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First- and second-order Raman scattering from graphite has been studied. The second-order spectra of
single crystals and of highly oriented pyrolytic graphite are continuous and exhibit several well-defined bands
which can be attributed to features in the density of vibrational states as determined from current lattice-
dynamics models. The density of states deduced from the lattice-dynamics model of Nicklow, Wakabayashi,
and Smith provides the best replication of the second-order Raman spectrum, but is nevertheless somewhat
deficient in this regard, and in need of improvement. The dependence of the first- and second-order graphite
Raman spectra on crystallite size has also been studied for a series of samples with typical dimensions L, and
L, as small as 30 A. With decreasing crystal size the features in the second-order spectrum broaden
noticeably and additional broad features appear in both the first- and second-order spectra. The additional
first- and second-order features are also attributed to structure in the vibrational density of states and arise
from the wave-vector selection-rule relaxation that results from finite-crystal-size effects. Evidence is
presented to demonstrate that the above described spectral features are intrinsic and not associated with
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impurity excitations.

I. INTRODUCTION

The bonding in graphite exhibits one of the larg-
est anisotropies of any solid. Moreover the near-
est-neighbor C-C bonding in graphite is consider-
ably stronger than the C-C bond in diamond.! In
contrast, the bonding between the planes is very
weak and exhibits a Van der Waals character.?
The very weak and very strong bonding in graphite
will yield both unusually low- and high-frequency
contributions to the lattice vibration spectrum.

The technique of choice for the study of the lat-
tice dynamics of crystals has been neutron scat-
tering. From a neutron scattering study of orient-
ed single crystals one can in principle establish
the complete phonon dispersion curves of the
sample being examined.? In practice, however,
neutron scattering suffers from several limita-
tions. For instance, large single crystals are re-
quired. Since the available flux of slow neutrons
with high energy, e.g., >500 cm™ is minimal,
that region of the phonon dispersion curves is dif-
ficult if not impossible to explore.? Also, the flux
limitation reduces the accuracy of the neutron mea-
surements to~+5 cm~!. ‘Finally, an intrinsic lim-
itation of the neutron technique is its inability to
provide crucial symmetry information on the vi-
brational excitations at key points in the Brillouin
zone. Thus, though certainly necessary to an ac-
curate understanding of the lattice dynamics of a
crystal, it is clear that neutron scattering results
may be insufficient. In such a case, second-order
Raman spectroscopy can be a useful probe of the
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phonon properties.

The second-order Raman scattering is due to
two-phonon states.® The scattering from large
single crystals must satisfy wave-vector selec-
tion rules as does first-order Raman scattering.
For second-order scattering, then, the sum of the
phonon wave vectors must be equal to the wave vec-
tor transferred in the light scattering event. Since
for visible exciting radiation the light scattering
wave vector is ~1/1000 of that of the zone-boundary
phonons, the two-phonon states sampled by second-
order scattering have essentially equal and op-
posite wave vectors. If the two-phonon state is
formed from phonons belonging to the same branch
of the phonon dispersion curves and which have
equal energy, that state is called an overtone. If
the two-phonon state represents the sum or differ-
ence of two phonons with unequal energy the state
is termed a combination. Therefore, because of
the wave-vector conservation requirement, the
spectrum of overtone states represents the density
of one-phonon states convolved with the Raman ma-
trix element, but the frequency scale is twice that
of the one-phonon density-of-states spectrum. In
contrast, the combination spectrum, of course,
shows additional peaks not observed in the one-
phonon density of states.

One of the most successful applications of
second-order Raman scattering has been the study
of diamond.*'® For this cubic crystalline form of
carbon it was possible to establish accurate (1
cm™!) phonon energies and symmetries for many
phonon branches at all high-symmetry points in
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the Brillouin zone.®? In addition an interesting
anomalous feature was observed at the highest
frequency of the second-order Raman spectra. =
This feature was attributed by Cohen and Ruvalds®
to a two-phonon bound state, but this interpreta-
tion has been the subject of considerable recent
controversy.”"® Subsequent similar second-order
Raman studies of silicon and germanium also
proved to be quite fruitful, although no anomalous
“bound-state” -like feature was observed in those
materials.”*°

