Refs. 5,6 and on its application to NRIXS in Refs.and I'L, respectively of the conventional cubic unit cell,
7.8. As an input for studying cBN this scheme requires thawith several different momentum transfer values for each
GW band structuré the single-particle wave functions taken direction. All desired directions of the momentum transfer
from LDA pseudopotentiaf* calculations, and the infrared Were accessed by rotating the same single crystal with re-
dielectric constant., (taken to be 4.46 spect to the incident beam and scattering plane. The proper
When comparing calculation results quantitatively toorientation was always found by observing appropriate
measurement, it is relevant to assess the expected accura@{ag9 reflections.
of the theoretical spectra. Systematic shortcomings of the Several scans were performed for eaghand the quasi-
approximations used can at best be estimated by compariséfastic line was measured between each scan in order to

to measurement, whereas numerical convergence of tHegheck the stability of the incident energy. The total shift was
present results is substantially better than the level of disobserved to be less than 0.1 eV between individual scans.

agreement from experiment. Since the sample was thin enough, the low absorption en-

abled us to collect the data in the transmission geometry

using a ,26) scan. Within this arrangement td@ection of

momentum transfer was kept fixed along the chosen crystal-
The experiments were performed on beamline X21A afographic axis while thabsolute value & |q| was varied by

the National Synchrotron Light Source at the Brookhaverchanging the scattering angle. The experimental data were

A throughout the experiment. Another vacuum chamber was
SM(q,w)Zl—? 0 0), (4)

IV. EXPERIMENTAL DETAILS
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FIG. 2. The experimentdkircles and the theoretical dynamic
structure factor for cubic boron nitride with momentum transfer
=0.49"X. Typical = ¢ error bars are shown. Results of calcula-
tions with (thick solid line and without (thin solid line the
electron-hole interaction are shown.
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FIG. 1. The experimentalcircles and the theoretical(solid
line) dynamic structure factor for cubic boron nitride along three
different crystallographic directions. The magnitudes of momentum
transfers are given in the figure relative to the corresponding symment of electron-hole interaction. The effects of the electron-
metry points. Selected error bars ¢) are shown for the two low-  hole interaction is illustrated in Fig. 2, which shows the com-
est momentum transfer spectra, whereas the error bars in the highﬁérison between theoretical loss functions computed with
momentum transfer spectra are equal to or smaller than the size %fnd without the electron-hole interaction and the experimen-
the symbol. tal loss function. The effect of the electron-hole interaction is
not merely a simple shift of the energy scalehich in the

_corrected for the variation in the |nc_|dent |_nt_ensﬁtyslng an — case of cBN would be about 3 @VThe effect could also be
ion chamber as a beam monitomonitor efficiency, sample - L . :
seen empirically as a relative intensity change for various

self-absorption, air absorption, and the energy and polariza- o . )
tion factors in the Thomson cross section. However, all ineaks and a splitting and merging of various double-peaked

these factors contribute only a few percent over the observetfructures. However, there is really no one-to-one correspon-
energy transfer range. After the abovementioned correctiorid€Nce between spectral features in “interacting” and “non-

are applied, the experimental data can be very easily normalftéracting” spectra.

ized to an absolute scale using the so-cafledm rulé’ It can bg seen in Fig. 1 that at low momentum transfers
the dynamic structure factor consists of a relatively narrow
% q? feature approximately 20 eV wide. As the momentum trans-

JO dowS(q,0)= - (5 fer is increased, the spectra broaden and the peaks smooth

out. This can be understood as a signature of the fact that

The upper limit of the integration was the same as théJOth energy and momentum are conserved in the scattering
maximum energy transfer measuréylpically 100 e\j ex-  Process. Forthg lowest mom_entum transfers there are several
cept for the lowest momentum transfers, where the spectr&€@ks present in the theoretical spectra. Three of ttiem
weight of the dynamic structure factor is primarily concen-cated at 28.5, 33.0, and 38.0 eWere labeled as plasmons in
trated at very low energy transfers. earlier calculations on cBNRef. 18 (their corresponding
energies were 27.3, 32.5, and 38.5) eVhese peaks are not
visible in the experimental results, perhaps because of the
statistical error. At higher momentum transfers there are sev-

The experimental data along three main crystallographieral clearly defined structures visible in the experimental
axes together with ouab initio calculations for various mo- spectra. The dispersion of these features can be seen in Fig.
mentum transfer values are shown in Fig. 1. The theoretical. From the theoretical calculations ef, we deduce that
curves are convolved with our experimental energy resoluthese features usually originate from the combined structure
tion of 0.4 eV. Clear directional differences are observedpf Re (e)y) and Im(gy), so a simple critical-point or band-
and the differences are more pronounced at higher momerstructure analysis of the features is not feasible. There are,
tum transfer. The general agreement between experiment afdwever, some structures that can be considered as well de-
theory over extended momentum-transfer range is remarkined elementary excitations. For example, the double peak
able. It should be noted that both curves are on an absolutgructure(peaks at 25 and 27 g\in the theoretical data for
scale and that no energy-scale shifts are introduced. Genethe momentum transfer 0.FX can be considered as plas-
ally such shifts would be necessary in order to improve thenons|i.e., zero crossings of Re(;)]. This structure may
agreement with the theory if the latter lacked a proper treatalso be present in the experimental spectrum, although the

