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R.. J. Nemanich
Xerox Palo Alto Research Center, Palo Alto, California 94304

S. A. Solin
Department ofPhysics, Michigan State University, East Lansing, Michigan 48864

Richard M. Martin
Xerox Palo Alto Research Center, Palo Alto, California 94304

(Received 10 November 1980)

Raman scattering and x-ray diffraction measurements are used to correlate finite-size effects on the Raman spectra
of nonpolar vibrational modes in BN. The BN microcrystalline samples used exhibited domain sizes varying from

4.4 to 78.5 nm in the plane and 1.5 and 47.5 nm perpendicular to the planes. The Raman measurements indicated
that the high-frequency E,, mode shifted to higher frequency and broadened as the crystallite size decreased. A
formulation of the Raman cross section for scattering from nonpolar microcrystals is presented. The development
includes evaluation of the susceptibility correlation function over a limited spatial extent. The results indicate that
spectral changes are related to the phonon dispersion, and the wave-vector uncertainty is accounted for. The
formulation is applied to describe the BN light scattering results; and good agreement was obtained to describe the
observed shift in frequency.

I. INTRODUCTION

To date there have been a number of experi-
mental and theoretical studies of finite-size effects
on the polar vibrational excitations of small ionic
crystals. The status of this area of research was
reviewed thoroughly in 1970 by Huppin and Engl-
man' who have pointed out several general pro-
perties of ionic crystals. They noted that the
Haman spectra of a thin slab of ionic crystal
shouM exhibit wave-vector-dependent sur fa, ce
modes (polaritonsj as well as bulk transverse
and longitudinal phonons. Similar effects were
predicted for oriented particles of different
shapes. ' These predictions have been experi-
mentally supported for several materials. '"' Im-
plicit in the review of Huppin and Englman is the
theoretical approximati. on that experimental
measurements of finite-size effects could be
carried out on samples of noninteracting, iden-
hcally oriented crystallites. That approximation
is seldom valid; real samples such as powders
will in general contain randomly oriented inter-
acting crystallites with a distribution of sizes
and shapes. Martin and Genzel' have considered
the effect of powder density on the Haman scat-
tering from small. ionic crystals. They showed
that the transverse and longitudinal phonon fre-
quencies are affected by the local electric field
which depends on the surface polarization and
therefore on the powder density,

The traditional theoretical and experimental
emphasis on polar modes in ionic crystal. s is not
surprising since such modes are expected to

exhibit the most dramatic effects with decreasing
crystal size. On the other hand, more subtle
yet equally interesting size effects, which are
best explored by examining nonpolar modes, have
received some recent interest. A theoretical
development has considered the scattering due
to the surface atoms of finite-sized crystals. '
In addition two nonpolar materials in which ef-
fects have been observed in the Haman spectra
due to finite-size crystals are graphite' "and
Si."'"' In order to understand the results for
Si, calculations of the long-wavelength modes of
a thin slab were carried out. " For graphite,
wave-vector selection-rule breakdown was 'pro-
posed to account for the observed effects in both
the first- and second-order Haman scattering. ' "
These results suggest that at sufficiently small
crystatlite size (~ 30nm), the Raman scattering
and ir absorption wave-vector selection rules
which limit the wave vector of detectable phonons
to the Brillouin-zone center break down. While
the experimental observations have been accounted
for by invoking selection-rule breakdown, it has,
however, only casually been discussed and has not
been the subject of any systematic experimental
study. In addition one expects the lifetimes and
frequencies of nonpolar phonons to exhibit mea-
surable changes when the crystal size is ~ 30 nm.
The convolution of these changes with the selec-
tion-rule relaxation should significantly alter the
optical properties, particularly the Haman spec-
tra. Accordingly, we report in this paper a sys-
tematic study of the effect of crystallite size on
the Haman spectra of the nonpolar intralayer
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mode of hexagonal boron nitride.
While BN also exists in the zinc-blende and

wurtzite structures, "this study will only be con-
cerned with the hexagonal layer str ucture. 7'

