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We have studied by coherent inelastic neutron scattering the phonon spectrum of a
second-stage bromine-graphite intercalation compound. The intercalate sample was ob-
tained from highly oriented pyrolytic graphite. We have observed the almost complete low-
energy (< 12 THz) phonon spectrum with longitudinal and transverse phonons propagating
along the c direction as well as in the layer plane. We have observed three branches polar-
ized along the ¢ axis which present energy gaps along the ¢ direction. The acoustic branch
propagating in the layer plane contrary to the optic ones is very sensitive to the intercalate.
The main character of the modes polarized in the layer plane is the dispersionless optic
branch along the c¢ direction at 1 THz. A phenomenological Born—von Kdrman force-
constant model with nonaxial symmetry, developed in order to interpret our results, explains

them very well.

I. INTRODUCTION

Graphite intercalation compounds (GIC’s) are,
like graphite itself, layered materials. The great
variety of molecules which can be intercalated as
well as the possibility given by the existence of
stages (i.e., the number of graphite layers between
two adjacent intercalate layers) for a given inter-
calated species, allows us to prepare materials with a
large variation of the anisotropy in their proper-
ties."? For example, the ratio of the out-of-plane to
the in-plane resistivity can be varied from 10 to 10°.
This anisotropy is also observed in other electronic
properties such as the Fermi surface. Therefore, it
would be interesting to study how this anisotropy of
the electronic properties is reflected in the lattice
dynamics.

Many investigations on high-energy lattice modes
near 47 THz (1 600 cm~') have been made by using
Raman effect>® and infrared absorption.>* These
modes present a fine structure, but their values are
very close to the corresponding ones of pristine
graphite. These studies only give information about
the I point of the Brillouin zone.

At lower energies some results obtained by inelas-
tic neutron scattering on different GIC’s have been
published. The first studies’~’ were limited to the
longitudinal modes propagating along the direction
perpendicular to the layers (c axis). In KC;5 Magerl
and Zabel’ have observed energy gaps for these pho-
nons and explained their results by using a rigid-
layer model. In RbCy; Kamitakahara et al.® have
observed phonons polarized in the ¢ direction and
propagating both along the ¢ axis and in the basal
plane.

Two theoretical calculations of the phonon disper-
sion relations using the Born—von Karman force-
constant model have been recently published.>!°
However, no extensive experimental investigation of
the phonon spectrum of these compounds has yet
been made.

We present here the first such study of the pho-
non dispersion relations in a GIC. We have chosen
as intercalation compound the second stage C;4Br.
We have observed phonons at low energies, less than
12 THz, polarized both perpendicular to and in the
layer plane and propagating both perpendicular to
and in the layer directions. A short report on this
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work has been published elsewhere.!! We interpret

our results by using a Born—von Kdrman force-
constant model and adjust the phenomenological
parameters in agreement with our results.

In Sec. II we present the experimental aspects re-
lated to both the sample and measuring technique.
Section III is devoted to the experimental results. In
Sec. IV we summarize the results on the lattice
dynamics of pure graphite. In Sec. V we interpret
our results and we elaborate a phenomenological
Born—von Kdrman force-constant model. Then in
Sec. VI we discuss our results. The conclusion of
this work is given in Sec. VIIL. '

II. EXPERIMENTAL ASPECTS

We have chosen stage two of bromine GIC for
this phonon study. This intercalate is a very simple
molecule and there are several published works
about its structural and electronic properties.!?~!*
Moreover the bromine atom is a good candidate for
neutron studies [0, =5.81 barn, 0i,,=0.1 barmn,
and o,,,=6.7 barn (Ref. 15)].

The starting material is HOPG (highly oriented
pyrolytic graphite). The intercalation is made by
direct action of bromine gas on the HOPG held in a
quartz container. After the intercalation, the con-
tainer is sealed in the presence of excess bromine
gas.