If our understanding of diamond, silicon, and
germanium, all extensively studied materials,
could be enhanced by a second-order Raman study,
then, such a study is even more appropriate to
graphite. More importantly, the lattice dynamics
of graphite, a prototypical lamellar compound, are
not well understood. This lack of understanding
persists even though neutron scattering studies of
the low-energy (<500 cm~!) dispersion curves have
been carried out.!**? In addition, during the past
several years, there have been many lattice-dy-
namics models which address the experimental
neutron data.'?-'¢ Yet the theoretical models,
several of which “fit” the neutron data, yield con-
flicting results in the high-frequency region.
Moreover, given the lack of availability of large
graphite single crystals and the high energy of the
optical vibrations, there is little likelihood that
the neutron scattering results will be significantly
improved upon in the near future.

The limitation on available size of graphite
crystals can be used to transform a vice into a
virtue since it is possible to prepare graphite cry-
stallites with typical dimensions ranging between
3 um and 16 A. With such crystallites one can in
principle study the effects of finite crystal size on
both the radiation-matter interaction and on the
phonons themselves.. In particular, the continuous
relaxation of the wave-vector selection rules which
are in principle appropriate only to infinite cry-
stals can be probed with light scattering techniques.

The first Raman scattering studies of graphite
were carried out by Tuinstra and Koenig.!” These
authors studied first-order scattering as a function
of crystallite size and devised an empirical rela-
tion between the particle size and the relative in-
tensity of a pair of first-order Raman bands.
Subsequently Brillson et al.'® studied the infrared
reflectivity and polarized first-order scattering
from the basal plane of graphite single crystals.
The infrared measurements have been recently
extended to include reflectivity from a face per-
pendicular to the basal planes.'® In a previous
studay, we reported the second-order spectrum of
graphite single crystals.?° The focus of that pre-
liminary report, however, was a very sharp, high-
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energy feature at 3248 cm~! which was in some
ways similar to the anomalous second-order fea-
ture of diamond and the presence of which had sig-
nificant consequences for any lattice-dynamics
model of graphite. Subsequently several authors
have examined the first- and second-order Raman
spectra of various forms of graphite,?'~2% includ-
ing graphitizable carbon, coal, and coke?* as
well as radiation-damaged material.?®2® How-
ever, these studies have been primarily empirical
and have focused on the growth and decay of par-
ticular spectral bands with sample history.

In this paper, we shall report second-order
Raman scattering results from graphite samples
which contain crystals of macroscopic to micro-
scopic dimensions. Our results will be employed
to refine and perfect the lattice-dynamics models
of graphite, and we will interpret in a natural way
unusual features of the second-order spectrum.

II. EXPERIMENTAL

Raman spectra were obtained from several dif-
ferent samples which included single crystals,
highly oriented pyrolytic graphite (HOPG), glassy
carbon, pressed carbon rods, and carbon powders.
Polarized Raman measurements were performed
in both the Brewster angle backscattering and true
backscattering configuration using a cylindrically
focused 4880-A Ar-ion laser incident beam. The
scattered light was dispersed with a Jarrel-Ash
model 25-100 double monochromator equipped with
Jobin-Yvon holographic gratings. In both scatter-
ing configurations the polarization measurements
were made with the incident beam polarized either
parallel (H) or perpendicular (V) to the scattering
plane while the scattered beam was always analy-
zed parallel to the scattering plane. In the brew-
ster angle configuration the scattering plane is
that plane defined by the wave vectors of the in-
cident and scattered photons. ‘

To assure that the spectra obtained were intrin-
sic and free from impurity modes the HOPG
sample was heated to ~1000 K for several hours
under flowing He gas. In addition, all spectra
were recorded with either a flow of helium gas on
the sample or with the sample in a helium atmos-
phere in a sealed container. ’

III. RESULTS AND DISCUSSION
A. Crystalline graphite

There have been several ir'®:° and first-order
Raman studies!?:2°:237:28 of graphite that have ac-
curately determined the zone-center mode fre-
quencies. The zone-center optic modes can be
decomposed into the following irreducible repre-
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FIG. 1. First- and second-order Raman spectra of
highly oriented pyrolytic graphite (HOPG) and ‘“glassy”
carbon. The spectra were recorded with a spectral slit
width of ~10 cm™. For this figure and Figs. 8—11, the
abscissas, while marked in em™, are, however, linear
in wavelength.