V. RESULTS AND DISCUSSION
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low-energy peak appears to be a broad shoulder. When com- 1.25 ' ' ' '
pared to the experimental values, the theoretical calculation
reproduces the energies of these peak structures within 0.5 1.00 - .
eV, although some discrepancy remains, mostly in the inten- 8
sities and widths. g0
Since the electronic structure, dielectric and optical prop- é
erties of cBN and diamond are very similar, it is interesting 3 050 1
to compare them in light of their band structure and inelastic
scattering spectra. A key difference of relevance is the nature 0.25
of the low-lying conduction bands along thex direction.
Because cBN has the zinc blende structure, it lacks the full 0 5 10 15 20 25
symmetry of diamond, so that the lowest two conduction Energy transfer (eV)

bands atX are not degenerate in cBN, whereas they are in
diamond. Concomitantly, the conduction-band minimum in FIG. 3. The experimental reflectance from Ref(tRick solid
cBN is atX, rather than neaX along thel'X line. Further-  line) shown along with the present theoretical calculation based on
more, because of the difference in symmetry, there is ndhe evaluation of the_complet_e dielectric funption atasmgll momen-
Brillouin-zone selection rule that governs observation of thdum transfgr valuéthin solid ling. The experimental data is scaled
indirect band gap in cBN, whereas the band gap in diamontp agree with the calculated reflectance.
is not seen in the first Brillouin zone, but only in the second,
because of diamond’s symmetry. However, the inelastic scathe complex dielectric function and can be used to calculate
tering features involving the indirect band gap are very weakalso the reflectance. Therefore, NRIXS can be used indirectly
features in the spectra. To a large degree, the inelastic scat complement and verify reflectance experiments. Here, we
tering spectra of cBN show similar trends as diamond fothaye carried out a calculation for a momentum transfer of
scattering along th&X andI'L lines™® Effects of the differ- .10 A~ and converted the result into reflectance. This is
ent conduction band minima are also noticeable in the Cas€ompared with a reflectance measurerhamtd is shown in
of resonant x-ray scattering, because of the high degree qfig 3. The orientation of the sample is not reported in the
band parallelism between the valence and the conductiogricle, so our theoretical curve displayed here is the average
bands neaK in cBN that is absent in diamond. As a conse- gyer three main crystallographic directiof@ong the Carte-
quence, it appears that final-state valence hole effects cagjyp directiong1,0,0, (1,1,0, and(1,1,D], but the effect of
strongly affect the emission spectra in cBN. . anisotropy here is only a few percent. There is a reasonably
The experimental data and theoretical calculations clearlygog general agreement between the theory and experiment
show that at low momentum transfer the data lose Fj're?t'on%ver a large energy transfer range. A slight difference of the
dependence. At low the imaginary part of the longitudinal peak positions is visible. The main clear discrepancy appears
dielectric function(measured in IXgreducegfor cubic sys- 4t an energy transfer of roughly 7 eV. There, the experimen-
tems to the imaginary part of the transverse dielectric func-t5| gata show a prominent shoulder that is not reproduced in

tion (measured in optical studie$ The only difference is  the theory, which we conjecture arises from phonon-assisted
that in the IXS case the reference direction of the sample i§girect transitions.

related to the direction af, while in the absorption case it is
related to the polarization direction of the incident beam.
Therefore NRIXS can be utilized to study the optical prop-
erties of lowZ elements with hard x rays and bulk
penetratiorf? This equivalence of NRIXS and absorption ~ We have measured the dynamic structure factor of cubic
can be expanded even up to the x-ray absorption region. boron nitride using nonresonant inelastic x-ray scattering.
Cubic boron nitride has no large anisotropy in absorptionThe experimental data are in a good accord witkahrinitio
compared to, for example, previously studied systems withheoretical calculation, which properly takes into account the
hexagonal structure, where signatures because ahd o electron-hole interaction. We have further applied the theo-
bonding represent an extreme ca5élso, there is practi- retical model to calculate the reflectance and compared to a
cally no change in the dynamic structure factor below theprevious measurement. The experimental reflectance is re-
smallest momenta studied, which approximately correspongroduced fairly well by our calculation, except for a feature
to the zero-momentum-transfeptical case, and whose re- at 7 eV energy transfer that we attribute to indirect transi-
sults can directly be compared to optical measurements. Usions.
ing much lower momentum values with NRIXS becomes Nonresonant inelastic x-ray scattering is shown to be a
experimentally infeasible, since the total cross section scalesompetitive and complementary technique to probe dielectric
with g2, and statistics become po6which can already be response of insulators and semiconductors. The possibility to
seen as larger error bars for the lowest momentum transferontrol both the energy and the momentum transfer over a
measurements in our case wide range suggests a new way to look at the complete pic-
As shown previously, the dynamic structure factor is re-ture of electron dynamics in materials. Furthermore, the the-
lated to the inverse of the imaginary part of the dielectricoretical framework is shown to be well-suited to explain the
function. However, present theoretical calculation producesbserved rich details in the dynamic structure factor.