As there is some controversy about the composi-
tion of the bromine second-stage GIC (Refs. 12 and
13) we have undertaken a thermogravimetric and a
structural study on the bromine GIC family. The
richest bromine GIC is a stage-2 compound and cor-
responds to the chemical formula CgBr. Its desorp-
tion gives stable compounds of chemical formulas
Cy4Br, C;Br, and Cy;Br of stages 2, 3, and 4,
respectively. We have prepared a desorption com-
pound to investigate the intralayer ordering of bro-
mine by neutron diffraction. In the range of tem-
peratures between 300 and 10 K the Bragg peaks do
not change significantly. The corresponding unit
cell is given in Fig. 1. These peaks correspond to
the main Bragg peaks given by Eeles and Turnbull'?
but these authors also observed some additional
weak peaks which were indexed by them in a larger
unit cell. Our cell is eight times smaller than this
one. A complete report of this work will be pub-
lished elsewhere.

The dimensions of the sample that we have used
for inelastic scattering were 42X 15X 4 mm? after
intercalation. We have made two runs of measure-
ments with this sample. The stage was measured at
the beginning of each run by (00/) neutron diffrac-
tion. The sample was found to be nonhomogeneous.
It is formed by zones of stages 2 and 3. In the first

FIG. 1. Unit cell in the layer plane of the bromine GIC
CsBr as obtained by neutron-diffraction studies. The
hexagonal array represents the graphite lattice.

cycle of experiments the composition was about
75% of stage 2 and 25% of stage 3. For the second
cycle, six months later it was about 33% of stage 2
and 66% of stage 3. These zones correspond to the
chemical formulas C4Br and C,;Br as tested by
study of the (hk0) bromine circles by neutron dif-
fraction.

The experiments were performed on the triple-
axis neutron spectrometer IN8 at the high-flux neu-
tron reactor of the Institute Laue-Langevin in
Grenoble. At low energies, less than 6 THz, the
(002) planes of HOPG were used as the monochro-
mator, but at high energies, we have used the (111)
planes of copper. The analyzer always used the
(002) planes of HOPG. When necessary we have
used a HOPG filter to eliminate the harmonic fre-
quencies.

We have made experiments at 300 and 10 K.
There are only small differences between the results.
Here we will only describe the results for 300 K.
The experimental scans are fitted by a sum of
Gaussian peaks with a linear background, except for
the case described in Fig. 5.

III. EXPERIMENTAL RESULTS

The unit cell of single crystalline graphite con-
tains two layers and four atoms. The basic vectors
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FIG. 2. Reciprocal space diagram for GIC obtained
from HOPG showing the four experimental neutron
scattering configurations used in this work.

are a=b=245 A, ¢=6.70 A, a=f=n/2, and
y=w/3. The reciprocal lattice is given by
a*=b*=4r/aV’3 which defines the basal plane,
c*=2r/c, a=PB=u/2, and y=2n/3. The recipro-
cal lattice of HOPG is that of single crystalline gra-
phite with a random rotation about the c* axis. The
HOPG diffraction pattern is then made of concen-
tric circles in the planes perpendicular to the c* axis
except on the c* axis itself.

In the same way the diffraction pattern of the
GIC obtained from HOPG is made of points along
the c* axis which correspond to the identity period
I, of the GIC, and families of concentric circles cen-
tered on the previous points and in a plane perpen-
dicular to the c* axis. These circles correspond to
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FIG. 3. Phonons observed in the stage-2 bromine GIC.
The vertical and horizontal bars are the experimental er-
rors of constant-Q and constant-energy scans, respective-
ly. The continuous lines are the results of the Born—von
Karman force-constant model discussed in the text.
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FIG. 4. Constant-Q scan for the [001]L phonons at
the zone boundary. The main peak is a doublet which
corresponds to the gap. The peak observed at 3.3 THz
corresponds to the second optic branch of stage 2. The
peak at 2.6 THz belongs to stage 3.

those of HOPG or arise from the intercalate layer
lattice.