Hexagonal boron nitride, like graphite, is one
of the prototypical lamellar materials primarily
because its layers are indeed planar. "'" The
layers exhibit the same hexagonal structure as
in graphite except the atoms are alternating B
and N. The planar. stacking in BN is, however,
somewhat different than in graphite. In BN the
planes align such that the hexagons reside directly
above one another, and the atoms immediately
above or below in adjacent planes are of the
opposite species. This stacking arrangement is
to be contrasted with graphite, where half the
atoms sit over a hexagon center in adjacent
planes. A schematic diagram of the BN crystal
structure is shown in Fig. 1.

An interesting property of BN is that it is
possible to prepare microcrystalline powders
for which the average crystallite has a typical
basal plane dimension which can be varied from
-3 to 1000 nm. " Moreover, BN exhibits a very
strong nonpolar intralayer Raman line at -1370
cm ' (Ref. 20) which can be easily probed ex-
perimentally even with powder samples which
show intense parasitic scattering at low-fre-
quency shifts. Thus hexagonal BN microcrystals
constitute a relatively ideal system with which
to study the effects of crystal size on the Raman
spectra of nonpolar vibrational excitations. Es-
sential to such a study is the determination of
crystallite size. We have accomplished this by

OB ~ N

FIG. I. The crystal structure of hexagonal BN.

using x-ray scattering measurements from the
same samples from which the Raman spectra
were obtained.

In order to understand the changes associated
with reduced size we have carefully examined and
analyzed the Raman spectra of large BN crystals.
This spectrum was first observed by Geick et al."
who detected only one of the two group-theoretical-
ly predicted Raman-active modes, the intralayer
mode. Subsequently the low-frequency rigid-
layer shear mode was observed independently
by two groups"'" and the pressure dependence
was studied by Kuzuba et al." However, as noted
above, we will in this paper focus on the intra-
layer mode. The results presented here show
that this mode shifts to higher frequency and
broadens markedly with decreasing crystallite
size. Moreover, we will develop a phenomeno-
logical model for the light scattering cross sec-
tion of small crystals and employ that model to
quantitatively account for the dependence of the
intralayer mode of BN on crystallite size.

II. EXPERIMENTAL

A. Sample preparation and characterization

The samples of BN microcrystalline powders
have been prepared following a method reported
by Thomas et pl z9, 2&, 25 In this procedure ccturbo-
stratic" BN is first prepared. It has been sug-
gested that the "turbostratic form" consists of
the hexagonal layers which, while oriented paral-
lel to each consecutive layer, are randomly
oriented with respect to axes in the plane. " The
size of the crystalline domains can then be in-
creased by heating the turbostratic material in a
closed crucible. "

The first step of the process, preparation of
turbostratic BN, was carried out by heating urea
and orthoboric acid to 900 C under a flow of NH, .
The time of heating was varied from 2 to 6 hours.
The oven configuration is shown in Fig. 2(a). The
mixing of orthoboric acid 3nd urea was carried
out by grinding the reagent-grade powders by
hand using a mortar and pestle. Typically, 20.0
g of urea were mixed with 10.3 g of orthoboric
acid. The resultant powders exhibited a gritty
texture, were slightly yellow, and would not dis-
solve readily in water.

To obtain powders with larger microcrystalline
domains the turbostratic BN samples were heated
in a closed graphite crucible to between 1400 and
1900'C using rf induction. Between 2 and 3 g of
turbostratic BN were typically used. The heating
arrangement is shown in Fig. 2(b). In some cases,
a. small amount (-0.01 g) of fully ordered BN was
added to act as a seed. Again, the results of all
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FIG. 2. (a) The oven configuration used to produce
"turbostratic" BN and (b) the heating arrangement used
to produce BN with larger crystalline domain sizes.

runs yielded a gritty slightly yellow powder. The
material closest to the crucible walls was most
yellowed, and this material was discarded. In
addition to the prepared samples, two commer-
cially prepared powders were studied, and a
highly ordered sample prepared by compression
annealling of pyrolytic BN (Ref. 26) was obtained
from A. W. Moore of Union Carbide.

