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Results of Raman scattering experiments associated with in-plane intercalate modes in graphite-bromine are
reported. The spectra are interpreted in terms of models in which the molecular character of the bromine is
retained and the molecular ordering of the intercalate layer is closely related to that in the layer structure of
solid molecular bromine. The symmetry and group-theoretical analysis of several possible molecular
arrangements are given. A large resonant enhancement of the Br, stretch mode is reported, which suggests
molecular excitations for intercalated Br, at energies X 2.8 eV.

I. INTRODUCTION

On the basis of various experiments sensitive to
the electronic'™ and crystal®® structure, it has
been inferred that bromine retains its molecular
identity when intercalated into graphite-bromine
compounds Cg,Br,, in which the stage is denoted
by n, and » has values »> 2. These conclusions
follow from infrared and far-infrared magnetore-
flection studies,! Hall-effect measurements,?
optical-reflectivity studies in the vicinity of the
plasma edge,** and x-ray and electron-diffraction
studies.>® The common feature of all the elec-
tronic techniques is their primary sensitivity to
carriers associated with the ionized species rath-
er than to the neutral molecules themselves. More
specifically, these experiments provide evidence
for small shifts in the Fermi level (or changes in
carrier concentration) per unit increment in bro-
mine intercalate concentration. In the case of the
x-ray and electron diffraction studies, the great
similarities between the intramolecular and inter-
molecular bromine-bromine distances in graphite-
bromine compounds and in solid bromine (a molec-
ular solid) provide additional support for the mo-
lecular identity of bromine in the graphite-bro-
mine compounds.®®

In contrast, Raman-scattering studies are di-
rectly sensitive to the molecular species, insofar
as spectral features specific to the molecular in-
tercalate species have been identified in graphite-
bromine.” In the present paper, the lattice-mode
structure of graphite-bromine is explored in more
detail. Of particular interest is the first obser-
vation of a resonant enhancement effect associated
with the electronic states of the intercalate spe-
cies. This may have interesting implications for
the applications of Raman spectroscopy to the
study of other intercalate species.

Previous studies of the Raman spectra of graph-
ite intercalation compounds™!! have emphasized
spectral features identified with in-plane lattice
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modes due to carbon-atom vibrations. The char-
acteristics of the spectral features identified with
the in-plane graphite modes have been interpreted
to imply that the in-plane force constants in the
graphitic-layer planes are essentially unaffected
by intercalation for interior graphite layers (not
adjacent to intercalate layer planes), and are only
slightly affected for bounding graphitic layers (ad-
jacent to intercalate layer planes). These conclu-
sions follow from the following observations and
argdments. In graphite-bromine, as in almost all
graphite intercalation compounds studied to date,
a Raman doublet is observed near the Ezg2 mode of
pristine graphite.”®!° The lower-frequency com-
ponent of the doublet structure is characteristical-
ly found at 1582 cm™}, essentially unshifted from
its position in pristine graphite, and with an in-
tensity which decreases with increasing bromine
concentration. In contrast, the upper frequency
component, not present in pristine graphite is
characteristically upshifted by ~20 ecm™, and has
an intensity which increases with increasing in-
tercalate concentration. Consequently, the lower-
frequency component has been identified with an
E,,,-type mode for interior graphite layers, while
the upper-frequency component has been attributed
to a similar mode occurring in the bounding graph-
ite planes. Thus the graphitic layers in the graph-
ite-bromine compounds are closely related to
graphite layers in pristine graphite. 2 ’

Correspondingly, it might be expected that the
intercalate layers in the graphite-bromine com-
pounds are closely related to layers in the parent
molecular solid Br,.'° The dominant Raman-ac-
tive in-plane mode in solid Br, is the stretching
mode of the bromine molecules at ~300 cm™. 13
This frequency is downshifted from 323 cm™ for
the free Br, molecules'® because of intermolecular
Br, interactions. In a preliminary account of the
Raman spectrum of graphite bromine, a strong
line at ~242 cm™! was identified with the stretching
mode of Br, in the intercalation compounds
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Cy,Br,.” Of the various techniques which have thus
far been applied to the study of graphite intercala-
tion compounds, Raman spectroscopy is the only
technique which provides specific information on
each of the types of layer planes which occur in
graphite intercalation compounds: interior graph-
ite layers, bounding graphite layers, and inter-
calate layers.

