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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 developedab initio 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 of theab initio calculations.
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I. INTRODUCTION

We have conducted a combined experimental and theo
ical study of the dynamic structure factor of single crys
cubic boron nitride~cBN! using nonresonant inelastic x-ra
scattering~NRIXS!. Recently boron nitride has been exte
sively studied by numerous experimental techniques bec
it exhibits several fascinating characteristics such as se
conducting properties with a large band gap. The interes
partially due to the fact that cubic boron nitride and diamo
have many very similar properties. They have similar latt
constants, being in the diamond and zinc blende cry
structures, respectively. Both materials have low densit
and high thermal conductivities, electrical resistivities, a
melting points. This has caused both materials to be con
ered as candidates for high-temperature electronics, altho
the potential forn- andp-type doping is much more promis
ing in cBN. Conversely, it can be difficult to grow cBN
crystals in the zinc blende structure. Because of the lat
constants being similar, cBN is considered also as a ca
date material for growing diamond thin films.

The optical properties of cBN have also drawn bo
experimental1–3 and theoretical4 interest. The computationa
part of this work is based on anab initio scheme5,6 that takes
into account the interaction of the excited electron and
hole. The scheme was originally developed for studying
optical properties of solids and later extended to NRIXS7,8

This scheme, as well as others based on the s
formalism,9 has proven reliable in the study of the optic
properties for a wide range of materials. It has also been u
to model absorption in cBN,10 where comparison with ex
perimental reflectance data2 has revealed some discrepancie
This has motivated us to study this system with NRIX
which can access the dynamic structure factor with a fin
momentum transfer. The experimental method has b
shown to give reliable results for a wide variety
materials.11 A very recent study on lithium fluoride an
0163-1829/2001/64~2!/024102~5!/$20.00 64 0241
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diamond7 shows the versatility of this technique accessin
for example, an indirect band gap. The goals of this study
~i! to study the momentum-transfer dependence of the die
tric response of cBN and~ii ! to complement and verify the
findings of the experimental absorption studies and the
oretical results.

In what follows, we first give some basic relationships
NRIXS related to our computational scheme. After discu
ing experimental details, we report the main experimen
results. Finally, we compare NRIXS calculations and expe
mental results with their optical counterparts.

II. INELASTIC X-RAY SCATTERING

The double differential cross section of inelastic x-r
scattering is directly proportional to the dynamic structu
factor S(q,v)

d2s

dVdv
5~ds/dV!ThS~q,v!, ~1!

whereq andv are the momentum and energy transfers fro
the photon to the electrons of the system, respectively.
photon-electron interaction is described by the Thoms
cross section (ds/dV)Th 5r 0

2( ē1• ē2)2v2 /v1, where r 0 is

the classical electron radius, andv1 (v2) andē1 ( ē2) are the
energy and the polarization vector of the incident~scattered!
photon. By measuring the energy transfer and changing
transferred momentum via the scattering angle, one can
lectively study the various excitations produced in t
sample. For solids, the low-momentum transfer (, a few
Å 21) and low-energy transfer (,50 eV) region ofS(q,v)
is dominated by valence electron excitations. In this reg
the dynamic structure factor can be written in terms of
macroscopic dielectric function«M
©2001 The American Physical Society02-1
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S~q,v!5
q2

4p2n
ImF 21

«M~q,v!G , ~2!

where n is the average electron density in the solid. T
dielectric function«M describes the response of the syst
to the total macroscopic electric field. The dynamic struct
factor can be directly probed with NRIXS and«M can be
calculated with the aid of the Kramers-Kronig transform
tions.

III. COMPUTATIONAL SCHEME

In principle, calculation of the macroscopic dielectr
function «M would require the solution of the equations
motion ~EOM! for the electron-hole pair operator, a typic
equation being

^Fu@Ĥ,âc
†âv#u0&5E^Fuâc

†âvu0&. ~3!