The x-ray diffraction and Haman studies were
carried out on -1-cm diam. pellets -1 to 2 mm
thick which were pressed from the powders. The
powders were pressed in an evacuated holder,
and no sintering agent was used. In order to
characterize the samples and to determine the
microcrystalline domain sizes, x-ray diffraction
traces were obtained using chromium radiation.
Several of the traces recorded are shown in
Fig. 3. The samples labeled XBN-1 and XBN-2
were the commercially obtained reagent-grade
powders which exhibited full ordering. All other
samples displayed were prepared using the me-
thods described above.

The x-ray diffractometer patterns obtained from
these samples exhibited two broad peaks. The
trace labeled XBN-9 in Fig. 3 is a pattern ob-
tained from the turbostratic form and is con-
sistent with that reported by Thomas ep aE." The

lo- XBN ~ XBN-8
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FIG. 3. The x-ray diffractometer traces of several
of the BN powders.

microerystalline domain sizes were obtained
using the Scherrer formula. " This formula re-
lates x-ray diffraction peak widths to miero-
crystalline domain sizes and is given by

L =natl. /(B' B,') "'cos-8 .

Here B is the full width at half maximum (FWHM)
of the respective peaks in the 2g trace, A. is the
x-ray wavelength, and I3,. is the instrumental
contribution. For L„ the planar domain size,
0 =1.84, and for L„ the domain extent perpen-
dicular to the planes, k =0.9.

In order to obtain L, the width of the (10) re-
flection which occurs at 28 = 66' is used, while
for L, the width of the (002) reflection which
occurs at 28= 40' is used. The results of L, and

L, obtained using this method are shown in Table
I. An interesting aspect of the measurements
is that the L, /L ratio is approximately constant
for all the prepared samples, as indicated in
Table I. While it is certain that there is a dis-
tribution of domain sizes in these powders, it
is difficult to ascertain parameters to describe it.
It seems clear that the values obtained describe
the most probable domain sizes.

B. Raman measurements

The Haman scattering measurements were
carried out in a backscattering geometry. About
100 mW of 514.5-nm Ar-ion laser radiation was
incident on the sample at -45' from normal. The
scattered light was collected using -I"1 optics
at 90 from the incident light. The scattered light
was dispersed with a Jarrell-Ash 1-m double
monochromator equipped with holographic gra-
tings. In the case of the highly oriented BN a
triple monochromator system was used to obtain
high-resolution low-frequency spectra. For the
powdered samples a strong luminescence back-
ground was often observed. It was found that
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TABLE I, The x-ray-deterlmned RverRge crgstaj. line
domain dimensions and the ratio of those dimensions.
I. is the range of order perpendicular to the planes,
and I 6 is the range of orde1 in the plRnes.
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1366.2

78.5+13.0
56.4+ 6.5
20.2+ 2.0
22.5+ 2,4
24.3 + 2.5
17.8+ 2.0
9.0+ 1.3
7.2+ 0.8
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2.9
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0.8
+ 0.8
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+ 0.4
+ 0.2

0.2

0.60+ 0.24
0.63+ 0.17
0.48 + 0.09
0.48+ 0.09
0.41+0.08
0.42+ 0.08
0.47+ 0.11
0.40+ 0.07
0.34+ 0.08
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laser illumination for several hours caused a
marked decrease in the luminescence. ' Since HN

has a band gap of y 5 eV,"' this luminescence
arises from impurities and/or defects, and oxy-
gen or carbon impurities may be likely candidates.