sentations!®:
T'=A,, +2B,, +E,, +2E,, . 1)

The A,, and E,, modes are ir active and have been
observed at 867 and 1588 cm™!, respectively.!®
The E,, modes are Raman active and have been ob-
served at 42 and 1581 cm~!.?®* The B,, modes are

optically inactive, however, one has been observed

by neutron scattering at 127 em ™! (Refs. 11 and 12) and
the other will occur at afrequency near that of the A4,,
(867cm™!). The E-symmetry modes exhibit “in-
plane” atomic displacements while the A and B sym-
metry modes have “out-of-plane” displacements.?®

In order to relate the‘first- and second-order
Raman features of graphite the full Raman spec-
trum is shown in Fig. 1. The strong sharp feature
at 1581 cm™! is the high-frequency E,, first-order
mode. The low-frequency E,, mode which occurs
at 42 cm™! is the interplanar “rigid-layer shear”
mode and is only obtained with special techniques.
The continuum scattering from 2200 to 3250 cm™*
represents the second-order features that are
analyzed here. The second-order spectrum ex-
hibits three distinct groups of bands. The spec-
trum is dominated by the strong features near
2710 cm™!, and two weaker features are observed
at ~2450 and ~3250 cm™?,

Previously the validity of lattice-dynamics cal-
culations of graphite has been tested by comparing
the phonon dispersion curves, elastic constants,
or specific-heat data deduced from them with ex-
perimental results. None of these tests have prov-
en to be sensitive to the nature of the higher-fre-
quency modes. The several recent full lattice-dy-
namics calculations of graphite can essentially be
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divided into two groups: .those employing a Born-—
von Kdrman model*®~1 and those employing a
valence-force-field model.2?:*° Nicklow, Waka-
bayashi, and Smith'? (NWS) proposed a model which
used pairwise axially symmetric interactions to
fit their neutron data. The model included interac-
tions to fourth nearest neighbors: three “in-plane”
neighbors and the nearest neighbor in adjacent
planes. Recently Nicholson and Bacon'® have ex-
tended the model of NWS to include axially sym-
metric pairwise interactions to fifth neighbors

and three many-body valence force interactions.
With this model the elastic constants could be fit
without imposing restrictions that would lead to
finite pressure at equilibrium as does the NWS
model, Ahmadieh and Rafizadeh!® and more com-
pletely Rafizadeh* have employed Lennard-Jones
and Van der Waals potentials to describe the pair-
wise interactions also to fifth neighbors. They fit
the zone-center frequencies to the observed vibra-
tions of benzene and allowed other parameters to
vary to provide a best fit to the neutron data. The
results of the study of Nicholson and Bacon and the
best fit obtained by Rafizadeh were very similar to
the NWS results especially for modes with “in-
plane” atomic displacements. The major differ-
ence was in the zone-center frequencies of the A,,
“out-of-plane” mode and here no model was con-
sistent with the recently reported value.*® It should
also be noted that the inclusion of fifth-neighbor
forces causes modes to exhibit mixed “in-plane”
and “out-of-plane” character for some points in
the Brillouin zone.!® But because the forces are
small they will not severely effect the high-fre-
quency modes. Bridging the difference between
valence force and Born—von Karman models, Mani
and Ramani'® have used valence forces of the nap-.
thalene molecule to arrive at values of several of
the general tensor force constants. There has been
a recent objection to their formalism,'® and we find
that their results are inconsistent with both the
highest-frequency second-order feature at ~3248
cm~! and the ir-active A,, mode.

