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Resonant Raman scattering in cubic and hexagonal boron nitride
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We measured first- and second-order Raman scattering in cubic and hexagonal boron nitride using excitation
energies in the visible and in the UV. The nonresonant first-order Raman susceptibilities for cubic and hex-
agonal BN are 1 and 10%Arespectively. Raman scattering is thus very powerful in detecting the hexagonal
phase in mixed thin boron nitride films. In cubic BN the constant Raman sucseptibility in the visible and the
UV is due to its indirect band gap. For hexagonal BN a Raman enhancement is found at 5.4 eV. It is well
explained by the energy dependence of the dielectric function of hexagonal BN. The second-order spectrum of
cubic boron nitride is in excellent agreement with first-principles calculations of the phonon density of states.
In hexagonal BN the overbending of the LO phonor=i$00 cnT?, five times larger than in graphite.
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[. INTRODUCTION also sintered to tools of desired shapes using metal binders.
Boron nitride exists in different polytypes, tisg? bonded ~ 1hin films of cubic BN are grown by vapor-deposition meth-
hexagonal and rhombohedral structures and spe cubic ods. The_ films, hc_)wever, show dr_awbacks, especially, a low
and wurzite phasels? Hexagonal and cubic BN are analo- crystallinity ar_ld high _defect density. Other _problems are the
gous to graphite and diamond, respectively. All phases argresence of interfacial soft hexagonal, disordered turbps—
wide band-gap semiconductofs-5 eV). In particular, the tratic, and amorphous BN layers, and a low phase purity.

. . Moreover, high internal stresses as normally found in cubic
e!ectronlc structure .Of hexagonall E.’N 'a.nd graph|t.e are VENBN films limit the ultimate film thickness. Al this prevented
different despite their structural similarities. Graphite is elec-

tricall ducti h h BN is insulati .ththe application of thin boron nitride films. Recently great
rically conductive, whereas hexagonal BIN IS InSulaling Withg,~cess was made in the quality of cubic BN films by grow-

a band gap of 5 eV.This is caused by the ionic character of ing cubic BN epitaxially on high-quality CVD diamond films
this material. Thin boron nitride films often contain amor- 544 polycrystalline diamont-12 Zhang et all° reported

phous and disordered turbostratic boron nitride structures. 30-nm-thick films of high crystallinity and purity as evi-
Cubic boron nitride with its zinc blende lattice is isostruc- denced by a Variety of structural measurements.
tural and isoelectronic to diamordts properties are similar Hexagona| BN received much attention recenﬂy after the
to diamond and in some aspects it surmounts diamond. Urdiscovery of boron nitride nanotub&s16 These tubes con-
like diamond it is chemically inert to ferrous materials at sist of one or several layers of hexagonal BN wrapped up
high temperature and chemically and thermally far morento a hollow cylinder. The relation between BN nanotubes
stable® Cubic boron nitride has the second-highest hardnesand hexagonal BN is thus the same as the relation between
and thermal conductivity of any material as well as a lowcarbon nanotubes and a single sheet of graphifé.e nano-
friction coefficient. All these properties make cubic BN the tube properties can be derived by studying the wrapping of a
best material for machining ferrous materials and for coatsingle layer of the hexagonal bulk material. Boron nitride
ings in tribological applications. On the other hand, the elechanotubes show some important differences to the widely
tronic and thermal properties of cubic BN suggest to use it irstudied carbon nanotubes. For example, the electrical prop-
electronic applications. Because of its large band gap, cubierties of carbon nanotubes change dramatically from tube to
BN could be used for high-power—high-frequency electronictube. Depending on their diameter and chiral angle carbon
devices. These devices can potentially operate in harsh, higinanotubes are semiconductors or metal$ Moreover, tube-
temperature, and radiative environments. Another advantagebe interaction strongly alters their electronic properifes.
of cubic BN is the ease of- and n-type dopind®’ This is  Boron nitride nanotubes, in contrast, are always semicon-
still problematic in diamond. ducting and their band gaps are rather insensitive to the chi-
Cubic boron nitride is synthesized in powders with crys-ral angle of the tube and tube-tube interactiém? For di-
tallites ranging from submicron size up to a size of 3 fn. ameters above-9.5 A BN nanotubes were predicted to have
The crystallites are industrially used as abrasives. They ara constant band gap around 5.5 #22Boron nitride nano-
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tubes have outstanding elastical properties and are chentis 5.41 eV. We show that this is due to the indirect band gap
cally intert?>24They can thus be envisioned as a protectivethat does not yield a resonant enhancement. In hexagonal BN
cage in the nanoworld. we find an enhancement by a factor of 2-5 when comparing
The phonon frequencies of boron nitride nanotubes weréhe Raman susceptibility in the visible and the UV. The mea-
recently calculated by Sanchez-Portal and Hern&fid®zd  sured Raman cross section is in excellent agreement with the
Wirtz et al?® Both groups found good agreement between ajerivative of the dielectric function. The comparatively weak
zone-folding appr_ox_imation and_ a full calculation for severalyasonance in hexagonal BN at the fundamental gap is a con-
BN nanotubes; similar conclusions were drawn from a vasequence of the large impurity-related absorption in the vis-

7 \p e . A
lence the” model. Within zonfe foldlgg thel pglnt.wbra-f ible. The Raman efficiency of hexagonal BN is two to three
tions of & nanotube originate from naRpoint vibrations of = grqers of magnitude larger than in the cubic phase. Com-

hexagonal BN. A better knowledge of the phonon diSperSiorbined with thew* enhancement of the scattering efficiency,

of hexagonal boron nitride is thus highly desirable to model, . . - ;
and understand the properties of BN nanotubes. this makes Raman scattering very promising for detecting

Another reason for the high interest in boron nitride allo_the hexagonal phase in nominally cubic boron nitride films.