III. RESULTS AND MSCUSSION

A. Large nystals

The largest crystalline domains studied were
found in the oriented HN sample. Crystalline HN

has D',„space-group symmetry and the symmetry"
transformations of the zone-center optic phonons
al e glveD by

Of these, the h2 modes are Baman active, the
and F1„modes are 1x' active» and the QI xrlodes

are optically inactive. The Raman spectrum ob-
tained fxom the highly oriented cornpx ession-
annealed HN is shown in Fig. 4. The two modes
clearly evident at 1366.2 and 51.8 cm ' are at-
tributed to the E, symmetry vibrations. The
large anisotropy of inter- and intraplanax' bonding
is reflected in the large difference in the fre-
quencies of these modes. Both modes axe due
to in-plane atomic displacements, but the low-
frequency mode is characterized by whole planes
sliding against each other. This action has been
termed a "rigid-layer shear mode. " In contrast
the high-fx'equency mode is due to H and N atoms
moving against each other in a plane. It is
interesting to compax'e HN with gx'aphlte, which
exhibits an identical space-group symmetry. In
graphite the E, modes have been obsex'ved at 42
and 1581 cm '." Since the mode effective mas-
ses of HN and graphite are nearly identical, the
slightly higher rigid-layex' frequency of HN is
indicative of sl1ghtly stronger 1Dtex'planax' bon-
ding.

FIG. 4; The Balan spectrum of highly oriented com-
pression-annealed BN. The two peaks are attributed to
the F2 symmetry vibrations. The inset shows the
Stokes Rnd anti-Stokes low-frequency spectrQIQ taken
with a higher resolution.
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Frorll the z-ray diffraction results it might be
expected that microcrystalline domains will af-
fect the light scatter'1ng spectx'unl. The hlgh-
frequency Haman spectra of the powder samples
are shown in Fig. 5. We were not able to observe
the low-frequency rigid-layer mode in any of the
prepared samples due to stx'ong elastic scattering
and a, broad luminescence background. The Bhman
spectra showed no new features, and from here
on we will concentrate on the spectral changes
of the, 1366-cm ' line. Thex'e axe hvo effects
which are evident in Fig. 5. Clearly the peak
bx'oaderls and shifts to lllghex' fl equency as tile
crystal domain size decreases. %'bile the broad-
ening may Dot be unexpected». we find 1t some-
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what unusual that the mode shifts to higher fre-
quency.

The results are quantified in Figs. 6 and V.

The peak shift & and the full width at half maxi-
mum I'»„are plotted versus 1/I. , Here & is
the frequency shift of the peak from the value
corresponding to the largest crystallite sample,
XBN-1. In each case the data exhibits a linear
dependence on l/I, and the results of a least-
squares fit are shown in Figs. 6 and V.

C. Analysis of domain-size dependence

In this subsection we will explor e the relation of
wave-vector selection conditions and crystal do-
main size. The BN system is well suited to this
kind of analysis because the E, .mode is non-
polar. Thus shape-dependent local-field effects
will be small and w'e will neglect them.

The approach taken here is to account for the
zeroth-order effect of particle size upon light
scattering: We assume that there is no coupling
between nonpolar phonons in different crystallites
and that the scattering from each crystallite is
added independently. . However, within each cry-
stallite we assume that the vibrational excitations
of the small crystals are similar to those of the
infinite crystal. The light scattering cross sec-
tion is given by"

FTHM, F&,BN mcfyc~
40-

50-
'E

~~20-

0 Q5 ).0 ).5 2.0 g.5
i/L (Io'k')

FIG. 7. The dependence of the peak width I ~/2, of the
high-frequency E2 mode versus j/L . The solid line
is a least-squares fit to the data with the indicated
values.

and k is the wave-vector transfer

k =k,. -k, .