There have been two recent lattice-dynamics
studies of graphite which directly employed val-
ence-force-field models. Yoshimori and Kitano?®
used analytical techniques to calculate the vibrational
density of states and more recently Young and Kop-
pel® (YK) used more exact computer methods to carry
out the calculation. Thus, in the following, we
will focus on comparing the second-order Raman
spectra to the results of NWS and YK because
these calculations are typical and because each
has been used to generate a vibrational density of
states. :

Before proceeding with a comparison of the den-
sity of vibrational states and second-order spec-
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tra, several points must be considered. While
second-order Raman spectra can reflect both over-
tone and combination vibrational states, previous
experiments on Si,” Ge,'° and diamond® indicate
that the spectrum is often dominated by overtone
states. This conclusion was obtained by compari-
son of second-order spectra to density of states
determined from neutron scattering measurements.
In addition, since overtone levels always contain
an A, symmetry character (the product of any
representation with itself always contains the iden~
tity),3! these levels would be expected to contain a
contribution which exhibits polarization character-
istics typical of an A; mode, namely, to be strong-
er in configurations which measure the diagonal
components of the Raman tensor. As is evident

in Fig. 2, the entire spectrum from 2300 to 3250
cm™! is uniformly and strongly polarized with re-
spect to the first-order peak at 1581 cm~!., There-
fore, we assert that the spectrum is indeed dom-
inated by overtone states.

In addition to the above assertion, it is also
probable that none of the features of the second-
order spectrum from 2300 to 3300 cm™! arise
from overtones of modes with “out-of-plane” atom-
ic displacements. While both the NW§ and YK
models show contributions in this region, recent
ir reflectivity measurements® have indicated that
the A,, zone-center, “out-of-plane” mode occurs
at ~867 cm~!, This mode is essentially degenerate
with the highest-frequency zone-center B,, mode.
Since both the NWS and YK models show these
modes to be the highest-frequency “out-of-plane”
modes, the features of the second-order spectrum
of graphite from 2300 to 3300 cm™! can be analy-
zed only in terms of overtones of “in-plane”

HOPG

HH

INTENSITY (ARB UNITS)

| I B

O N DA DO DO NN D OO @
T T
<
T
>
ES
> x F o

"

%0 Vi B
RAMAN SHIFT (cm™)

FIG. 2. Polarized first- and second-order Raman
spectra of highly oriented pyrolytic graphite obtained
using a Brewster angle backscatter configuration. The
spectral intensities were normalized to account for the
different reflectivities of the two polarization cpnfigura-
tions.
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modes.

The second-order Raman spectra of graphite is
compared to the calculated density of states and
the two-phonon combination and overtone spectrum
of “in-plane” modes obtained from the NWS model
in Fig. 3. The NWS model calculation has been
modified slightly to obtain the observed value for
the high-frequency E,, “in-plane” vibration (which
we find at 1581+ 1 ecm™?). It is evident that the ob-
served Raman spectrum contains significantly
fewer features than the total spectrum (combina-
tions plus overtones). This supports the argu-
ment that the second-order Raman spectrum is
composed predominantly of overtone derived

" modes.

The density of states were obtained by solving
the dynamical matrix at 87000 random points in
an irreducible section of the Brillouin zone.

. While the NWS calculation does not yield an ex~

ceptional fit to the observed spectrum, several
identifications can be made. Three strong features
are shown in both the second-order Raman spec-
trum and the NWS calculation. Comparison of the
calculated density of states with the calculated
phonon dispersion curves (shown in Fig. 4) serves
to show the critical points and the k-space regions
which are associated with the peaks in the density
of states. Because there is little dispersion of
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FIG. 3. Second-order Raman spectrum of highly
oriented pyrolytic graphite (a) is compared with the
“in-plane” one-phonon (b) and two-phonon (c) density
of states obtained using the NWS model. The frequency
scale of the one-phonon density of states has been multi-
plied by 2.
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“saddle” -type critical points in the phonon dis-
persion curves will yield logarithmic singularities
in the density of states.®® With respect to the
graphite lattice, flatness of the phonon dispersion
curves at the zone boundary (from M to K) will
yield “saddle” -type critical points and thus strong
features in the density of states. Consequently

the flat curves at ~1340 and 1470 cm™! along T
from K to M yield saddle points and hence the cor-
responding peaks in the phonon density of states

of the NWS model. The peaks can then be ascribed
to phonons with wave vector in the region of the
corresponding critical point. In contrast, the
highest-frequency strong feature in the density of
states does not arise from modes along K to M,
but instead is due to the flat maximum of the high-
est branches along ¥ and 7. It is this feature in
the density of states that is a manifestation of the
large second-neighbor forces employed in the NWS
model.