tropes are the variety of phase transitions in this compoundn addition to the Raman-active first-order Ilne_s we meas_ur'ed
Several theoretical studies have been devoted to the phon(B}Fle second-order Raman spectrum. For cubic boron nitride
dispersion, the Griineisen parameters, the free energy froM€ find excellent agreement between the second-order spec-
the phonon density of states, and the phase diagtd. trum and first-principles calculations of the phonon density
These theoretical works on the phonon dispersion of cubi®f states. In hexagonal boron nitride the comparison between
and hexagonal BN, however, have never been challengePeriment and theory is worse. While the high-energy opti-
experimentally. Only thel point phonon frequencies are ¢l phonons are excellently described by existaiginitio
known from Raman and infrared spectroscépy? calculations, the ionic interaction appears to be strongly un-
The development and production of boron nitride for pOS_d_ereshmated for onvgr energies. In particular, the rigid vibra-
sible applications need reliable and quick analytical charaction of the boron nitride planes has an energy of 310'cm
terization. In particular, questions such as the crystallindWiceé as much as expected. Large deviations are also found
qua"ty and the presence of |mpur|ty phases have to be ador the ZA and LA phononS a!: the boundary of the Br||.lou|n
dressed. Raman and infrared spectroscopy are quick arf®ne. We also discuss the origin of the mode at 920'dm
nondestructive tools to assess the structural properties of mRoron nitride, which we assign to an overtone of a zone-
terials. Infrared spectroscopy is the most widely used for BNPoundary phonon in the hexagonal BN phase. _
since it is very sensitive to the polar boron-nitride bonds and  This paper is organized as follows. In Sec. Il we describe
the cubic and hexagonal forms have distinct infraredour experimental setup and the samples used for the present
feature€®-33However, infrared spectroscopy has limitations. study. The first-order R_aman spectra are presented in Sec._ [l.
The substrate has to be either transparent or not highly rdl Sec. IV we determine the absolute Raman cross section
flective. Whereas the silicon substrates used nowadays mef®m the LO-TO ratio in cubic BNSec. IV A) and by com-
these two requirements, it is difficult to investigate films onParing the BN Raman spectra to diamdi@c. IV B. Reso-
more interesting substrates such as, e.g., iron steel for higifi@ant Raman scattering in boron nitride is discussed in Sec.
duty tools. IV'.C. In Sec. V we present the second-order Raman spectra
Raman spectroscopy is rarely used for boron nitride be9f cubic(Sec. V A and hexagonalSec. V B BN and com-
cause of its inferior sensitivity, especially, in the case of thinPare them tab initio calculations of the phonon density of
films. This is opposite to diamondlike carbons, where Ramas$tates. Section VI summarizes our work.
scattering is a standard characterization 8P To success-
fully apply this technique in boron nitrides its low sensitivity Il. EXPERIMENTS
has to be overcome. Raman scattering also holds the poten-
tial of measuring the ratio between cubic and hexagonal BN UV Raman experiments were excited with the 244
in a sample. The scattering intensity is proportional to the(5.08 eV} and 229 nm(5.41 eV lines of an intracavity fre-
volume fraction of the two phases. To apply this idea wequency doubled Arlaser. The light was focused with a mi-
need to know the relative Raman efficiency of the cubic androscope onto a spot size efl um in diameter. The scat-
hexagonal fornt8 tered light was collected in backscattering geometry and
Second-order Raman scattering probes phonons awalispersed by a Renishaw Raman System 1000 spectrometer
from the I' point of the Brillouin zone. It can be used to modified for the use in the UV with fused silica optics. The
measure the phonon dispersion of a material via its phonoapectra were detected with a UV-enhanced charged couple
density of states. Second-order Raman scattering is thus device(CCD) camera. The spectral resolution was 8 &nmn
powerful test for the calculated phonon dispersion of hexthis energy range the spectral response of the spectrometer is
agonal and cubic BN. strongly polarized. The by far dominant contribution to the
In this paper we study Raman scattering on cubic andRaman spectra comes from parallel polarization of the in-
hexagonal boron nitride using U¥5.08 and 5.41 eYand coming and scattered light. For visible excitation we used the
visible (2.41 eV} excitation energies. We determine the ab-514.5 nm(2.41 e} line of an Ar* laser. The focal spot of
solute Raman cross section from the LO-TO ratio in cubicthe microscope objective wasgdm in diameter. The spectra
BN and by comparing the Raman intensity of BN and dia-were detected with a Renishaw single-grating spectrometer
mond. For cubic BN the Raman susceptibility is constant ugequipped with a CCD.
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G \ ) ] X ' insets display the crystal structures of the two BN polytypes.
(a) Cubic BN (b) Hexagonal BN A detailed comparison of the Raman cross section obtained

A, =244 nm A, =244 nm with UV and visible excitation will be presented in Sec. IV.
TO E Cubic boron nitride belongs to the zinc blende structure. It
2g has one optical phonon &t which is Raman activéel';5 or
T,). This triply degenerate mode splits into a transverse and
longitudinal phonon because of the ionic character of BN.
The TO phonon is at 1055 crhand the LO at 1304 ci in
Fig. 1(a@ in excellent agreement with previous measure-
ments32383%n Sec. IV we use the intensity ratio between
the LO and TO scattering intensity to determine the absolute
Raman cross section of cubic BN in the visible and the UV.
L Hexagonal boron nitride is structually related to graphite.
5 . . ) - - It consists of hexagonal planes of B and N atoms. In contrast
500 1000 1500 500 1000 1500 to graphite, the stacking sequenc@\i&’; the B atoms in one
; -1 plane are on top of the N atoms in the other plane wnd
Raman shift (cm") versa see inset of Fig. (b). The Raman-active high-energy
FIG. 1. First-order Raman spectra(af cubic and(b) hexagonal ~Phonon is at 1364 cm. %03t The phonon eigenvector of this
boron nitride excited With =244 nm. The inset shows the crys- Mode is a doubly degenerate in-plane optical mode With

tal structure of the two BN structures. Note th&’AA’ stacking in ~ OF Exg Symmetry. The boron and the nitrogen atoms in each
the hexagonal type. plane move in opposite directions. The atomic displacements

in the two planes are combined symmetrically. Interestingly,
this mode does not have an LO-TO splitting, since the con-

mercially (Leske). It had a purity of 99.9%. The cubic tributions from the two planes cancel each other. The anti-

S : . tric combination of the high-energy in-plane mode is
boron-nitride sample was produced by nucleation under hlgﬁymme ) _ "
pressure(4.2 GPa and temperaturé1800—1900 K using infrared al(lztlve(f‘qor E,,) and _has a large LO-TO splitting of
an MgBN catalyst system. Both samples were powders Oz240 cn+. The infrared-active TO mode was observed at

71 7L 30
small crystals. We selected single crystals under the optic 3t|‘>_|7ec;n c’)rfgf é"(\? ﬁ;iGalnggihd Raman-active vibration at
microscope. For the hexagonal BN the direction of the in- xag Ive vibratl