Here Ĥ is the exact Hamiltonian of the many-body syste
âc

†âv is an electron-hole pair creation operator, anduF& is an
exact excited state with energyE. Using the Tamm-Dancoff
approximation~TDA!,12 we can extract an effective Hami
tonian Heff from the EOM. In the Tamm-Dancoff approx
mation the excited state is assumed to be a combinatio
singly excited states, and in the ground stateu0& only the
valence states are occupied. The effective Hamiltonian c
tains single-particle terms~for both the electron and the hole!
and electron-hole interaction terms. The interaction inclu
both the attractive ‘‘direct’’ interaction and the repulsiv
‘‘exchange’’ interaction. This method has previously be
used to analyze absorption and inelastic x-ray scatte
experiments.5–8

Within linear-response theory, the macroscopic dielec
function of the system can be written as

«M~q,v!512
4p

q2 K 0U r̂q

1

v2Ĥeff1 ih
r̂q

†U0L , ~4!

where rq
† is the density-fluctuation operator. The resolve

(v2Ĥeff1 ih)21 in Eq. ~4! is calculated using an iterativ
Lanczos method. A detailed review of this scheme can
found in Refs. 5,6 and on its application to NRIXS in Re
7,8. As an input for studying cBN this scheme requires
GWband structure,4 the single-particle wave functions take
from LDA pseudopotential13,14 calculations, and the infrare
dielectric constante` ~taken to be 4.46!.

When comparing calculation results quantitatively
measurement, it is relevant to assess the expected acc
of the theoretical spectra. Systematic shortcomings of
approximations used can at best be estimated by compa
to measurement, whereas numerical convergence of
present results is substantially better than the level of
agreement from experiment.

IV. EXPERIMENTAL DETAILS

The experiments were performed on beamline X21A
the National Synchrotron Light Source at the Brookhav
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National Laboratory. The x rays were produced by a 27-p
hybrid wiggler and monochromatized using a four-boun
monochromator based on two separate and asymmetric
cut channel-cut Si crystals using~220! reflections. The inci-
dent energy resolution was approximately 0.2 eV at 8 ke
The monochromatic x rays were focused onto the sam
using a double-focusing toroidal mirror with a platinum coa
ing. The spot size was approximately 0.5 mm~horizontal!
30.2 mm ~vertical!. A detailed description of the experi
mental setup can be found in Refs. 15,16.

The scattered photons were analyzed using a spheric
bent Si~444! crystal within the Rowland-circle geometr
with a bending radius of 1 m. The active area of the analy
crystal was limited to 36 mm of diameter in order to impro
the energy resolution and simultaneously limit the spread
the scattering angles. The energy transfer scan was
formed utilizing the so-called inverse-energy scan techniq
i.e., keeping the scattered energy fixed~corresponding to a
fixed analyzer angle of 86° close to back scattering in or
to improve the energy resolution! while scanning the inci-
dent energy. Finally, the photons were detected by a v
low-noise Si pin-diode detector. The total energy resolut
of 0.4 eV at 7.92 keV was determined from the full width
half maximum~FWHM! of the quasielastic line.

The momentum transfer is determined by the scatter
angle 2u asq'4p/l sinu, wherel52pc/v1 is the wave-
length of the incident radiation, which varies by less than 5
in the energy range of interest. The momentum resolutio
dominated by the finite size of the analyzer crystal and
relative uncertainty of the momentum transferDq/q varied
between 1.0 atq50.28 Å21 (0.16GX) and 0.11 atq
52.46 Å21 (1.42GX).

The boron nitride sample was prepared using
temperature-difference method at high pressure~5 GPa! and
at 2000 K.1 The size of the sample was 2 mm32 mm
30.4 mm and it was positioned in a vacuum chamb
throughout the experiment. Another vacuum chamber w
used between the sample, analyzer and detector to minim
air absorption and scattering. The measurements were
formed by varying the momentum transfer along three m
crystallographic directions@along the Cartesian direction
~1,0,0!, ~1,1,0!, and ~1,1,1!, corresponding toquuGX, GK,
and GL, respectively# of the conventional cubic unit cell
with several different momentum transfer values for ea
direction. All desired directions of the momentum trans
were accessed by rotating the same single crystal with
spect to the incident beam and scattering plane. The pro
orientation was always found by observing appropri
Bragg reflections.