To explore the nature of the observed 3248-cm™!
feature, we have calculated the phonon dispersion
curves and density of states using several values -
of the second-neighbor force constants. The re-
sults of this calculation are shown in Fig. 5. Re-
ducing the second-neighbor force constants does
not affect the zone-center frequencies. However,
when those force constants are reduced to 60%
of the value used by NWS the maximum phonon fre-
quency occurs at I rather than along 7. This
change causes the peak at the high end of the
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FIG. 5. High-frequency “in-plane” density of states
obtained from the NWS model using several values of
the second-neighbor force constants. The trace labeled
(a) has the value used in the NWS calculation while (b),
(c), and (d) are, respectively, 0.75, 0.60, and 0.50 of
the original value.
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phonon spectrum to shift from ~1620 to 1581 cm™?,
As the force constants are reduced further the
peak decreases in intensity with respect to the
background. We have carried out this exercise
because an upward curvature of the highest T and
T branches from I' is unusual for ¢ovalently bond-
ed materials. However, a sharp feature observed
at the maximum frequency of the second-order
spectrum of diamond has been attributed to either
similar upward curvatures,”*® matrix element ef-
fects,® or a two-phonon bound state.® In the case
of graphite, whether matrix effects or two phonon
interactions are important, the large shift from
15812 to 1624x2 cm~! observed here indicates
that the unusual upward curvature of the phonon
dispersion curves does indeed occur.

Consider now the YK model. This model as noted
exhibits several deficiencies. The value predicted
for the highest-frequency “in-plane” mode is 1688
cm™! since the YK calculation was made before

"Raman and ir measurements indicated a value of
~1585 cm~!, More seriously, there are no forces
to give rise to the low-frequency “shear-type”
rigid-layer modes or the small splitting of the E,
and E,, high-frequency modes. However, since the
splitting is very small this will not significantly
affect the density of states in the higher-frequency
regions. More recently Tuinstra and Koenig!’
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FIG. 6. Second-order Raman spectrum of HOPG (a) is
compared with the “in-plane” one-phonon density of
states of the YK model. Curve (b) is the result obtained
using the YK force constants, and curve (c) is obtained
using the TK force constants. The frequency scale of
the one-phonon density of states has been multiplied by 2.

(TK) have suggested different bond-stretching. and
bond-bending force constants to obtain a zone-
center frequency consistent with their Raman re-
sults. We have repeated the density-of-states cal-
culation of the YK model using the force constants
derived by both YK and TK. The “in-plane” den-
sity of states of these two cases of the YK model
are compared with the second~order Raman spec-
trum in Fig. 6. The spectra obtained from both
force-constant models are dominated by a single
peak near 1400 cm~!, As in the case of the NWS
model, the features in this frequency region are
due to critical points which arise from the flat-
ness of the phonon dispersion curves along 7' from
K to M. This is illustrated in Fig. 7 where the YK
density of states is compared with the correspond-
ing phonon dispersion curves. In addition to the
strong features, the model using the YK force con-
stants yields weak features at ~1250 and ~1100
cm™!, The ~1100-cm™* feature has contributions
due to the intersection of the acoustic and optic
modes near the zone boundary. The correspond-
ing features in the density of states in the TK mod-
el are much weaker and occur at a lower frequen-
cy. The absence of a sharp peak at the uppermost
frequency in both density-of-states spectra is a
manifestation of the fact that the highest-frequency
mode is at I'. We found that no variation of the
bond stretching, %,, and bond bending, %,, valence
forces using the YK model could rectify this situa-
tion, Therefore additional valence forces are
necessary to cause the upward bending of the phon-
on curves from I.