: 1 .
coming and scattered light was parallel to th@g) axis. The very low frequencie¢s5 cn™, Ref. 31. This phonon, where

high quality of the crystals was confirmed by the absence o%he two BN planes slide against each other, was not detect-
gn g y Y y able in our experiment due to the cutoff of the notch filter at

the infrared-active phonons in our measurements. Cubic bo- 1 Lo L
o ; ; ~450 cm*. The second low-energy vibration—a rigid
ron nitride crystals showed under the microscope a triangular

shape, which is typical for th€¢111) surface of the zinc mo_vement of the p'f”‘”es again§t e+ach other paralla&_%eis

blende structure. To confirm that the incoming light was nor-ne'ther R?lman notrjlpfr ’?‘red laCtI"(’EF or ng). Illt 1S prﬁd@ted
mal to the(111) surface we performed polarized Raman ex-alt 125 cm from ab initio calcu atlons._éFlna y, In the inter-
periment in the visible, i.e., very far from any resonance.med'ate frequency range around 800 Cthere are two out-

Both the LO and the TO phonon were observed in paraIIeP];;IOIane ?hptlcatlhqu(ati. One |sdtff§l (AIZU).t:nfrtgred—actwe
polarization. In crossed polarization the TO peak was repPhonon, the other is the second stient vibration wlithor
duced by a factor o=2/3 and the LO by=1/15. This is in B?g Sy”.‘me”-‘/’ see also Sec.. v B in particular, the phonon
excellent agreement with the selection rules of (k) sur- dispersion of hexagonal BN in Fig. 5.

face in the zinc blende structutéThe rather strong leakage

of the LO mode in crossed polarization is typical for micro v. ABSOLUTE RAMAN CROSS SECTION OF CUBIC AND
Raman scattering. It is due to the large collection angle of the HEXAGONAL BN

microscope objective. ]

For the second-order Raman spectra we calculated the There are several methods to determine the Raman cross
reduced Raman cross section by dividing the experimentallgection of a materiall The most widely used is sample sub-
obtained intensities bﬁwg[N(wthl]zlﬁwph, whereiwg is _stltutlon, where the Raman §|gnal of the sample unde_r stu_dy
the energy of the scattered photohsy,, is the phonon en- 1S compared to the Raman signal of a reference material with
ergy, andN(awpy) is the Bose-Einsteinpoccupation numBer. @ known efficiency. Zinc blende materials provide the alter-
These corrections are also taken into account for the firsf?ative way to measure the Raman cross section from the

order lines. In contrast to the second-order spectra, howevdi2lio of the LO and the TO scattering intensifywe will use
we include them explicitly in the analysis of Sec. IV. both methods, starting with a calculation of the Raman po-

larizability from the LO-TO ratio in cubic BN.

LO

The sample of hexagonal boron nitride was obtained com

lll. FIRST-ORDER RAMAN SPECTRA A. LO-TO ratio in cubic boron nitride

Figure 1 shows the first-order Raman spectréapitubic In Raman backscattering from tli&11) surface of cubic
and (b) hexagonal boron nitride excited with 244 nm. The BN both the TO and the LO phonon are allowed by selection
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rules. In parallel polarization and an excitation energy of TABLE I. Raman susceptibilitya and scattering efficiency
5.08 eV (244 nm an intensity ratiol o/l70=0.63 is ex- dSd( of cubic boron nitride from the intensity ratlpo/ 1o of the
pected if the Raman cross section for LO and TO scattering© and TO phonon. The error in the susceptibility and the effi-
are the same. As can be seen in Fi(g) the experimental ciency includes the large uncertainty of the electro-optical coeffi-
ratio is somewhat larger. The LO phonons are enhanced p&ient. When considering only the statistical error of the measured
cause of the electrical field accompanying a longitudinal Vi_inter’;ities the uncertainty @ is much smalle(0.2 A2 instead of
bration. Transverse optical phonons can only scatter throug@r5 )

deformation-potential interaction. Longitudinal vibrations

additionally interact with light through the electro-optical L A2 1@25/9? 1
effect374041Thus, the ratio between the LO and the TO scat-__—o¢ Lo/fro a (A9 (10 m™sr)
tering intensities measures the ratio between these two types » 41 0.70+0.03 1.5+05 0.9+0.3
pf l|(nteract_|o(;1s. If tdhe (alecttr:o-%ptlcal coeff|C|etr_1k'§_|<_)f a matl;en(al_ 08 0.75+0.06 14406 17+6
is known independently, the Raman susceptibility can be di- ., 0.73+0.06 15406 2546

rectly obtained from the LO-TO ratio.
Within this approach the absolute Raman susceptitdlity
is given by’4?

scattering intensity of diamond. We used diamond as a ref-

Vodxy Ve pw2odxl9E erence because of its high Raman frequefity33 cm?).
a= YT = ETC’ (1) Normally, flourides(CaF, or BaF,) are taken as a reference

in Raman scattering/. Their low phonon frequencies
whereV, is the volume of the unit cell the reduced mass <400 cni!, however, are cut by the notch filter in the UV
of the atoms in the cellpo the TO phonon frequency measurements. However, Calleg al*® showed that the
=1.9& the Born effective charge of cubic BNC the so- Ej=7.4 eV resonance in diamond vanishes by destructive
called Faust-Henry coefficient, aig/JE the electro-optical interference with higher-lying optical transitions. Thus, the
coefficient. The material parameters for cubic BN can beRaman suceptibility of diamond is to first approximation
found in Table Il in Sec. IV B. The electro-optical coefficient constant in the visible and the UV making it a good reference
of cubic boron nitride dy/JE=(1.3+0.5 X 102 m/V is for Raman scattering.
only known fromab initio calculations'®** For most 11I-V We first briefly summarize the relation between the Ra-
semiconductors and also for wurzite GaN and AIN the agreeman susceptibility, the scattering efficiency and the intensity
ment between experiment and first-principles calculations omeasured in a Raman experiméht’*8For a given material
the electro-optical coefficient is very good; we thereforeand excitation energy the Raman scattering efficietfsrl()
adopt theab initio value for the following analysis. can be calculated from the Raman susceptibdityy

The Faust-Henry coefficier@@ is obtained from the inten-
sity ratio between the TO and LO phonéh&

d_S - w (o = wph)3 h[N(wph) +1] a2,

d -1.2 _ 2 4
Cz_(‘ﬂ _1> M' (2 dQ c* 2Veuwpn “
dro ®10
where
V. and u are the volume and the reduced mass of the unit
dio|?_ o wo (@-w)? cell, w the laser frequencyw,, the phonon frequency,