The major objective of this paper is to present
further details on the spectra associated with the
bromine intercalate. Particular emphasis is given
to the relation between information on the inter-
calate species provided by in-plane intercalate lat-
tice modes and by other experimental techniques.

In Sec. II, we discuss structural considerations
in terms of the molecular identity of the bromine
intercalate. On the basis of these structural con-
siderations, some model lattice modes for graph-
ite-bromine are suggested. In Sec. III, experi-
mental details relevant to the Raman experiment
are summarized and in Sec. IV the experimental
Raman results are presented. A brief discussion
is given of the relation between deductions based
on the Raman spectra and on other experimental
techniques.

II. STRUCTURAL CONSIDERATIONS

In this paper emphasis is given to the lattice
modes which are identified with the intercalate
layer of the graphite-bromine intercalation com-
pounds. It is of particular significance to the in-
terpretation of the Raman spectra that the crystal
structure of the intercalate layer is very similar
to that of the parent compound, solid bromine.

Bromine crystallizes!® below 265.9 K in an or-
thorhombic molecular solid (space group Vi&). In
this solid, the bromine molecules lie with their
molecular axes aligned in layer planes with lattice
constants @, =4.48 A and b,,=8.72 A (see Fig. 1).
The stability of the Cg4,Br, intercalation compound
may well be due to the fact that, by only a slight
distortion, the layer planes in solid bromine can
be made commensurate with those of pristine
graphite. This approximate registry is illustrated
in Fig. 1 where the layer plane of solid bromine is
projected on to the graphite-layer plane. In par-
ticular, the in-plane lattice constants of solid bro-
mine are similar to those of the C,X Riidorff
structure’® where an intercalate unit, X, would be
located at the center of each of the hexagons con-~
taining Br, molecules in Fig. 1. The small dis-
tortions of the solid-Br, in-planeunit cell re-
quired to achieve registry with this CX structure
are a,=4.91 & and b, =8.50 A as shown in Fig. 1.
Not only are the in-plane lattice constants similar
but also the interlayer distances of solid bromine

FIG. 1. Projection of a lattice plane of solid Br, on the
hexagonal graphite network. The dashed lines indicate
the unit cell for solid Br,, and the molecular axes lie in
this lattice plane. This figure shows that with only slight
displacement of the Bry, molecules, the center-of-mass
positions of the intercalate species can be placed on CgX
intercalate sites (small closed circles). However, this
ordering of the Br; axes does not exhibit the threefold
symmetry of graphite. In this figure the dimensions of
the unit cell for solid bromine ag,, by, are given as well
as the dimensions of the unit cell required to achieve
registry with the graphite networkay, 5. The intra-
molecular and intermolecular bromine distances and
axis orientation are also indicated.

and pristine graphite are similar, with 3.35 A for
graphite and 3.33 A for solid Br,. These similari-
ties in the various lattice constants suggest that
the introductinn of a bromine layer between two
graphite layers should have only a minor effect on
the in-plane force constants for both the bromine
and bounding graphite layers, and a negligible ef-
fect on the interior graphite layers.