We have used a scattering plane containing the ¢
axis of the sample. This geometry allows us to
study all the phonons in GIC’s obtained from
HOPG. We have represented the phonons in a re-
ciprocal cell defined by the following three vectors:
(100) and {010) are the basal vectors a* and b* of
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FIG. 5. Constant-Q scan for the [001]7T phonons at the
I' point. The upper figure presents the experimental
value and the lower one the same results in which we have
substracted a Gaussian elastic peak. The vertical bars are
the experimental errors. The full line represents the re-
sults of a fit by two asymmetric peaks similar to those
calculated by Nicklow et al. The lower-energy one corre-
sponds to the second-stage compound and the upper one
to the third-stage one.
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the reciprocal space of graphite defined above. The
third vector (001) is along the c* axis and is 27/1,
long.

As our sample is a mixing of stages we have ob-
served phonons belonging to zones of stage 2 and
zones of stage 3. The identity period along the ¢
axis is different for stages 2 and 3. The phonon
branches then present a translation invariance which
depends on the stage. That allows us to attribute a
branch to a given stage for the [001] phonons. In
the layer plane, this difference does not exist and we
have made the attribution by continuity at the I
point with [001] branches. As we are here interested
mainly in the second-stage compound we have used
the unit cell which corresponds to it (I, =10.30 A).

We have used four different experimental config-
urations which are defined in Fig. 2. Figure 3 sum-
marizes the experimental results for the phonon-
dispersion relations attributed to stage two and
which we shall describe now.

With the configuration I we study the [001]L
phonons propagating and polarized along the ¢ axis.
We have observed low-energy (<4 THz) branches
that one can follow all over the Brillouin zone and
on many Brillouin zones. This allows us to separate
the phonons of stage 2 from those of stage 3. For
stage 2 we have observed three branches which
present energy gaps. Figure 4 shows this gap at the
zone boundary. These results are very similar to
those previously published’ on other GIC’s.

Configuration II allows us to investigate the
[001]T phonons propagating along the ¢ axis and
polarized in the layer plane. These phonons are
much more difficult to observe. They are located at
very low energy (~1 THz) and are observed super-
imposed on the elastic peak. Moreover these pho-
nons are degenerate: One observes many phonons at
the same point of reciprocal space as shown in Fig.
2. We have observed them near the (111) point,
which is in fact the (0v31) point of our scattering
plane. In order to take into account both facts, we
have fitted these scans with a Gaussian elastic peak
added to the asymmetric peaks calculated by Nick-
low et al.'® in pure graphite. Moreover, the peaks
which correspond to both observed stages are mixed.
Figure 5 shows an example of this situation. The
branch that we have obtained in this configuration
seems flat.

Configuration III was used to study phonons
which are propagating and polarized in the layer
plane. In particular this configuration gives the
[010]L phonons but also some transverse ones.
These phonons are observed at higher energies in
constant-energy scans. These peaks are very sharp,
which means that these phonons are probably very
isotropic and independent of stage. Figure 6 shows

C(_J.NSTANT—ENERGY SCAN
Q=(1+§,1+%,0)
V=7TH:z

COUNTS

I
-01 0 01

E (4n/aV3)

FIG 6. Typical constant-energy scan which shows the
[010]L phonons.

a typical scan in this configuration. The corre-
sponding branch is linear.

Configuration IV allows us to study the [010]T
phonons which are propagating in the layer plane
and polarized along the ¢ axis. In this configuration
we fix only the modulus of q and observe all the
directions of the layer plane in the same point. In
this configuration the phonon spectrum is very rich.

For stage 2 we have observed three branches
by constant-Q scans for low q (less than half of the
length of the Brillouin zone) and low energy (<4
THz). The [010]T optical branches are connected to
the [001]L optical branch at the I" point and are al-
most degenerate at high energies where they are ob-
served as single broad peaks. They reach the zone
boundary at about 12 THz. In Figs. 7(a) and 7(b) we
show this evolution. The acoustical branch is more
difficult to observe and we do not know where it
reaches the zone boundary. The behavior of this
branch will be explained later in light of our model.