While neither the NWS nor YK model yields a
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FIG. 7. Phonon dispersion curves and the density of
states with “in-plane” displacements obtained with the
YK model and the YK force constants. The dotted lines
indicate modes with “out-of-plane” displacements and
the horizontal dashed lines are to show the k-space
regions which contribute to the strong peaks in the den-
sity of states.
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density of states which agrees well with the ob-
served second-order spectrum, the sharp fea-
tures which occur in both calculations and the ob-
served second-order spectrum seem to indicate
the nature of the three main features observed ex-
perimentally. The strongest feature in the second-
order spectrum at 2X 1355 cm™! is probably due

to flatness of several branches between K and M.
The step rise feature at ~2450 cm™! also appears
to arise from phonons in this same k-space re-
gion. An unusual aspect of the phonon dispersion
curves shown in Fig. 4 is that the acoustic and
low-frequency optic “in-plane’” modes intersect
the high-frequency “in-plane” modes near the
zone boundary. In the NWS model this intersec-
tion is at ~1340 cm™!, The peak in the NWS den-
sity of states at ~1340 is the one we have associat-
ed with the 2450-cm™! (or 2% 1225-cm™!) band.
Hence this feature takes on additional importance
since it represents the intersection of the low-fre-
quency and high-frequency “in-plane” modes. The
highest-frequency feature in the second-order
scattering at 3248 cm™! is then attributed to scat-
tering from the highest-frequency portions of the
% and T branches. The frequency of the observed
mode (3248 cm™!) is almost exactly that predicted
from the NWS model (2x1618 cm™). It seems
reasonable to assume, then, that the scattering

is due to critical points from flat maxima along

HOPG

x2.5+x1

NATURAL
CRYSTAL

RAMAN INTENSITY

[ ~GLASSY"
CARBON

L

L

3000 2600 2208’ 1600 1200
RAMAN SHIFT (cm™)
FIG. 8. First- and second-order Raman spectrum of
several different forms of graphite. A spectral slit
width of ~10 ecm™ was used.
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Z and T. This implies that the appropriate k-space
region is not at the zone boundary. The NWS mod-
el shows, also, that the 3248-cm™! peak is the
strongest in the density-of-states spectrum, yet
the observed intensity is significantly less than

the intensity of the ~2700-cm~! (2X 1350~-cm™1)
peak. This is probably due to matrix element ef-
fects because the mode arises from scattering at
k-space points of lower symmetry.

B. Microcrystalline graphite

One of the most unusual properties of graphite
is that the Raman spectrum of microcrystalline
material shows additional lines that are not ob-
served in large single crystals.!”**® In Fig. 1 the
full first-order spectrum of vitreous carbon is
compared with that of single-crystal graphite, and
the additional features are clearly displayed. In
addition, the first- and second-order Raman spec-
trum of several samples with varying crystalline
domain sizes are shown in Figs. 8 and 9. It is
interesting that the strongest feature at 1355 cm™!
in the spectrum of “glassy” carbon is not observed
in the spectra of large crystals. It was found that
the relative intensity of the 1355-cm~! mode with
respect to the 1581-em~! mode varies as the in-
verse of the crystal planar domain size, L,.'” We
have used this result to determine the domain size
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FIG. 9. Higher gain second-order Raman spectra of
the same graphite samples used for Fig. 8.
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FIG. 10. Deconvolution of the peaks in the first-order
Raman spectrum of microcrystalline graphite. The
solid circles are the data and the solid line is a four
Lorentzian fit. A broad Lorentzian was used to fit the
background and the other three are centered at 1357,
1589, and 1621 cm™. The lower solid line shows the

contribution due to the Lorentzian centered at 1621 cm7.

from the Raman spectra shown in Fig. 8. While
the spectra of the samples with small L, show the
1355-cm™! line, all spectra display the usual first-
order line at ~1580 cm™!, The position of this mode
is slightly dependent on domain size; shifting to
higher frequency by ~10 cm™! for the smallest
L,.®® Closer examination of the ~1580-cm~! mode
in the samples with small L, shows that it is ac-
tually a doublet. The higher-frequency component
increases with decreasing L,, exhibiting behavior
similar to that of the 1355-cm™! feature. A two-
peak deconvolution of the doublet is shown in Fig.
10. It is evident that the higher-frequency com-
ponent is sharp and occurs at ~1620 cm™1,