3) N(wpp) the Bose-Einstein function, araithe speed of light.
We assumed a constant index of refractive at the energy of
for backscattering from thel11) surface and parallel polar- the incoming and scattered light for a given laser enéfdy.
ization. v, is the laser frequency, o 1o are the integrated e approximate(w - wy) =~ w; the scattering efficiency in
intensities of the LO and TO phonons, ando,ro are the  gq. (4) increases asy’ for a constant Raman susceptibility,

phonon frequencies. _ _ _ which is known as thev* dependence of the Raman cross
From the measured LO-TO intensity ratio at 2.41, 5.08,gaction.

and 5.41 eV we obtain an absolute Raman susceptil@lity |, 3 Raman experimentS/ dQ is not directly accessible.
=(1.5+0.6 A? for cubic boron nitride. The susceptibility iS \what is measured are the number of scattered phd&ans
independent of the laser energy, see Table I, implying that ngytside the crystal within a solid collection angl&). The
resonance or only a weak resonance occurs at the indiregitter is fixed by the experimental setup. Additionally, the
band gapEq~ 6.3 eV Before discussing resonances in BN Raman intensity is referenced to the incoming laser power
in more detail, we present our measurements of the Ramap,  Correcting for the index of refraction, reflection losses
Cross section_ in _cubic and hexagonal BN by the method Oﬁpon entering and leaving the sample, and expresRirg a
sample substitution. function of measurable quantities one finds

3 L]
dro lto wro (0 - w)

B. Sample substitution with diamond

At 2.41 and 5.08 eV excitation energy we compared the R.= EplAQLd_S (5)
Raman intensity of cubic and hexagonal boron nitride to the hao, dQ
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TABLE Il. Raman susceptibility of cubic and hexagonal BN as measured by sample substitution. The
table also lists the material parameters necessary for the correction of the measured intensities. The Raman
susceptibility of diamond was extrapolated to 5.08 eV from the energy dependence reported bye€alleja
(Ref. 46. The focal length of the optical miscroscope was assumed to fo.1The scattering efficiency
ds/dQ is given in 10° m™tsrt,

Cubic BN Hexagonal BN Diamond
Wph (cm™h 1055 1364 1333
V. (A9 11.82 36.17 11.35
u(a.u) 6.10 3.05 6.00
514.5 nm, 2.41 eV
n (Ref. 49 and 5p 2.1 1.8 2.4
L (um) (Ref. 51-53 1 0.25 1
a(A? 0.5+0.6 105 4.3+0.6
ds/dQ 0.1+0.2 20+10 6.5+0.8
244 nm, 5.08 eV
n (Ref. 49 and 5D 2.3 2.1 2.7
L (um) (Ref. 51-53 1 0.1 1
a(A? 0.4+0.6 2046 4.7+0.6
ds/dQ 1+2 1700£400 160x20
8 wg N(wpp) +1 5 smallest. From the published absorption coefficients the scat-
— PAQLa%, (6)  tering length in cubic BN and diamond is limited by the focal

=4 1)
CVep wph (N+1) length of the microscope at our excitation enerdie:>1,52

whereL is the scattering length armdthe index of refraction In hexagonal boron nitride, however, the absorption coeffi-
for a given excitation energy. Note thgj varies only asw®,  cient is on the order of &cm™ even for visible photon
because the number of incoming photons is expressed aseaergie$3%* The scattering length in this material is thus
laser power. In principle Ed6) can be used to directly mea- limited by the optical penetration depth, see Table II.
sure the Raman susceptibiliy However, in practice this is The Raman susceptibility for cubic and hexagonal boron
difficult, because the sensitivity of the Raman setspec- nitride at 2.41 and 5.08 eV measured by sample substitution
trometer and detectpidepends strongly on the wavelength are given in Table Il. For convenience we also list the Raman
of the analyzed Raman light. scattering efficiency at both excitation energies, which is a
The spectrometer response can be measured using a stdetter approximation to the scattering intensity observed in a
dard light source as was done, e.g., by Calkstjal*® with Raman experiment. For cubic BN the Raman cross section
synchrotron radiation. The second, much easier, method is tound by sample substitution is approximately a factor of
normalize the measured integrated Raman intedsitythe  three smaller than obtained from the LO-TO ratio. Note,
Raman intensityly of a reference material obtained under however, that the error bars are quite large. Also, measure-
exactly the same experimental conditions. We used diamonghents of the Raman susceptibility using different methods
as a reference. The Raman susceptibiitgf boron nitride  often vary quite strongly’*® The smaller value of mea-
with respect to the known susceptibility of diamoagican  sured by sample substitution than from the LO-TO ratio may

be found from Eq(6):3747:48 have two main sources: the electro-optical coefficient of cu-
4 3 bic BN is much smaller than predicted theoretically and/or
- { Veu Lg (L+n)” (0 = @png)” @pn the absorption coefficient of our sample is larger than in the
Veata L (1+n9?* (0= 0pn)® @png measurements reported by Steneelal® and Onoderaet
N(wgr ) +1 1 12 al.*® An experimental determination of the electro-optical co-
—'L—] (7)  efficient of cubic BN and other nitrides would be very desir-
N(wpp) +1 1g able to obtain definite values for the Raman efficiency in the

Variables without an additional subscript refer to the materia@roup Il nitrides.
under study, variables with a subscrgpto diamond. In de-
riving Eq. (7) we used the fact that the experimental setup
and the laser intensity were the same for the BN and the
diamond measurements. The nonresonant Raman susceptibility as measured in the
The scattering length. is given either by the sample Vvisible in cubic and hexagonal BN are similar to other wide
thickness, or the focal length of the microscope objective, oband-gap materialésee Cardor# for a compilation of re-
by L=1/2a (« is the absorption coefficientwhichever is  sults. In particular, the Raman susceptibility of the TO pho-