IV. THE LATTICE DYNAMICS OF GRAPHITE

We summarize here some results of the lattice
dynamics of graphite because they present many
common aspects with those of the GIC and we will
use them in the interpretation of our results. As
graphite has four atoms in its unit cell there are 12
vibrational normal modes at ¢=0. Three of them
are acoustical. In Table I we report the experimen-
tal data relative to the optical modes.'¢—1°

The first study of lattice dynamics of graphite
using inelastic neutron scattering was made by Dol-
ling and Brockhouse.” Nicklow, Wakabayashi, and
Smith!® used a HOPG sample. They have observed
low-energy phonons (< 14 THz) in the four experi-
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FIG. 7. Two constant-energy scans for the [010]7 pho-
nons. (a) At 3.6 THz these phonons are well separated
but (b) they are degenerated in a broad peak at 10 THz.

mental configurations shown in Fig. 2.

Their results are summarized in Fig. 6 of their ar-
ticle.!® For each of the phonons [001]L and [001]T
they have observed at very low energy (<4 THz)
two branches without any energy gap. For the
[010]L phonons they have observed a linear branch
which joins the [001]7 branches at the I' point. For
the [010]T phonon they have observed two branches
which join the [001] branches at the I" point. These
branches are almost parabolic at low energies (<6
THz) and linear from 6 to 14 THz where
|q | =27/V3a.

They have interpreted their results by using a sim-
ple axially symmetric Born—von Karman force-
constant model. They have adjusted the force con-
stants to their experimental results and to the experi-
mental value of the Raman-active mode E (2?. The
value obtained with this model for the infrared-
active mode 4,, was about 42 THz. Five years later
this mode was found experimentally'® at 26.02 THz
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FIG. 8. Results of our phenomenological nonaxially
symmetric Born—von Kdrman calculation for the phonon
dispersion relation of second-stage bromine GIC. The
values of the parameters are summarized in Table III.

showing the inadequacy of the model.

To reduce this discrepancy Maeda et al.?! have
made a new calculation of the phonon dispersion re-
lation. They have used a Born—von Karman force-
constant model. They have taken into account the
anisotropy of graphite by using anisotropic trans-
verse force constants for the in-plane interactions.
For each of these interactions they have introduced
three force constants: ¢, radial, ¢,; transverse in the
layer plane, and ¢,, transverse perpendicular to the
layers.

V. INTERPRETATION OF THE RESULTS

A. Main characters of the dispersion relation

An overall view of our results shows many simi-
larities with those of pure HOPG which we have
previously reported (Sec. IV). The range of the
sound velocities and the range of the energies of
acoustical branches are the same. In particular, the
[010]L branch has the same slope as in pure HOPG.
This indicates that the corresponding coupling con-
stants are probably the same.

However, both results present some clear differ-
ences: At low energy (<4 THz) there are three
[001]L branches instead of two in graphite. This is
explained by the existence of a new identity period
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TABLE 1. Experimental frequencies (in THz) of the optical normal modes at =0 in gra-
phite. The experimental techniques and the references are indicated.

Mode Experimental technique
Neutron
Label scattering Raman Infrared
EY -7 1.44° 1.26¢
« <«
E\ h 47.61°
«—
) - b
E% - . 47.43
B ! 3.84°
e ! !
tod 26.02°
A t !
@) t i
Bis ! t
2From Ref. 16.

YFrom Ref. 17.
°From Ref. 18.
9From Ref. 19.

in this direction, which contains three layers instead
of two. The presence of energy gaps is related to the
existence of two kinds of layers: The carbon layers
and the intercalated layers.

This feature was the basic of the rigid-layer model
developed for another GIC.” This also explains the
existence of two optical [010]7 branches which join
the previous ones at the I point.