The dynamic structure factor S(k, (d) is the Fou-
rier transform of the correlation function of the
fluctuations in the polarizability 5y, ,(r, f)

d((1, (=("(m/dh
fdic'fd((((d"(d()(((({F,

O))

x exp[-ik (r —r') i~f].—

where V is the illuminated volume, ~, and ~,. are
the frequencies of the incident and scattered
photons, w =w, —(d,. is the frequency difference,

PhonNi Peak Shft h, vs ~/j

The polarizability fluctuations are related to
phonon displacements to linear order by

5X,,(r, f) A, ,u(r, f),
so that S(k( (d) is propol'iloIlal to a phonoll-dis-
placement correlation function. Our assumption
is that the coefficients A, , and the displacement
correlation function within each crystallite are
the same as in a perfect crystal. In that case
phonons of different q are uncorrelated and

(u*(r, f) u(r', 0)) = V 'Q (ud'(q)u(q))

x exp[iq ~ (r-r')+i(u, (q)t],

Oa
0 05

—Leost-Squores fit .to Doto

-0.29cm tse~x~o-~
Ls-- Golcutoted

2.5 5.0

where ~,(q) are the intrinsic phonon dispersion
Curves. Because the correlation function in Eq.
(7) depends only on the difference r -r', the in-
tegrals in the structure factor S(k, +) can be
factorized and S(k, ((I) can be written

FIG. 6. The dependence of the peak position of the
high-frequency E2~ mode versus 1/L . The solid line'is
a least-squares fit to the data with the indicated values.
The dashed lines represent the calculated peak position
using the model presented in Secs. III C and III D.

d(I, a(= (—.)("Q Id;g(t() I'(((a — .(t((&

x (u*(q)u(q)) J&(k —q) f'. (8)
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Here N is the number of crystallites in the volume
V and E is the integral over r or r' restricted
to R- 81Dgle cl ystRlllte. Then

E(ir -t)) =fgrazp[i(k -q) F].

If we assume the crystallites are orthorhombic
in shape with dimensions 2„, L „, and L„ then
+ has the familiar Scherrer'form"'"

small structure llIQlt we cRD consldel" RIQox'phous
materials. It is not unreasonable to write the
vibrational excitations of an amorphous material
in terms of a Fourier series based on the vibra-
1008 of the crystaH. lne counterpart~ since locRl

atomic structure is often preserved in the amor-
phous form. " The spatial integration would then
be limited by the size of the local atomic struc-
tures, and E(k —(I) would be so broad as to allow
scattering from all excitations. The dynamic
structure fRcto1 becomes

&(k -(I) = [ 2sin[(q,.-k,.)L,. /2]/(q, . -O, ),
4=Xv 3' g

Finally, we note that the displacement correlation
function in the infinite crystal can be expressed
in terms of the boson occupation numbers s(&u)."
Collecting all coefflclents into R single effective
"matrix element" C(q, (()), we can write the dy-
namical structure factor for Stokes scattering
Rs

s(ic, ~)= z.(
—)& 'E &(Std)l&(4-&)I'

x t)((d -(do(q)).

If a lifetime for the phonons is included as a
I orentzian broadening I'»„ then Eq. (11) is
IQodlf led to 1 eRd

(- )
N n(ro)+1)y. ,
+2

(12)

For finite crystallites the function l&((l -k) l'
represents the wave-vector "uncertainty" in the
phonons involved in the light scattering event.
We examine this function with x'espect to the
usual uncertainty re].ation. The first minimum in
E' occurs at k,. -q,. =2v/J, . (i =x, y, s). Thus for
scattering from small crystals light will couple
to excitations with wave vectors in the range of
0,. +2m/J, This means that a larger region of the
Brillouin zone is sampled. If the phonon dis-
persion curves vary significantly in the region
near g= 0, spectral features could shift or broaden
or new features could occur. However, if the
phonon dispersion curves ax'e flat then relatively
H.ttle spectx al change wilj. occur.