VI. CONCLUSION

024102-4



NONRESONANT INELASTIC X-RAY SCATTERING . ..

ACKNOWLEDGMENTS

The authors would like to acknowledge S. Shin for pro-
viding us the sample and W.A. Caliebe for useful discus-

PHYSICAL REVIEW B4 024102

sions. This project was supported by the Academy of Finland
(7379,39182,40732and the U.S. Department of Energy
(Grant No. W-31-109-ENG-38

1A, Agui, S. Shin, M. Fujisawa, Y. Tezuka, T. Ishii, Y. Mura-
matsu, O. Mishima, and K. Era, Phys. Rev5B 2073(1997.

2N. Miyata, K. Moriki, O. Mishima, M. Fujisawa, and T. Hattori,
Phys. Rev. B40, 12 028(1989.

3A. Onodera, M. Nakatani, M. Kobayashi, Y. Nisida, and O.
Mishima, Phys. Rev. BI8, 2777(1993.

4M. P. Surh, S. G. Louie, and M. L. Cohen, Phys. Revi®9126
(199)).

5L. X. Benedict and E. L. Shirley, Phys. Rev.3®, 5441(1999.

L. X. Benedict, E. L. Shirley, and R. B. Bohn, Phys. Rev5B
R9385(1998; L. X. Benedict, E. L. Shirley, and R. B. Bohn,
Phys. Rev. Lett80, 4514(1998.

"W. A. Caliebe, J. A. Soininen, E. L. Shirley, C.-C. Kao, and K.
Hamaainen, Phys. Rev. Let84, 3907(2000.

8J. A. Soininen and E. L. Shirley, Phys. Rev6R, 16 423(2000.

125ee, for example, A. Fetter and J. D. WalecRaiantum Theory
of Many Particle System@cGraw-Hill, San Francisco, 1971
pp. 538-539.

13p. Hohenberg and W. Kohn, Phys. Re\B6, 864 (1964); W.
Kohn and L. J. Shamibid. 140, 1133(1965.

For a review, see W. E. Pickett, Comput. Phys. Repl115
(1989.

1B\, A. Caliebe, C.-C. Kao, M. Krisch, T. Oversluizen, P. Mon-
tanez, and J. B. HastingSynchrotron Radiation Instrumenta-
tion: Tenth U.S. National Conferencedited by E. Fontes, AIP
Conf. Proc. No. 417AIP, Woodbury, NY, 1997, p. 6.

16K, Hamdainen, M. Krisch, W. Caliebe, and J. B. Hastings, Rev.
Sci. Instrum.66, 1525(1995; C.-C. Kao, K. Handainen, M.
Krisch, D. P. Siddons, T. Oversluizen, and J. B. Hastirigsl.
66, 1699(1995.

9For a recent review see M. Rohlfing and S. G. Louie, Phys. Revl’W. Schike, U. Bonse, H. Nagasawa, A. Kaprolat, and A. Ber-

B 62, 4927(2000; also see S. Albrecht, L. Reining, G. Onida,
and R. del Sole, Phys. Rev. Le80, 4510(1998; J. W. van der

Horst, P. A. Bobbert, M. A. J. Michels, G. Brocks, and P. J.

Kelly, ibid. 83, 4413(1999.
10E L. Shirley (unpublishel

1B C. Larson, J. Z. Tischler, E. D. Isaacs, P. Zschack, A. Fleszar,

and A. G. Eguiluz, Phys. Rev. LetZ7, 1346 (1996; W.
Schilke, K. Hoppner, and A. Kaprolat, Phys. Rev.5, 17 464

thold, Phys. Rev. B88, 2112(1988.
18y -N. Xu and W. Y. Ching, Phys. Rev. B4, 7787(1991).
Bw. A. Caliebe, Ph.D. thesis, University of Kiel, 1997.
20E. L. Shirley, J. A. Soininen, G. P. Zhang, J. A. Carlisle, T. A.
Callcott, D. L. Ederer, L. J. Terminello, and R. C. C. Perera, J.
Electron Spectrosc. Relat. Phenobhi4-116 939 (200J.
21D. PinesElementary Excitations in SolidV. A. Benjamin, New
York, 1963.

(1996); J. P. Hill, C.-C. Kao, W. A. Caliebe, D. Gibbs, and J. B. 22Y. Mizuno and Y. Ohmura, J. Phys. Soc. J@2, 445 (1967.

Hastings, Phys. Rev. Letl7, 3665(1996.

23K, Tohiji and Y. Udagawa, Phys. Rev. 8, 7590(1989.

024102-5