The features observed below 1650 cm™! fall in
the first-order region, and given this, Tuinstra
and Koenig have assigned the 1355-cm™! mode to
first-order scattering from a zone-boundary phon-
on activated by the disorder associated with finite
crystallite size.!” This assignment is corroborated
by the observation of the strong feature at ~2710
cm™! (i.e., ~2%x 1355 cm™!) in the second-order
Raman spectrum of large graphite single crystals.
It should be mentioned that it is somewhat unusual
to observe a zone-boundary feature in crystallites
even as small as 30 A. This is because the wave-
vector uncertainty as determined by the uncer-
tainty principle is 27/L,, while the zone-boundary
wave vector is 27/a, where a is the lattice con-
stant. Thus even with the large uncertainty, be-
cause L,>a for all samples studied, it is difficult
to account for the observation of the 1355-cm™!
line.

While the 1355-cm™! mode has a counterpart
in the second-order spectrum, if its presence
results from small crystallite size, it might be
expected that other features of the density of states
are also reproduced. It is important to note that
the ~1620-cm™?! feature also has a counterpart in
the second-order spectrum of single-crystal
graphite, namely, the 3248-cm~! feature. In ad-
ditien, as shown in Figs. 1 and 8, there is sig-
nificant Raman intensity in the 1100-1300 cm™!
region that probably corresponds to the second-
order feature at 2450 cm™!, The differences in
frequency between the observed first-order modes
and half the frequency of the corresponding second-
order feature could be due to matrix element ef-
fects or to the region of k space strongly sampled
by the breakdown of wave-vector conservation.
Second-order scattering will emphasize zone-
boundary contributions while the disorder-induced
scattering would emphasize the smaller £ com-
ponents. Hence, we assign these additional fea-
tures in the first-order spectrum of microcrystal-
line samples to the corresponding features in the
density of vibrational states.

The 1620-cm™! line has recently been observed
in neutron-irradiated pyrolitic graphite and in
polycrystalline graphite by Maeta and Sato,?® and
they assigned the feature to the existence of C,
molecules produced in the irradiation process. Be-
cause their spectra also show the ~1355-cm™?
mode, we suggest that the disorder due to the ir-
radiation allows first-order scattering from the
features in the density of states of the graphite net-
work, and it is not necessary to invoke the pre-
sence of C, molecules. The Raman spectra re-
ported by Tsu et al.?® are similar to those reported
here except they did not observe the second-order
~3248-cm™! line. They suggested that the ~1620-
cm™! feature is due to a splitting of the doubly
degenerate E,, first-order line. In contrast we
propose that the observation of the feature at ~3248
cm™! is strong evidence for overtone scattering
from the highest-frequency feature at ~1620 cm™!
in the density of states.

The second-order spectrum also exhibits an in-
teresting dependence on crystallite size. As shown
in Figs. 8 and 9, all the features broaden as the
crystalline domain size is decreased. All struc-
ture at ~2700 cm™! is lost and a single broad peak
is observed. The features at ~2450 and ~3248
cm™! actually obtain a stepnature. While all fea-
tures appear to broaden in a consistent manner, a
new feature at ~2950 cm™! grows with decreasing

'L,. In order to ascertain whether these changes

could be due to impurities, the Raman spectrum
of a sample of polycrystalline graphite was ex-~
amined before and after polishing. The polishing
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FIG. 11. The first- and second-order Raman spectra
of polycrystalline graphite before and after polishing on
ordinary paper.

was carried out by rubbing the surface on ordinary
paper. The resultant spectra are shown in Fig.

11. The before and after polishing spectra indicate
all the trends noted above. The same effect was
observed using standard alumina polishing com-
pounds. Thus it is unlikely that these effects could
be attributed to impurities.

Second-order light scattering is similar to first-
order scattering in that wave-vector conservation
relations apply.> While in an infinite crystal the
scattering involves two phonons with approximate-
ly opposite wave vectors, the microcrystalline
domains will relax the wave-vector restriction in
a way similar to that described for first-order
scattering. Scattering can then occur for two
phonons with different wave vectors where the
wave-vector difference is again limited by the un-
certainty relation. Therefore overtonelike scatter-
ing can occur from two phonons with slightly dif-
ferent energies because of the dispersion over the
k-space region which is determined by the wave-
vector uncertainty. Because of this, the sharp
features of the density of states will be broadened
in the light scattering spectrum of microcrystal-
line samples.