The observed [001]TO branch does not present
any dispersion and we do not observe the acoustical
one. In addition the energy of this flat branch seems
to be 1/V2 of that of the [001]TO branch of pure
graphite at the I' point. We can explain these
features if we neglect the transverse coupling be-
tween the carbon and the intercalated layers. This
also suggests that the transverse coupling between
two adjacent carbon layers is probably the same as
in pure graphite.

In spite of the fact that we have represented all
our phonons in a unit cell different from the real
one, we did not observe in the phonon spectrum any
anomaly related to this choice. Two main reasons
explain this fact. First, as the scattering lengths of a
carbon atom (0.665X107!? cm) and a bromine
atom'’ (0.68 X 10~'2 cm) are very similar, the contri-
bution to the scattering of the carbon atoms is about
14 times larger than that of bromine in our com-
pounds (Cy4Br). Secondly, as our sample is obtained

from HOPG only the isotropic branches around the
¢ axis are easily observed. That is not the case for
the phonons related to the intercalate layer which
forms a rectangular cell. In conclusion, in order to
explain these results a calculation which takes into
account the cell in which we have indexed the pho-
nons seems reasonable.

B. Calculation of the phonon dispersion relation

In order to explain our experimental results we
have made a calculation of the phonon dispersion
relation. We have elaborated a phenomenological
Born—von Karman model. In this model we have
made some basic assumptions.

(1) We have neglected the electronic charge ef-
fects. In the acceptor GIC both the carbon and the
intercalate layer are charged and through electron-
phonon coupling this affects the phonon dispersion
relation. This effect does not seem to be very im-
portant as is suggested by the energy shift of the
high-frequency Raman-active mode’ and may be
masked by the choice of the phenomenological ad-
justable parameters of the model.

(2) In agreement with our results (Sec. VA) we
have substituted the intercalate layer which has a
well-defined order (Sec. II) by a continuous layer
with the same weight density. Then we have calcu-
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TABLE II. Analytical expressions of frequencies at the I' point as calculated with our
model. A schematic drawing showing the nature of the corresponding atomic vibrations is

given in the left column.
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«— 27‘/; 2 r t t t 4 r t
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— 20V'm "
- - 1 3,41, 41 cc CCy2 , 9041, 411271727172
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————[4€ (1+4 ) 172
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(6L, +¢C1)172
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t ¢ 1 cC, 4CI 12 CCy211/211/2
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lated the phonon-dispersion relation in the unit cell
previously defined (Sec. V A) which contains three
layers with four carbon atoms and one intercalate
“pseudoatom.”

We describe the interactions of the two carbon
layers with an adaptation of the model of Maeda
et al.?! for pure graphite (Sec. IV). Within the car-
bon layer we consider the interactions limited to the
second-nearest neighbors with three parameters for
each one: ¢,, ¢,, and ¢,,, radial, transverse in the
layer plane, and transverse perpendicular to the
layer, respectively. We have limited the interaction
between adjacent carbon layers to the nearest neigh-
bors and we describe it with two constants: #<C and

€€, radial and transverse, respectively. All these
constants have been used in the calculation of Mae-
da et al. To describe the interaction between adja-
cent carbon and intercalate layers, which we have

also limited to the nearest neighbors, we have added
two supplementary constants: ¢$’ and ¢f:’ radial
and transverse, respectively. We introduce the in-
teraction between bromine pseudoatoms in order to
take into account the real interaction between bro-
mine atoms. We limit these interactions to the
nearest neighbors and we describe them by three
parameters: ¢., ¢1/, and ¢!/ radial, transverse in the
layer, and transverse perpendicular to the layer. m
is the carbon atom mass and u the ratio of the latter
to that of the bromine “pseudoatom.” Here
pn=0.53.