It is interesting to examine the form of E(I. (12)
in the limits of large and small structures. For a,

very large crystal E becomes a delta function and
the spectrum becomes a sum of weighted Lorent-
zians, which is typical of large crystals. In the

where the ~0 are now the vibrational eigenfre-
quencies of the amorphous material. Expressions
similax to this have been proposed to describe
light scattering fx'om amorphous materials. 34 We
note that if C(&u, ) is a constant, then the sum over
~, yields a I orentzian-broadened density of
states. Several studies have suggested that the
Baman spectra of some amorphous materials
may be related to the broadened crystalline den-
sity of states. ~' Recently, however, it has been
shown that the coupling constant C can not be
considex'ed as a constant independent of fre-
quency. For instance, at very low frequency,
C ~ (d' (Refs. 35 and 36) and striking variations
of C exist in certain cases where rather sharp
band edges can be shown to exist in amorphous
materials. "

D. Application to BN results

ID this sectloD the chRnges ln the RRIQRD 8pectx'R
of BN microcrystallites are analyzed in terms of
the results of the preceding section. To apply
E(I. (12) it is necessary to have a reasonable
descri. ption of the phonon dispersion relations.
There have been to our knowledge no neutron
scattering measurements or accurate calculations
of the phonon dispersion curves of BN. However,
the similar material, graphite, has been the
subject of several such studies, and we can use
these results with a reasonable degree of con-
fidence. """ The results of these studies in-
dicate that there is little dispersion of the high-
frequency E, IQode for q along the e axis. In
addltlon, for q„and q„ the dlsperslon relations
are almost identical near the zone center. Thus
the phonon dispersion relations exhibit approxi-
mate axial symmetry, and J, is the important
crystal-size parameter. According to the pre-
ceding section the wave-vector uncertainty is
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'-" 2v/I „which for the samples studied here
would vary from -6x 10' to -20&& 10' cm '.. Two

important quantities to contrast with this range
are the scattering wave vector in the sample and
the zone-boundary wave vector. For the scat-
tering configuration used the wave vector trans-
ferred is -3&& 10' cm ' and a zone-boundary wave
vector is -300& 10" cm '. Thus the wave-vector
transfer is small compared to the uncertainty
region in which - 10/o of the Hrillouin zone is
samp l.ed.

The ealeulations of the phonon dispersion of the
mode for graphite show that the mode splits

for q„or q increasing from X'. In the region of
interest the upper branch exhibits an almost
linear increase with q„or q„while the lower
branch exhibits R larger negRtive di.sper sion. "'"
This large negative dispersi. on of the lower mode
means its contribution will be spread. over R much
larger frequency range. Hence there will be a
small, if not negligible contribution, to the scat-
tering from the lower branch. Thus to approxi. -
mate the phonon dispersion of BN the slope Q) of
the phonon dispersion curve af the high-frequency
branch of the E, mode was obtained from the
corresponding value reported by Nieklow ef al.
for graphite. " We then used the functional form

(u„(q) =1[(Aq,)". +0.2'j' ~'+1266]. ,

ln units of CTll, for the x'elevRnt dlsperslon curve
of BN. The addition of the 0.2' term assured that
t,he slope at q =0 was 0. The value of A used was

. 5.63x 10 ' cm'.
We approximated the functj. on.F by a Gaussian

centered at q =0 (i.e. , the scattering wave vector
k is approximately 0) with a IIWHM of 2m/&, . We
suggest that a Gaussian-functional form is more
appropriate than [sin'(qf /2)]/q because there is
most likely a distribution of partic]. e sizes in the
samples we used. We have not attempted to ex-
plicitly determine the particle-size distribution
from our data. Such a determination could, in

principle, be made using electron microscopy.
Initially we evaluated Eq. (12) using the above

restrictions and assumed a constant lifetime
characterized by the narrowest measured width
(6.5 cm '). We found that the calculated peak
frequency shifted to higher values (consistent
with the experiment), but the widths were much
narrower than those measured. It is likely, how-
ever, that the vibrational excitation lifeti. mes are
strongly influenced by surface and boundary scat-
tering e ffe cts. If this is the case, then the sur-
face-to-volume ratio is the important parameter.
Thus we assumed that the Lorentzian linewidth
was dependent on crystal domain size and was
given by