C. Raman resonances in boron nitride
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non incubic GaN is 5 A(Ref. 48, i.e., in between the cubic
and hexagonal BN values. When the excitatiqn energy ap- Hexagonal BN
proaches the fundamental band gap of a material, the Rama
susceptibility normally increases by orders of magnitude. We —~ 4¢¢ |
find, however, to first approximation a constant susceptibility 2
in cubic and hexagonal boron nitride when using visible and =
UV excitation energies. The absence of resonance in cubi(g 10° |
BN and the weak enhancement in hexagonal BN at 5.08 e\
can imply that our excitation energy is still small compared
to the band gap. Another possibility is that no resonance  10°

ts

— i’
-l

occurs at the band gap of BN as was found at the direct gay [ =~ ~w....00
in diamond?® . ~ o7
Cubic boron nitride has an indirect gap between 6.0 and 10 f | ) . ST ) .
6.4 eV (Ref. 45. Raman resonances at indirect gaps are of- 2 3 4 5 6
ten weak, because of the additional phonons necessary fc Energy (eV)

the two optical transitions in the scattering process. The in-
direct resonance is thus higher order in pertubation theory F|G. 2. (Color onlin Theoretical dependence of the Raman
than a resonance at a direct gap. Ralstbal>> showed that  cross section in hexagonal BN on laser energy together with the
at an indirect gap the resonant enhancement is reduced bytttee measured pointsy’|2=|dy/dw|2 (full black line) was sepa-
factor[ M/ (hwg—fiw)]?, where My is the electron-phonon rated into its real|y;? (red, dashedand imaginary|x4? (blue,
matrix element for the phonons involved in the indirect op-dotted part. The theoretical and experimental data were multiplied
tical transitions(X point phonons in cubic BN Zwy is the by constant factors to match at 2.41 eV. The derivatives were cal-
energy of the direct band gap, ahd, the laser energy. culated from the dielectric function of hexagonal BN measured by
To see whether the indirect nature of the fundamental gaploffmanet al. (Ref. 53.
o EAPECedresonant enhancementof hexagonal oK by e il
o Flack line. The curve was obtained from the dielectric func-
man susceptibilities at a laser e”egngis”2-5 eV and  yion measured by Hoffmaet al>® The energies were shifted
fiwyy =5 eV following Ralstonet al>> For an order-of- fiwp,/2=0.08 eV to higher energies as is normally done
magnitude estimate we assume for cubic boron nitlde 1 account for incoming and outgoing resonance terms in the
~1 eV as is typically found in semiconductors. The directrgman proces¥.
band gap of cubic BN igiwg~10 eV>® For visible excita- According to Fig. 2 the Raman susceptibility of hexago-
tion the contribution from the indirect band gap can safely benal BN first decreases between 2 and 4.5 eV. It then starts to
neglected, because the crystal is transparent and all intermgrcrease when the fundamental gap at 5.2 eV is approached
diate electronic states are virtual states. If the laser is imand, finally, peaks just below 6 eV. This maximum corre-
resonance with the indirect gap at 5 eV we obtain a raticsponds to the optical transitions at the point of the Bril-

between the Raman susceptibilities of cubic¥BN-5° louin zone. These transitions give rise to a large peak in the
measured absorption coefficiédtAlso shown in Fig. 2 are
Aoy _ oy Weowd)| 2 (wyy - wig) (wyy — 0g)® the squares of the Raman susceptibility at three excitation
aloyy) oy We(ogy)|] M3 (wyis — 0g)? energies. The theoretical curves were normalized to the ex-
perimental susceptibility at 2.41 eV. The data points at 2.41
~1. and 5.08 eV were taken from Table Il. At 5.41 eV we nor-

|Wg| is the Raman matrix element in the microscopic modelmaIlzecj the Raman intensity of hexagonal BN to the_ TO
of Raman scattering, see Trallero-Girairal?” for details: phonon of cubic BN, since we found a constant susceptibility
. ' o Y ' in cubic BN from the LO-TO ratio and the theoretical dis-

hwy~6 eV is the energy of the indirect gépln agreement . ccio presented aboga=50 A? at 5.41 eV,dS/d() =1.4
with our measurements we find a ratio of one between thg, 10t m1srY), '
visible and UV Raman susceptibilities. The cross section of ;¢ agreement between the measured data points and the
cubic boron nitride is thus constant up to 5.4 eV because ofyeoretical curve in Fig. 2 is excellent. This is somewhat
the indirect band gap of cubic BN and the very large direcisyrprising, because the absorption in hexagonal BN below
gap at thel” point. 5 eV is due to impurity and defect states in the band Yap.

The situation is different for hexagonal BN. Hexagonal The comparison betweédy/dw| and the experimental sus-
boron nitride is a direct semiconductor wity=5.2 eV at  ceptibility is rather justifieda posteriori Nevertheless, ac-
the H point of the Brillouin zone&3 We thus expect a reso- cording to Fig. 2 the almost constant Raman susceptibility at
nance when the laser at 5.08 eV approaches the gap. To up-41 and 5.08 eV is due to the decreasing cross section in the
derstand the nearly constant Raman susceptibility in our exvisible and the near UV. It would be very interesting to mea-
periment we consider the macroscopic theory of Ramamure the Raman scattering efficiency of hexagonal BN in the
scattering. Within this model the resonant Raman susceptenergy range between 3 and 4.5 eV to see whether the pre-
bility a arising from two-band terms is proportional to the dicted decrease is found experimentally as well.
derivative of the susceptibility with respect to the photon In a Raman experiment the measured intensity is propor-
frequency|x’|=|dx/dw|. In Fig. 2 we plot the theoretically tional to the scattering efficiencgtS/d(), see Eq.(5); the
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values are included in Tables | and Il. The scattering effi-
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'2T(I)(C'2) '2L(')(X;L)

ciency of hexagonal BN is two to three orders of magnitude
larger than the efficiency of the cubic phase. Note also th Q
increase indS/dQ) in the UV by a factor of 10—-100 when &
compared to the visible. This enhancement comes mainly.g
from the w* dependence of the Raman scattering efficieficy. Q
The large Raman cross section of hexagonal BN suggest»
that UV Raman scattering is extremely powerful in detecting @
the hexagonal minority phase in nominally cubic boron ni- ©
tride films. A volume ratio of 1:1®between cubic and hex-
agonal BN gives rise to the same scattering intensity for the
1055 cubic TO and the 1364 CFnEzg hexagonal phonon. A
ratio of 10* should be easily detected. In infrared spectros-
copy the corresponding ratio is very close tef1g., infrared -
absorption is much less sensitive for detecting hexagonal BN N S o ;
than UV Raman scattering. In view of the high sensitivity of 1500
UV Raman scattering to the hexagonal BN phase, it would . 1
be very interesting to measure UV Raman spectra on the Raman shift, 2 x Frequency (cm™)
high-quality cubic BN films that were grown expitaxially on
diamona?®