As we have five atoms in the unit cell the dynami-
cal equation is a system of fifteen equations with
thirteen adjustable parameters. As in graphite itself
the modes polarized in the layers and perpendicular
to the layers are uncoupled. For the modes polar-
ized perpendicular to the layers we have a system of
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ﬁve equatlons with five parameters: ¢<C, ¢<, oL,
¢2, and ¢ and for the modes polarized i 1n the layer
plane we have a s‘ystem of t uatxons with elght
parameters ¢rs tir Prs tll ti> ¢ and ¢ *

In agreement with our results we have made the
additional assumptlon ¢, =0, which for the modes
polarized in the layer plane uncouples the modes
propagating in the carbon layers from the modes
propagating in the intercalated layers. The first
ones form a system of elght e%latlons with five
parameters ¢,, ¢,,, ¢,, ¢,,, and ¢°C and the second
one a system of two equations with two parameters
¢y and ¢y

As we have made the approximation of the con-
tinuous layer for the intercalate layer the modes as-
sociated with this layer are not very realistic. We
neglect them and we do not use the last two equa-
tions.

We have resolved this system of equations analyti-
cally for the I' point and numerically for the
higher-symmetry directions. In Table II we summa-
rize the analytical expressions of the dispersion rela-
tions at the I" point.

The modes polarized perpendicular to the layers
form a system of five equations with five parameters
that we adjust by using our experimental results on
[001]L and [010]T phonon branchw With the three
[001]L branches we adjust the #€ and ¢ con-
stants. But these branches depend also on ¢,,. The
remaining three constants ¢m, ,a, and ¢,o are ad-
Justed w1th the three [010]T branches. We adjust
é., and ¢} with the two [010]TO branches The
[010]TA branch depends critically on ¢ but the
[010]TO; only slightly.

The values of the parameters are summarized in
Table III. In Fig. 3 we have superimposed on the
experimental results the computed phonon disper-
sion relation at low energy in both the [001] direc-
tion and in the basal plane. The calculated [010]
and [100] results are mixed in order to take into ac-
count the HOPG character of the sample.

The agreement between the experimental results
and the calculated values is quite good for the
[001]L branches except for the LO, branch where a
systematic shift of about 3% is observed which is
attributed to the charge effects. It is also good for
the [001]TO branches but not for the acoustical one
Wthh depends mainly on ¢2. In Fig. 3 we take
#7 =0 and we will discuss later (Sec. VI) this in-
teraction between bromine pseudoatoms.

In order to adjust the force-constant parameters
of the modes polarized in the layer plane we have
used two independent experimental rcsults The
high-frequency Raman-active mode E 23 and the
[001]T and [010]L phonon branches. As our previ-
ous discussion on these branches has suggested we

TABLE III. Numerical values of the force constants of
our calculation in 10> N/m. The subscripts r indicate the
radial component, ti the transverse in the layer plane, and
to the transverse perpendicular to the layer plane.

Nearest neighbor ¢: = 3.066

in the layer i= 2.81
b= 1.3561

Second-nearest #r= 1.363

neighbor in ¢k=—0.527

the layer L, =—0.220

Nearest neighbor €= 0.0579

between adjacent €= 0.00718

carbon layer

Nearest neighbor '— 0.01228

between adjacent C’ =0

carbon and intercalate layer

Nearest-neighbor Pl=0

interaction

between bromine

pseudoatom

expect that the value of the correspondmg parame-
ters, ¢,, ok, ¢%, ¢%, and ¢ , will be the same as in
pure graphite.?! These values are summarized in
Table III. The agreement with the experimental re-
sults is shown in Fig. 3 and is quite good for these
branches. In Fig. 8 we show the complete results of
the dispersion-relation computation for the high-
symmetry directions with the parameters values
given in Table III.

VI. DISCUSSION

Our model describes well the three [001]L
branches at low energy (<4 THz) and in particular
the existence of energy gaps. We shall now compare
this model to the rigid layers one previously used in
order to explain the results in other GIC’s.” At the
I" point we find for the two lowest optical branches
(Table II) the following expressions:

172
¢S (14+4u)
1l e
172 2
Y ot e ¢
02 m 12 ¢}, (65 +0 |’

w1th #SC << L. The rigid-layer limit is given by
¢,,, 0. Then in this limit the v, energy is shifted
up by about 0.3% but the v, . value is not modified.

