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Raman scattering results are reported on graphite intercalated with
Br,, IC2 and IBr. In all of these acceptor compounds, the single
Eyp  Raman peak for pure graphite is replaced by a doublet structure
idenitified with in-plane carbon atom vibrations. In addition, Raman
peaks specific to the intercalate species are found at frequencies
down-shifted from the stretching modes of the free intercalate

molecules.

The electronic properties of graphite in-
tercalation compounds have been studied bz
numerous technigues including transport!™3, de
Haas-van Alphen »7, optical reflectivitye,
nuclear magnetic resonance’ and magnetoreflec-
tion'%!), The general properties of lamellar
and residue graphite intercalation compounds are
reviewed elsewhere,!?-!® Reported here are
results on the Raman spectra of graphite inter-
calated with the halogens Brz, IBr and ICL for
both lamellar and residue compounds. This work
is significant because specific Raman lines can
be identified with carbon atom vibrations in
graphitic layers, and other Raman lines with
intercalate modes in the intercalate monolayers,
thereby allowing the graphite and the inter-
calate species to be studied separately.
Evidence for coupling between the graphitic and
intercalate modes is provided by the down-shift
in frequency of the intercalate mode relative to
the stretching frequency of the free molecule,
and the up-shift of the graphitic mode relative
to that in pure graphite.

Gtaphite—Br217, graghite—IBrls, graphite~
162'? and graphite-HN03z can be prepared by
spontaneous intercalation of graphite, through
exposure to the intercalate vapor, which is in
equilibrium with the condensed intercalate held
at constant temperature. The concentration of
intercalate in the resulting compound is con- -
trolled by the temperature of the condensed
intercalate. For graphite-Br;, an alternate
procedure 1is possible.17 This involves
immersion of graphite in a Br2-CCLy solution;
the concentration of the intercalate in the

resulting compound is controlled by the Br:
concentration in solution. All the residue
compounds used in our study have been pre-
pared by desorption of the parent lamellar
compounds.‘° Highly oriented pyrolytic
graphitezl has been used in the preparation of
all compounds. '

To check the sample homogeneity, we have
used both quantitative electron microprobe
analysis22 and the Raman effect by focussing
the electron beam (spot size v 2um) or the
incident laser light (spot size " 50-100um) at
various spots on the sample. We find that
residue compounds require about a month or more
of annealing time to acquire a concentration
homogeneity on a lum scale.!® Homogeneous

~ lamellar compounds can be produced by allowing

sufficient time (several days) for the inter-
calation process to reach equilibrium.

The lattice modes of pure graphite have
been studied by Raman scatteringf3 2% 25 ynfra-
red sgectroscopy“*“’“’27 and neutron scatter-
ing.2 The two Raman-active modes, Ezg, and
Ezp,, have been observed in single cr¥sta1 gra-
phite at 140+10 cm—! and 1582.5t1 em™', respec-

,tivelyzu. The Raman intensity of the Ezg, mode

is V102 weaker than that of the Ezg, mode, and
is broad.2" The Ezg, mode has also been repor-
ted at 1575 cm~! in stress-annealed pyrolytic

graphite.25 We have observed this mode in our
pyrolytic graphite materifal at 15822 cm~! with
a halfwidth of 14 em~'. Of the two infrared-

active modes, only the Ejy mode has been obser-
ved at 15885 cm~' in single crystal graphitef"
and at 1590¢3 cm™! in highly oriented pyrolytic
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graphite.?? Because of the interlayer phase
difference between the Eiy and Ezg, modes (see
Fig. 4 of Ref. 23), the frequency difference
between these two modes (v 10 cm~}!) 1is a
measure of the interlaxer force constants of
the graphite lattice.?" .