Cubic BN
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FIG. 3. Full line: Second-order Raman spectrum of cubic boron
nitride excited with 229 nm. The gray-shaded areas correspond to
the O, (1556 cmt) and N, (2332 cm?) air-related lines and back-
ground from the setup. Broken lin&b initio calculation of the
phonon density of states by Karch and Bechst@&kf. 59; the

With UV excitation the Raman scattering efficiency of frequencies were multiplied by two. Peaks and shoulders in the
cubic and hexagonal BN was large enough to observe wellspectrum were assigned to high-symmetry points and lines in the
defined second-order Raman spectra. Moreover, the broagron nitride Brillouin zone, see also Table IIl. All structures are
background typical for visible excitation was absent whenwell explained as overtones of the phonon density of states. Com-
using UV excitation energies. To best of our knowledge thispared to Fig. a) they scale is expanded by a factor of 20.
is the first report of second-order Raman scattering in boron
nitride. The second-order spectra are dominated by overton@® initio calculation.
of the phonon branches and thus provide a rigid test for As can be seen in Fig. 3 the agreement between theory
theoretical lattice dynamics. In the following we first discussand experiment is excellent. In particular, the transverse
cubic boron nitride, where we found an excellent agreemenhonons give rise to a number of peaks in the second-order
betweenab initio calculations and the second-order RamanRaman spectrum that match very well with the calculated
spectrum. The spectrum of hexagonal BN is strongly strucdensity of states. Table Il summarizes the measured and
tured. It shows sharp peaks due to the layered hexagonagalculated frequencies in cubic BN; note also the excellent
structure of this boron nitride form. While most peaks agreeagreement between the frequencies of the first-order Raman
well between theory and experiment, we observed strong designal and the corresponding features in the second-order
viations for the nitrogen-related zone-boundary vibrations. spectrum.

V. SECOND-ORDER RAMAN SCATTERING

TABLE lIl. Experimentally observed frequencies in the second-
order Raman spectrum of cubic boron nitride assigned to phonon
abranches and critical points in the Brillouin zone. The theoretical
values were taken from thab-initio calculation by Karch and
Bechsted{Ref. 59. All numbers were rounded to 5 ¢t

A. Cubic boron nitride

The phonon dispersion of cubic BN was calculated by
number of group$®2%5° most elaborate was the study by
Karch and Bechsted®. They pointed out that the phonon
dispersion and phonon density of states in cubic BN re-

sembles the one of diamond. In the low-energy range the experiment(cr™) branch Theorycm™)
acoustic branches are strongly dispersive. In contrast to most 900 Tax) 900
other llI-V compounds cubic boron nitride therefore has an 915 TAK) 910
unstructured and flat phonon density of states in the acoustic 940 TQQ) 945
range. The density of states in the optical ranges is well

separated into features coming from the transvérséveen 970 Taw) 965
1700 and 2100 ci}) and longitudinal(2100—2700 crit) 1000 TaQ) 1000
optical branches. The calculated phonon density of states by 1055 Tar) 1035
Karch and Bechstethtis reproduced in Fig. 3 by the dashed 1085 LAK) 1075
line. Also shown in the figure is the second-order Raman 1135 LAL) 1140
spectrum of cubic BN. Only the range of the optical modes is 1135 LAX) 1145
displayed, since the second-order signal in the acoustic range 1305 Lar) 1285

is indeed without remarkable structures as predicted by the
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by Kernet al. (Ref. 28. The phonon branches at the high-symmetry
FIG. 4. Second-order Raman scattering in hexagonal boron nipoints and lines in the Brillouin zone were assigned to the irreduc-
tride. The full line is the experimental spectrum. The broken line isible representations of the BN group. The numbers correspond to
the phonon density of states after Kexnal. (Ref. 28; the frequen-  the subscript of the irreducible representation and-tte sign to
cies were multiplied by 2. For the most prominent features in thethe superscript. For example, the two lowest branches atvthe
second-order spectrum the assignment is indicated, see Table IV faoint labeled 2 and 3 belong to theM;, and M3 representation.
the measured frequencies and Fig. 5 for the labeling of thelhe degeneracy of these two phonons is accidental. At the high-
branches. Compared to Fighl they scale is expanded by a factor symmetry points all phonon overtones and the following combina-
of 300. tions give rise tdn-plane polarizedsecond-order Raman scattering
riels, I3, M3@Mj, M7® M3, K; ,®Ks, andKs; 4® K.
Second-order Raman scattering by the longitudinal optic he most prominent maxima in the densitv of states have
phonons when compared to the transverse modes is some- P y

what larger in intensity than expected from the phonon den eir counterparts in the measured spectrum. In the following

sity of states, see Fig. 3. Also, the peaks and dips that corrdve discuss the different parts of the second-order spectrum

spond to Raman scattering by LO phonons from high-tsvtvaergr'ﬁhf;%rp tz?r? dhég)](heezfitmegrir?slesésv;/here the agreement be-
symmetry points in the Brillouin zone are better seen in the For the fomowing dlioscussion we rebroduced the calculated
experiment than in the calculations. The LO phonons belon$honon dispersion by Keret al2%in Fig. 5. We assigned all

to the totally symmetric representation in most parts of th he phonon branches by their irreducible representations in
Brillouin zone. Totally symmetric modes often have a par- pnor s 0y P
the interior of the Brillouin zone.

ticularly large electron-phonon interaction. This explains the The extremely sharp feature at 2540 &rim Fig. 4 comes

higher intensities of the LO related features o the Ramaqrom the overtones of the flat transverse optical branch be-
spectrum when compared to the phonon density of states. tween theM andK point of the BN Brillouin zone. This peak

Judging from our second-order spectra, the calculation b A , i
Karch and Bechsteth gives a most reliable description of }.IS labeled 2T@KM) in Fig. 4, all frequencies are compiled

the phonon dispersion in cubic boron nitride. Our experi-In Table V. The full width at half maximum of the

ments confirm the strong dispersion of the acoustic phonong.TO(KM) peak is 80 ci, implying a band width of