Several scans were performed for eachq, and the quasi-
elastic line was measured between each scan in orde
check the stability of the incident energy. The total shift w
observed to be less than 0.1 eV between individual sc
Since the sample was thin enough, the low absorption
abled us to collect the data in the transmission geom
using a (u,2u) scan. Within this arrangement thedirectionof
momentum transfer was kept fixed along the chosen crys
lographic axis while theabsolute value q5uqu was varied by
changing the scattering angle. The experimental data w
2-2
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corrected for the variation in the incident intensity~using an
ion chamber as a beam monitor!, monitor efficiency, sample
self-absorption, air absorption, and the energy and polar
tion factors in the Thomson cross section. However, all
these factors contribute only a few percent over the obse
energy transfer range. After the abovementioned correct
are applied, the experimental data can be very easily norm
ized to an absolute scale using the so-calledf-sum rule17

E
0

`

dvvS~q,v!5
q2

2
. ~5!

The upper limit of the integration was the same as
maximum energy transfer measured~typically 100 eV! ex-
cept for the lowest momentum transfers, where the spec
weight of the dynamic structure factor is primarily conce
trated at very low energy transfers.

V. RESULTS AND DISCUSSION

The experimental data along three main crystallograp
axes together with ourab initio calculations for various mo
mentum transfer values are shown in Fig. 1. The theoret
curves are convolved with our experimental energy reso
tion of 0.4 eV. Clear directional differences are observ
and the differences are more pronounced at higher mom
tum transfer. The general agreement between experimen
theory over extended momentum-transfer range is rem
able. It should be noted that both curves are on an abso
scale and that no energy-scale shifts are introduced. Ge
ally such shifts would be necessary in order to improve
agreement with the theory if the latter lacked a proper tre

FIG. 1. The experimental~circles! and the theoretical~solid
line! dynamic structure factor for cubic boron nitride along thr
different crystallographic directions. The magnitudes of moment
transfers are given in the figure relative to the corresponding s
metry points. Selected error bars (6s) are shown for the two low-
est momentum transfer spectra, whereas the error bars in the h
momentum transfer spectra are equal to or smaller than the siz
the symbol.
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ment of electron-hole interaction. The effects of the electr
hole interaction is illustrated in Fig. 2, which shows the co
parison between theoretical loss functions computed w
and without the electron-hole interaction and the experim
tal loss function. The effect of the electron-hole interaction
not merely a simple shift of the energy scale~which in the
case of cBN would be about 3 eV!. The effect could also be
seen empirically as a relative intensity change for vario
peaks and a splitting and merging of various double-pea
structures. However, there is really no one-to-one corresp
dence between spectral features in ‘‘interacting’’ and ‘‘no
interacting’’ spectra.

It can be seen in Fig. 1 that at low momentum transf
the dynamic structure factor consists of a relatively narr
feature approximately 20 eV wide. As the momentum tra
fer is increased, the spectra broaden and the peaks sm
out. This can be understood as a signature of the fact
both energy and momentum are conserved in the scatte
process. For the lowest momentum transfers there are se
peaks present in the theoretical spectra. Three of them~lo-
cated at 28.5, 33.0, and 38.0 eV! were labeled as plasmons i
earlier calculations on cBN~Ref. 18! ~their corresponding
energies were 27.3, 32.5, and 38.5 eV!. These peaks are no
visible in the experimental results, perhaps because of
statistical error. At higher momentum transfers there are s
eral clearly defined structures visible in the experimen
spectra. The dispersion of these features can be seen in
1. From the theoretical calculations of«M we deduce that
these features usually originate from the combined struc
of Re («M) and Im («M), so a simple critical-point or band
structure analysis of the features is not feasible. There
however, some structures that can be considered as wel
fined elementary excitations. For example, the double p
structure~peaks at 25 and 27 eV! in the theoretical data for
the momentum transfer 0.49GX can be considered as pla
mons @i.e., zero crossings of Re («M)#. This structure may
also be present in the experimental spectrum, although

-

her
of

FIG. 2. The experimental~circles! and the theoretical dynamic
structure factor for cubic boron nitride with momentum transferq
50.49GX. Typical 6s error bars are shown. Results of calcul
tions with ~thick solid line! and without ~thin solid line! the
electron-hole interaction are shown.
2-3
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low-energy peak appears to be a broad shoulder. When c
pared to the experimental values, the theoretical calcula
reproduces the energies of these peak structures within
eV, although some discrepancy remains, mostly in the in
sities and widths.