In addition to broadening, the wave-vector un-
certainty can also serve to yield new features.
Consider the case where two strong features in
the density of states occur at different energies
and arise from different wave-vector domains.
For a large crystal wave-vector conservation pre-
cludes scattering in the second-order spectrum
at a frequency equal to the sum of the frequencies.
However, if this restriction is relaxed (as is the
case for scattering from microcrystalline samples)
a peak could occur at the sum of the frequencies
of the two sharp features in the density of states.
Of course matrix element effects must also be
considered.

Thus it appears that the wave-vector uncertainty
which arises from the microcrystalline domains is
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responsible for the effects observed in the second-
order spectrum of graphite. The broadening of the
three features which are sharp in the spectra of
HOPG and natural crystal graphite is due to over-
tone-type 'scatterin'g of two phonons with nearly
equal energy. The origin of the peak at ~2950 is
more complicated. We note that the sum of the
frequencies of the 1355- and 1620-cm™! modes is
very near to the 2950-cm~! value of the new fea-
ture in the second-order spectrum. We have
argued above that these features were due to the
strongest features in the density of states. It is,
therefore, probable that the 2950-cm™! feature
arises from a combination of the strong density

of states at ~1355 and ~1620 cm~. We note that
the width of the 2950-cm™! feature is approximate-
ly the same as that at 2700 cm~™!. Because the
1620-cm~! component appears to be quite narrow,
a convolution of the two features would yield a
mode with the width approximately that of the
broader feature. Thus the observed peak width of
the ~2950-cm™?! feature is also consistent with the
above explanation.

The interesting ~2950-cm™! feature has also
been reported by Wright e al.?® and Tsu et al .?®
Wright et al. suggested that the mode was due to
a combination of the zone-center 1580-cm™! mode
and the zone-boundary 1355-cm~! mode. This is
similar to the model posed above except we sug-
gest that the high-frequency component is the high-
est-frequency feature in the density of states at ~1620
cm~!, In contrast, Tsu et al. have suggested that
the 2950-cm~! feature is due to H impurities. We
believe that the polishing and heating test rules
out this possibility. :

IV. SUMMARY

The second-order spectrum of single-crystal
graphite shows several strong peaks in the fre-
quency range of 2450-3250 cm~! which have been
ascribed to features in the density of vibrational
states. While inelastic neutron scattering experi-
ments have been previously reported on graphite,
they only cover the frequency range of 0 to ~500
cm~!, Thus the second-order Raman measure-
ments which examine the one-phonon density of
states in the 1200—-1625-cm™! region compliment
the neutron measurements. In this paper we have
compared the density of states deduced from sev-
eral models of the graphite lattice dynamics with
the observed Raman spectra. While some of the
models showed similarities to the observed spec-
tra, none yielded a quantitatively good descrip-
tion. Other properties that relate directly to the
lattice dynamics are the ir reflectivity and elastic
constants. These together with the Raman results
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reported here should collectively provide suffi-
cient constraints to allow an accurate rendition
of the full lattice spectrum of graphite.

It is important to note that we have accounted
for all the features observed in the polycrystalline
and vitreous samples in terms of microcrystalline
graphite structures only. The Raman spectrum
of microcrystalline graphite shows several fea-
tures not observed in single-crystal graphite. New
peaks that occur at frequencies below 1650 ecm™!
are also related to features in the density of states.
Supportive of this contention is the fact that all
new first-order features in microcrystalline graph-
ite have counterparts in the second-order Raman
spectrum of single-crystal graphite. The new
modes are apparently due to the disorder associat-
ed with the microcrystalline domain sizes and
the breakdown of the wave-vector selection rule.
The entire second-order spectrum also shows

changes with crystal size. The spectrum broad-
ens consistently as the domain size decrease, and
this affect is also attributed to the progressive
relaxation of the wave-vector selection rule with
decreasing domain size. A more unusual affect is
the growth of a new peak at ~2950 cm™! in the
second-order spectrum. We ascribe this band to
combination scattering associated with the two
strongest features in the one-phonon density of
states.
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