The Raman scattering experiments were
performed on the c-face of the samples using
a Brewster angle back-scatjering geometry.
Incident radiation of 4880A and 51458 was

provided by a cw argon-ion laser. The scat-
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Fig. 1 Room temperature Raman spectra of

graphite and the lamellar compounds of
graphite-Br, (0.57 mole % Br,), graphite-
IBr (0.52 mole % IBr) and graphite-ICR
(0,92 mole 7 IC?) in the high frequency
region., The intensity is in arbitrary
units. PG refers to highly oriented
pyrolytic graphite,
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tered radiation was collected at 90° to the
sample surface and was analyzed by a double
grating monochromator. The sample composition
was monitored by measurement of weight uptake.
The Raman technique 1is particularly useful for
studying graphite intercalation compounds inso-
far as Raman spectra can be observed over the
entire range of intercalate concentrations.

Fig. 1 shows the Raman spectra for pure
graphite and lamellar compounds of graphite
intercalated with Br,, IBr and ICR. The single
Eng peak of pure graphite 1s replaced by a
doublet, having a separation of v 20 cm~!, with
the lower frequency peak near the pure E, 2
graphite line. The frequencies of both peaks
increase slightly with increasing intercalate
concentration, though the frequency difference
between the two peaks remains constant (e.g.
in graphite-Br: lamellar compounds, the fre-
quency of each of the doublet components in-
creases by v 7 cm™! from a 0.9 mole % Br2 com-
pound to a 5.6 mole % Br2 compound.) We have
observed this doublet structure in both la-
mellar and residue compounds of all three
graphite-halogen intercalation compounds and of
graphite-HNO3;. Small frequency decreases of the
doublet components are observed during the de-
sorption of a lamellar compound to its residue
state (e.g. in graphite-HNOj3, the frequency de-
crease for each peak 1s ~ 7 cm ! when a lamellar
compound of 5.6 mole 7 HNO; desorbs into a resi-
due compound# of 3.7 mole % HNO3). Similar
doublet structures have also been reported in
graphite-A2CL 3, graphite-SbFs amd graphite-Cs
(stage 3)2?. There 1is a slight dependence of
the frequencies of the doublet components on the
intercalate species. Details of this dependence
will be described in a later publication. Be-
cause this dependence is relatively small, we
identify both lines with carbon atom vibrationms.

On the other hand, there is a strong
dependence of the relative intensities of the
doublet components on intercalate concentration.
In Fig. 2 we show the intensity ratio (A,/A1) of
the higher frequency (A;) to the lower frequency
(A1) lines in the doublet structures of lamellar
graphite-Br; and graphite-ICL vs. intercalate
concentration. Intercalation causes A; to de-
crease and A; to increase such that the inten-

‘sities of these two lines are equal for approxi-

mately a stage 7 graphite-Br, lamellar compound.
A different concentration dependence of A;/A;
is ‘found for the various intercalate species.,
For example, Ap/A; Increases with intercalate
concentration much more rapidly in graphite-IC8
than in graphite-Br,. Because of the small value
of A and the instability of the samples at high
intercalate concentrations, the ratio A,/A; is
more precise at low and Intermediate intercala-
tion concentrations. A smaller increase in the
A2/A) ratio is found for a.residue compound than
for a lamellar compound of equal nominal inter-
calate concentration, supporting the idea that
in residue compounds the intercalate tends to
migrate preferentially to defect sites.)’

We have checked the effect of the two
sample preparation techniques given above on
the Raman structures in graphite-Brz. We find
that in both lamellar and residue compounds the
peak frequencies do not depend on the sample
preparation technique; however such a depen-
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dence is found in the intensity ratio A,/A; for
residue compounds, but not for lamellar compounds.
-Whereas the high-frequency doublet structure
shown in Fig. 1 is relatively insensitive to the
intercalate species, other Raman lines specific
to the intercalate species are observed at low
frequencies for graphite-Br;, graphite-IBr and
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Fig. 2 Variation of the Raman peak intensity
ratio (A,/A;) of the higher frequency
peak (A;) to that of the lower frequency
peak (Ay) for ‘the doublet Raman strcture
in lamellar compounds of graphite-bromine

(@) and graphite ICZ (A).