+1
The transverse and longitudinal optical branches of cubic BN'O cm betweenM and.K.. The frequgncy of the transverse
do not cross alongl-L as in many other -V _optlcal band in boron n|tr|<_je thus varies l?Y only 7% between
semiconductor& This results in the two separate frequency!tS Maximum at thel’ point and the minimum aM. In

ranges for the LO and TO branches, which we found eXperigraphite—a structurally related compound—the correspond-
mentally as well. ing value is 209%6° The reason for the large differences in the

phonon dispersion of hexagonal BN and graphite is that
graphite is a semimetal. This gives rise to Kohn anomalies
and a strong softening of some phonon modes in graphite.
In Fig. 4 we show the second-order Raman spectrum of Above 2540 cri* the phonon density of states in Fig. 4
hexagonal boron nitridéull line). As for cubic boron nitride  sharply decreases and the step at 2730*amarks twice the
several features from higher-order Raman scattering arffequency of the Raman-actié point mode. The second-
clearly observed in the spectra in our UV Raman measurearder value for thd -point frequency(1365 cm?) is in ex-
ment. The broken line in Fig. 4 is thab initio phonon den- cellent agreement with the first-order Raman measurement
sity of states by Kerret al;?® similar results were obtained discussed in Sec. IlI.
by Yu et al?® and also in calculations of a single sheet of The peak at 2940 ct (labeled overb. in Fig. ¥is asso-
hexagonal BN'>26 The agreement between the calculatedciated with the overbending of the in-plane longitudinal op-
phonon density of states and the second-order Raman megieal phonon. The highest frequency of thg or Eyy high-
surements is very good, especially, at high phonon energgnergy phonon is not at tHepoint, but at approximately 1/2

B. Hexagonal boron nitride
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TABLE IV. Experimentally observed frequencies assigned to critical points in the hexagonal boron nitride Brillouin zone. For the
overtones the measured phonon energies were divided by 2; for the combinations the measured values are given. The theoretical phonon
frequencies are taken from Refs. 28 and 29. All frequencies were rounded to*5feratands for first-order measurements.

Experiment(cm™) Branch Symmetry Theorgcm™)
Overtones peaks

310 ZAT) I‘Z 125
460 ZAM~-K) M3, M3, Kg 330
1145 LA(K) Ks 1075
1270 TAM-K) M;, M37, Ky, Ky 1290
1364fo) TO,LO(I) r; 1380
1400
1470 LO (overbending T3 24 1490

Overtones flanks

820 Z0 I3 Iy 830
1210 LAM) M1, My 1160
1365 TO,LAl) e 1380
1605 Lar) I's 1610

Combination peaks

1810 TA+LAM) MI®M3, M@ M, 1720
1880 TA+TAM) M3 © M3, M3@ M; 1840
1920 TA+LA(K) K1®Ksg 1960
2140 TA+TAK) Ki®Ky, K@K, 2185

betweenl” and the boundary of the Brillouin zone, see Fig.the Raman signal between 2550 and 3000%coomes from
52829 Overbending manifests itself in a second-order signathe TO branch aK andM (M3, M3, Ky, andK, symmetry
that is higher than twice the first-order frequency. So farand weaker signals from the longitudinal optical branches
graphite and diamond were thought to be the prototypes fofM], M, Ks representations at the high symmetry points
this anomaly in the phonon dispersion. The overbending irsee the symmetry assignment in Fig. 5. For these represen-
graphite amounts 30cth but only 2cm? in tations only combinations are infrared active, except for the
diamond®®62-65|n hexagonal boron nitride we find an over- overtone of the LO aK.®”% The K5 overtone and some of
bending of 100 crt, see Table IV. This is much bigger than the possible combinations correspond to the in-plane infrared
in any carbon compound. active representation. Indeed the m-_plane s_|gnal reported by
There is no obvious assignment for the peak atC€ick et al®®is stronger than the signal with out-of-plane
2800 cn1, i.e., between the 2T@M) and the peak coming polarization. The selection ru_Ies, which 'forb|d absorpt|0_n by
from the LO overbending in Fig. 4. It is too high in fre- the TO overtones, thus explain why the infrared absorption is

guency to be an overtone of the opti¢apoint vibration. Yu much weaker than the Raman signal at very high frequen-

et al?® predicted the overbending along th#V and 'K cies.

R ; ; . We now focus to the other energy ranges of the second-
direction to be different, which could explain the appearancg,.jor Raman spectrum. The calculated phonon density of

of the additional maximum. However, more theoretical andgiates shows three main peaks, which have their counterparts
experimental work is necessary to clarify this point. Finally,jn the experimental spectrum. Unfortunately, the region
the sharp drop of the scattering intensity at 3210°cmarks  around 1400 crit is shadowed by the strong first-order Ra-
the overtone of the antisymmetric LO phonon and the highman line. Note that in hexagonal boron nitride it is not pos-
energy end of the phonon density of states, see(h@  sible to suppress first-order Raman scattering by selection
Fig. 4. The corresponding first-order frequency, 1605%m rules. Thel'; phonon is allowed in parallel as well as crossed
is in excellent agreement with infrared measurementgolarization of the incoming and outgoing light® Never-
(1610 cm?) andab initio calculationg28-30.66 theless, the first order Raman peak has a shoulder at high
Geicket al®° reported a second-order peak in the infraredenergies and one at the low-energy side. This scattering
spectra of hexagonal boron nitride=a600 cm?, i.e., inthe  comes from the overtones of the transverse acoustic and out-
energy range discussed so far. The feature was much broadgfrplane optical modes; we tentatively assign the high-
than in the Raman spectra in Fig. 4. Unfortunately, the relaenergy flank to the ZQ" point overtone.
tive strength of the 2600 cih peak is not given in Ref. 30, The two peaks at 920 and 2290 ¢hin the experimental
but it seems much weaker than expected from the phonospectrum, 2ZAMK) and 2LAK) in Fig. 4, bear a striking
density of states. According to us the main contribution tosimilarity to the shape of the calculated phonon density of
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states. Note also the small peak labeled PIZ#and the step of-plane acoustic phonon of the nitrogen atoms; the high-
at the high-energy side of the 2290 @hpeak. The calcu- energy singularity the LA branch. The purely boron-related
lated phonon frequencies, however, are smaller by 40 andibrations are not observable experimentally, because they
7% than observed experimentalf?° Let us assume that the are either masked by the first-order Raman p&branch
singularities in the second-order spectrum indeed corresponst do not give rise to a singularity in the phonon density of
to the singularities in the calculated density of states. Frongtates(LA branch.
the symmetries of the phonon species given in Table IV we The experiment to perform in order to validate the pos-
expect the same overtones in the infrared spectrum for ligh{jpje assignment of these peaks to nitrogen overtones would
polarized along the hexagonal BN planes; for perpendiculape jsotope substitution. SubstitutifdN (99.63% natural
polarization the overtone@nd the combinationsare forbid- g \nqancewith the other stable nitrogen isotogeN the
?heen gbz){) i?%?cgggoﬁu![?osﬁ Tg:—;\skIfelnoﬁégetl:ené;g;(eaﬁ%igtr W'trbzo and 2290 cnt peaks would shift by 30 and 80 cimto

p P p y ' smaller frequencies, respectively. If the two peaks are due to

E 1 a3; for light polarized parallel ta; no infrared absorp- O :
- e ombinations, the shifts would be much small@® and
tion was detected. Unfortunately, for the high-energy featur§10 cntd); for the BH, rocking vibration obviously the pho-

at 2290 cm' the absorption was not measured in the infrare X .
experiment. non frequencies must remain qnch_anged. _