In any case this shift is much smaller than the ex-
perimental one. We attribute the latter to the
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charge-transfer effects which were also invoked to
explain the shift of the high-energy Raman-active
mode E (223)' The same shift was previously observed
in donor GIC’s and was tentatively explained with a
shell phonon model.??

In Table IV we summarize the calculated values
at the I" point. For the polarization along the ¢ axis
we find a high-energy infrared-active mode at 32.05
THz instead of 26.02 THz in pure graphite. This
mode has not yet been observed. It will be interest-
ing to find it in order to adjust the corresponding
phenomenological constants more exactly.

If the agreement between the experimental results
and the calculation is good for the [010]TO
branches, this is not the case for the acoustical one.
The reason of this disagreement is that the real in-
teraction between bromine atoms in the actual layer
is only simulated by introducing the interaction ¢
between bromine “pseudoatoms.” The [010]TA
branch depends critically on this interaction, the
[010]TO, is affected mainly by hybridization when
the acoustical one is very close whereas the
[010]TO, branch is not affected by it.

Our calculation shows that the effects on the pho-
nons related to the intercalate may be observed
mainly in the [010]TA branch, but a more elaborat-
ed calculation of the [010]7T branches must be done.
We expect, for example, that the [010]TA branch
gives after folding in the actual cell an acoustic and
an optic branch with a gap in the zone boundary.

The shape of the [001]T branches is very particu-
lar: They are flat and the acoustic one could not be
observed. In order to explain these facts we have
taken ¢~'=0. For this polarization the modes prop-
agating in the carbon layers are uncoupled from
those propagating in the intercalate layers. In par-
ticular the elastic constant C44=0. This value must
be considered as a limiting case which indicates that
the real value is very small. Such a very small value
of the C44 constant can be considered as characteris-
tic of a layered material.

In the layer directions there would be two acoustic
branches for each direction: One propagating in the
carbon zones and another in the intercalate layers
because both regions are uncoupled. However, a
very small coupling between the two regions, which
is necessary for the cohesion of the sample, is
enough to change the upper “acoustic” branch
which propagates in graphite into an optic one.

At the I" point we have two high-energy optic-
active modes: A Raman-active one and an infrared
active. In Table IV we show the calculated values
which are compared with the experimental ones.
The difference between calculated and measured
values is attributed to the charge effects? which are
neglected in our calculation.

TABLE 1IV. The comparison between calculated and
experimental values of the vibration modes at the " point
for second-stage bromine GIC. These modes are refer-
enced by schematic drawing of the corresponding atomic
vibrations.

Experimental values

Calculated Neutron
Mode values Scattering Raman Infrared
- 0.95 0.95
«— «—
- 4731 47.60®
-
- 47.32 48.31
«— —
T
: 2.20 2.20
l
Tt
. . 2,97 3.0
T
' . 32.09
Tl
. ' 32.21

*This result is given for FeCl; stage-2 GIC’s (Ref. 2).

VII. CONCLUSION

We have studied by coherent inelastic neutron
scattering the phonon-dispersion relation of second-
stage bromine-graphite intercalation compound.
The intercalate sample was obtained from HOPG.
We have observed the almost complete low-energy
(< 12 THz) dispersion relation with longitudinal and
transverse phonons propagating along the ¢ direc-
tion as well as in the layer plane.

The modes polarized along the ¢ axis and in the
basal plane are uncoupled. For the first ones we
have observed three branches which present gaps in
the ¢ direction. The acoustic branch which is propa-
gating in the basal plane is very sensitive to the in-
tercalate in contrast to the optic ones. The main
characteristic of the second ones is the dispersionless
optic branch at about 1 THz in the ¢ direction. In
the basal plane the slope of the observed branch is
similar to that of pure graphite. A phenomenologi-
cal Born—von Karman force-constant model with
nonaxial symmetry developed in order to interpret
our results explains them very well.
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