Since the electronic structure, dielectric and optical pr
erties of cBN and diamond are very similar, it is interesti
to compare them in light of their band structure and inela
scattering spectra. A key difference of relevance is the na
of the low-lying conduction bands along theGX direction.
Because cBN has the zinc blende structure, it lacks the
symmetry of diamond, so that the lowest two conduct
bands atX are not degenerate in cBN, whereas they are
diamond. Concomitantly, the conduction-band minimum
cBN is atX, rather than nearX along theGX line. Further-
more, because of the difference in symmetry, there is
Brillouin-zone selection rule that governs observation of
indirect band gap in cBN, whereas the band gap in diam
is not seen in the first Brillouin zone, but only in the secon
because of diamond’s symmetry. However, the inelastic s
tering features involving the indirect band gap are very we
features in the spectra. To a large degree, the inelastic
tering spectra of cBN show similar trends as diamond
scattering along theGX andGL lines.19 Effects of the differ-
ent conduction band minima are also noticeable in the c
of resonant x-ray scattering, because of the high degre
band parallelism between the valence and the conduc
bands nearX in cBN that is absent in diamond. As a cons
quence, it appears that final-state valence hole effects
strongly affect the emission spectra in cBN.20

The experimental data and theoretical calculations cle
show that at low momentum transfer the data lose directio
dependence. At lowq the imaginary part of the longitudina
dielectric function~measured in IXS! reduces~for cubic sys-
tems! to the imaginary part of the transverse dielectric fun
tion ~measured in optical studies!.21 The only difference is
that in the IXS case the reference direction of the sampl
related to the direction ofq, while in the absorption case it i
related to the polarization direction of the incident bea
Therefore NRIXS can be utilized to study the optical pro
erties of low-Z elements with hard x rays and bu
penetration.22 This equivalence of NRIXS and absorptio
can be expanded even up to the x-ray absorption region23

Cubic boron nitride has no large anisotropy in absorpt
compared to, for example, previously studied systems w
hexagonal structure, where signatures because ofp and s
bonding represent an extreme case.17 Also, there is practi-
cally no change in the dynamic structure factor below
smallest momenta studied, which approximately corresp
to the zero-momentum-transfer~optical! case, and whose re
sults can directly be compared to optical measurements.
ing much lower momentum values with NRIXS becom
experimentally infeasible, since the total cross section sc
with q2, and statistics become poor~which can already be
seen as larger error bars for the lowest momentum tran
measurements in our case!.

As shown previously, the dynamic structure factor is
lated to the inverse of the imaginary part of the dielect
function. However, present theoretical calculation produ
02410
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the complex dielectric function and can be used to calcu
also the reflectance. Therefore, NRIXS can be used indire
to complement and verify reflectance experiments. Here,
have carried out a calculation for a momentum transfer
0.10 Å21 and converted the result into reflectance. This
compared with a reflectance measurement2 and is shown in
Fig. 3. The orientation of the sample is not reported in
article, so our theoretical curve displayed here is the aver
over three main crystallographic directions@along the Carte-
sian directions~1,0,0!, ~1,1,0!, and~1,1,1!#, but the effect of
anisotropy here is only a few percent. There is a reasona
good general agreement between the theory and experim
over a large energy transfer range. A slight difference of
peak positions is visible. The main clear discrepancy appe
at an energy transfer of roughly 7 eV. There, the experim
tal data show a prominent shoulder that is not reproduce
the theory, which we conjecture arises from phonon-assis
indirect transitions.

VI. CONCLUSION

We have measured the dynamic structure factor of cu
boron nitride using nonresonant inelastic x-ray scatteri
The experimental data are in a good accord with anab initio
theoretical calculation, which properly takes into account
electron-hole interaction. We have further applied the th
retical model to calculate the reflectance and compared
previous measurement. The experimental reflectance is
produced fairly well by our calculation, except for a featu
at 7 eV energy transfer that we attribute to indirect tran
tions.

Nonresonant inelastic x-ray scattering is shown to b
competitive and complementary technique to probe dielec
response of insulators and semiconductors. The possibilit
control both the energy and the momentum transfer ove
wide range suggests a new way to look at the complete
ture of electron dynamics in materials. Furthermore, the t
oretical framework is shown to be well-suited to explain t
observed rich details in the dynamic structure factor.

FIG. 3. The experimental reflectance from Ref. 2~thick solid
line! shown along with the present theoretical calculation based
the evaluation of the complete dielectric function at a small mom
tum transfer value~thin solid line!. The experimental data is scale
to agree with the calculated reflectance.
2-4
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