Let us discuss other possible assignments of the 920 and 1he small peak at 620 crh in Fig. 4. [2TA(I] is an
2290 cn? features. From thab initio frequencies and the overtone of the rigid layer vibration along tleg axis. The
symmetries of the eigenvectors, the 920 &peak can also energy of this mode, 310 cth is more than twice as much
originate from a combination of the optical and acoustic outas predicted theoreticalf§:?° Phonons with very low energy
of-plane phonons ZA ZO, while the 2290 ct band can be  are difficult to calculate and to some extent deviations are
a combination of the longitudinal optical and acoustic in-€xpected. The significance of this particular phonon is that
plane branch LA-LO, see Fig. $526.28.29.66Thjs assignment  the high-pressure phase transition from hexagonal to wurzite
implies, however, that a combination of two phononboron nitride involves a decrease of thglattice constant.
branches is very intense, whereas the corresponding over- Finally, the second-order Raman signal in Fig. 4 shows
tones with a high density of states are absent. This scenari§ome small peaks that are not related to overtdtazeled
however, contradicts the well-known finding that second-‘comb”). We assign the four peaks to scattering by combi-
order Raman spectra are normally dominated bynations from theM andK critical points, see Table IV and

overtone$?%although we cannot rule out this possibility on Fig. 5. From the frequencies of the experimentally observed
the basis of the selection rules. peaks one of the phonons must be of high energy, i.e., belong

A phonon peak at 920 cth was observed in hexagonal to the LO, TO, or LA branch. When considering the selection
BN by infrared spectroscopy and in surface enhanced Ramailes for second-order Raman scattering the only possible
scattering SERS on cubic BN3%7172Geijcket al3 assigned ~ Second phonon is the TA mode. At first sight, the agreement
the infrared feature to a second-order phonon of hexagon&etween the experimentally observed and the predicted fre-
boron nitride. Zedlitzet al’* and Zhanget al,’2 however, —quencies is not so good, see Table IV. However, if we take
argued that the peak at 920 chis due to the rocking vibra- the LA and TO frequencies as obtained from second-order
tion of a boron-hydrogen complex. The low-energy SERSRaman scattering in this paper instead ofaheinitio values,
spectrum is remarkably similar to the 288 and 2ZAMK) ~ we get consistent results with TR)~600 and TAK)
peaks in Fig. 4. The high-energy modes that ZHaras- ~800 cm®. This agrees quite well with the calculated dis-
signed to NH scissoring and BH stretching vibrations, on persion in Fig. 5; the corresponding frequencies are 560 and
the other hand, all have their counterparts as overtones in tH&0 cm!, respectively.
phonon density of states of cubic boron nitridé? Most of
the SERS modes of the hydrogen treated surface can thus
straightforwardly be assigned to an enhancement of the bulk
phonons by silver particles and either surface vibrations of We presented an in-depth study of the Raman spectrum of
nitrogen complexes or the presence of hexagonal boron neubic and hexagonal boron nitride. We measured the absolute
tride in the sample. The large Raman cross section of hexRaman efficiency in the visible and UV energy range. The
agonal BN makes the last explanation very likely. Thenonresonant Raman cross section of boron nitride is similar
920 cm? peak appears in infrared reflectivity measurementgo the cross section of GaN and other wide band-gap semi-
only for in-plane polarized light and is also Raman ac#ive. conductors. Hexagonal BN has a 100-1000 times larger scat-
Within the BH rocking explanation this implies that the BH tering efficiency than the cubic form. Raman scattering is
complexes are strictly aligned within the Blanes, which, thus very powerful for measuring the volume fraction of hex-
again, is rather unexpected. agonal BN in thin boron-nitride films and to study boron

We tentatively assign the 920 and 2290 ¢érpeaks to the nitride nanotubes.
predicted singularities in the phonon density of states. This The Raman susceptibility of cubic boron nitride is con-
implies that the shape of the phonon dispersion was correctlgtant for all three excitation energies. The absence of reso-
predicted by theab initio calculations®?® The calculated nance in cubic BN is due to the indirect band gap and the
frequencies, however, are too small. Interestingly, both peakextremely high direct gap in this semiconductor. A Raman
would originate from eigenvectors where only the nitrogenresonance is only expected for excitation energies close to
atoms mové® The low-energy singularity involves the out- the direct gap at’, i.e., =10 eV excitation energy. In turn,

VI. CONCLUSIONS
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this makes cubic boron nitride a good reference material fopoint of the Brillouin zone or to a combination of two modes
UV measurements of the absolute Raman efficiencies. Cubitom acoustic and optical branches. We dismiss the assign-
BN is better suited for UV energies than the flourides used itment, often found in literature, of this peak to a BH rocking
the visible because of its high phonon frequency. vibration.

In hexagonal BN the Raman susceptibility at 5 eV was Our measurements are a test for the many theoretical
twice as large as in the visible; at 5.4 eV it was enhanced b¥tydies on the phonon dispersion of cubic and hexagonal
a factor of 5. This marks the onset of the resonance in hexyoron nitride. We showed that UV Raman scattering is a very
agonal BN. We find good agreement between the theoreticd);omising tool for characterizing thin boron nitride films and
Raman susceptibilitydy/dw| calculated from the dielectric t, fing the volume ratio of the two boron nitride phases. This
fﬁnct;]on and ?lg ex%enmental Cross sgct;]ons. Acc?rg;\r:g s of particular interest in view of the recent progress in
the theoretical data Raman scattering in hexagona ge[g/rowing high-quality cubic boron nitride films expitaxially
weaker between 2 and 4.5 eV and then increases strong .

. X ; ) n diamond.
with a maximum at=6 eV, i.e., at the energy of the optical
transitions at theM point of the hexagonal Brillouin zone.
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