graphite-IC2 and a partial listing of represen-—
tative lines is given in Table 1, The low-
frequency room-temperature Raman spectrum of a
graphite-Br, lamellar compound is shown in Fig.
3. A strong peak at w,=240 cm™! and a peak at
v 20, (482 cm~!) are shown along with two other
low frequency modes. The frequency of the strong
line is down-shifted from the vibrational fre-
quency of the free Br, molecule (323 em 1?0 and
of solid Br, (300 cm ', T v 198°K) 3!, an insulating
molecylar solid. Other evidence for the molecu-
lar identity of Br; in the intercalation comp-
ounds comes from study of the -cutoff phenomenon
for Landau level transitions observed in the far-
infrared magnetoreflection spectrum.32

The details of the low frequency spectra in
the graphite-halogen intercalation compounds are
dependent on both intercalate concentration and
sample temperature, in contrast with the doublet
structure which shows much less sensitivity to
these parameters. The room temperature spectra
of graphite-IC% in particular show a strong
frequency up-shift of the low frequency line

with increasing intercalate concentration. These
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Fig. 3 Room temperature Raman spectra of a

graphite-Br, lamellar compound (0.57

mole 7 Brj) in the low frequency region,
The intensity is in arbitrary units,

The arrows indicate the peak positions

of the low frequency 104 cm™! line

(wo) and its harmonic at 482 cm~}

(v 2wy) . The strong increase in inten-
sity in the low frequency end of the
spectrum is due to the Rayleigh scattering
of the laser light,

observations indicate that the molecular order-
ing and interactions vary with temperature and
intercalate species. Low frequency lines have
been observed in both lamellar and residue com-
pounds. No low frequency lines were found in
graphite-HNO;.

Our interpretation of the origin of the high
frequency doublet relates to the close proximity
of the Raman-active E;p, mode and the infrared-
active Ejy mode, indicating that these vibra-
tional frequencies depend almost entirely on in-
plane force constants. The interplanar force
constants are weak, corresponding to frequency
shifts v 10 em™!. 1In this context we associate
the Ay line (near the Ezg, graphite line) with
carbon atom in-plane vibrations in graphite
layers far from the intercalate monolayer, and
the higher frequency A line with carbon atom
in-plane vibrations in graphite layers close to
an intercalate monolayer, which causes a stiffen-
ing of the interplanar force constant. From our
results we conclude that the intensity ratio
(A2/A)) is sensitive both to the relative number
of graphitic and intercalate layers and to the
molecular alignment of the intercalate species.
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Thus, the observation that the intensity ratio Our Raman scattering results are consistent
Az/A; 1is higher in graphite-IC¢ than in graphite- with magnetoreflection results obtained from

Br, for the same intercalate concentration sug- dilute intercalation compounds of graphite with
gests that the amount of interaction between the the halogens Br;; IBr and 1ce 9,1} ,32, from which
graphite and intercalate monolayerg is larger in we conclude that the crystal potential V(¥) and
graphite-ICL than in graphite-Brz, presumably " the lattice mode frequencies in the graphite
due to differences in molecular orientation of layer planes several layer planes away from the
the molecular species. Moreover, the observa- intercalate layer are not sensitive to inter-
tion that the frequencies of both peaks of the calation.

doublet structure increase slightly with in-

creasing intercalate concentration indicates that Acknowledgement - We are grateful to Dr. G.
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Table 1. Low frequency Raman lines in lamellar graphite-halogen intercalation
compounds at room temperature

Intercalaté Intercalate Raman Frequency Comments
Speciees . Concentration Shifts (cm™!)
(mole %
intercalate)
Br, 0.57 to 5.60 240 Strong intensity; also observed

up to the harmonic 4wg;
Frequency shift independent of
intercalate concentration.

0.57 and 0.88. 152,104 Weak intensity
1Br 0.52 230,200,110,96 Weak intensity
0.92 98 Medium intensity; frequency
IcL 1.80 ’ 103 shift increases with intercalate
. 10.70 186 concentration,
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