IV. CONCLUDING REMARKS

In this study it was found that crystal size
affects the Baman spectra in an indirect way. To
achieve a shift in spectral features, significant
dispersion must exist in the phonon frequencies.
This is to be contrasted with x-ray di. ffraction,
where the angular width of diffraction peaks can
be directly related to the crystallite size." For
the case of BN the Baman band associated with
the nonpolar intralayer mode shifts to higher
frequency with decreasing crystal size. This
shift ls bRslcRlly R manifestation of the unusu31
dispersion curves which BN is expected to have,
i.e. , the phonon frequency of the highest branch
i.s not a maximum at the I point. For most
crystalline solids the reverse is true, and one
would expect a decrease in the Baman shift of the
highest-frequency nonpolar mode with decreasing
erystallite size. One example of recent interest
is the interpretation of the Baman spectrum of

8 N MICROCRYSTALLITES
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FIG. 8. Fits to two of the spectra using the model
presented iu Secs. III C md IIID.

I', g, =A +8/L, .

The parameters A and B were determined from
the least-squares fit to the data shown in Fig. 7.
For each observed value L „, the predicted Baman
spectrum was evaluated using this crystal-size
dependence of I;~„and a very good fit to the data
was obtained, This fit was only slightly improved
by varying A. and B. Two examples of the fits
are shown in Fig. 8. In addi. ti.an, plotted in Fig. 6
is the calculated variation of the peak position
on I/I, . As is seen, an excellent agreement with
observation was obtained. We should note that all
effects due to surface and interface bonding have
been ignored, but the good agreement demon-
strated here suggests that these effects may be
small. .



LIGHT SCATTERING STUDY OF BORON NITRIDE. . .

polycrystalline or laser -crystallized Si."'" The
Raman spectrum of these materials shows a down-
shift of the strongest line for the materials as-
sociated with the smallest crystalline domain
sizes. The phonon dispersion curves of crystal-
line Si are well known, and the Raman-active
phonon is at the maximum frequency. The wave-
vector effects described here would predict the
downshifting of the Raman-active mode, which is
consistent with the observation.

It is now interesting to reflect on the first- and
second-order Raman results of microcrystaQine
graphite. ""'" In the first-order spectrum the
peak associated with the high-frequency intra-
layer E, mode broadens and shifts to higher
frequency, as in BN. However, this is not'the
most striking effect. Two new features are ob-
served at 1357 and 1621 cm '. These features
seem to correspond to peaks in the density of
states. " It seems to us that the absence of these
features in BN is an indication that unusual matrix
element effects must enhance these features in
graphite. The second-order spectrum of graphite
also shows interesting changes which were at-
tributed to breakdown of the wave-vector selection
rules. "'" %e were, however, unable to observe
the second-order spectrum of BN.

Unfortunately there are relatively few other
materials which can be prepared as powders of
three-dimensional crystals with sufficiently small
sizes to carry out a study such as the one reported
here. However, the matrix isolation technique
which was used so effectively by Martin et al.4'

to study the ir absorption of small uniform ionic

crystals should also be useful for Raman studies
of both ionic and covalent materials. In addition,
recent experimental advances have made possible
the observation of intense Raman signals from
very thin films. '4 Such films might be used to
systematically study finite-size effects in one
dimension for both polar and nonpolar modes.
In particular it should be straightforward to dis-
tinguish the bulk modes from the surface modes
by varying the film thickness.

Perhaps the main difficulty in dealing with
studies of very small (L «X) particles is in ade-
quately characterizing the crystallite size and
shape. Several authors have suggested that for
such particles the polar optical properties are
shape and size independent. This is true only if
one ignores the more subtle effects we have ad-
dressed in this paper.
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