Analyses of x-ray and electron diffraction pat-
terns™® further show that when bromine is inter-
calated into graphite, the nearest-neighbor Br-Br
distance is in a layer plane and is equal to 2.27 A,
which is the same as the intramolecular Br-Br
distance in solid bromine and in the gas phase.
This observation provides strong support for the
molecular identity of the Br, intercalate and for
the close association of the intercalate bromine
layer with the corresponding layer in the parent
molecular solid bromine. It is also of interest to
note that this intramolecular distance of 2.27 A is
comparable with the “altitude” of the graphite hex-
agons which is 2.46 A. From these geometric con-



siderations it follows that the two bromine atoms
-of a single molecule can conveniently lie over ad-
jacent hexagons.

Analyses of x-ray data sensitive to c-axis lat-
tice constants for the graphite-bromine intercala-
tion compounds have been interpreted in terms of
a thickness of 3.69 A for the bromine intercalate
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layer.'” This increase in thickness from 3.33 A
for solid bromine suggests that the interlayer in-
tercalate-graphite binding energy is weaker than
that in either of the parent compounds. This con-
clusion is also consistent with the decrease in ¢~
axis conductivity upon intercalation of bromine in-
to graphite.®1®

FIG. 2. Models for layer structure of graphite~bromine intercalate compounds. (a) To obtain this model from Fig. 1,
the center of masses of the Br, molecules are placed in a unit cell commensurate with the CgX structure, and the inter-
calate structure is rigidly displaced relative to the graphite structure by a distance equal to the side of a graphite hexa-
gon. In this figure, the intramolecular Br-Br distance is the same as in solid and gaseous bromine. Intercalate chains
are formed by following the bromine atoms with minimum separations. Between the intercalate chains are unoccupied
channels. [The intramolecular distances (2.27 2) are indicated by solid lines and the nearest-neighbor intermolecular
distances (3.36 .2\) are indicated by dashed lines.] (b) This model is for a commensurate graphite-bromine structure
which exhibits threefold symmetry. Each unit cell, denoted by the dashed lines, contains three Br, molecules and 24
carbon atoms in each layer plane. In this arrangement, the bromine molecules form islands and the unoccupied hexa-
gons form chains. The nearest-neighbor intermolecular distance for bromine atoms on adjacent hexagons is 3.78 A
(dashed line) while the intramolecular and nearest-neighbor intermolecular distances are 2.27 and 3.36 .7&, respectively.
(c) This model is for a commensurate graphite-bromine structure which exhibits threefold symmetry. Each unit cell,
denoted by the dashed lines, contains three Br, molecules and 24 carbon atoms in each layer plane. In this arrange-
ment, the bromine atoms are arranged on chains which are cross-linked to each other, enclosing an island of six un-
occupied hexagons. The intramolecular and nearest-neighbor intermolecular distances are 2.27 and 3.36 f\, respec-
tively.
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The basic point group symmetry of an isolated
graphite layer is Dg, and that of a layer in solid
bromine is D,,. As shown in Fig. 1, a unit cell in
solid bromine contains two Br, molecules. How-
ever, the in-plane arrangement of the bromine
molecules in the intercalation compound has not
been fully established.

One possible arrangement of the bromine mole-
cules in the intercalation compound is shown in
Fig. 2(a). This arrangement is obtained from that
in solid bromine by a small in-plane distortion of
the bromine layer to make it commensurate with
the graphite layer, and by a displacement of the
origin of the unit cell in Fig. 1 to increase the
bromine-carbon (interplanar) distances and to
yield a symmetric molecular configuration. The
arrangement in Fig. 2(a) has C,, symmetry and
the unit cells are denoted by the heavy dashed
lines, each containing two Br, molecules, there-
by corresponding to the chemical formula C,4(X,),
for a single graphite layer and a single intercalate
layer (a hypothetical stage-1 compound). The
symmetry operations in Fig. 2(a) include a two-
fold axis in the y direction followed by a transla-
tion, an xy reflection plane, and a yz reflection
plane combined with a translation. It is significant
that this structure does not contain a threefold
axis, the most characteristic symmetry operation
of graphitic structures. By considering molecular
arrangements on neighboring intercalate layers,

a threefold screw axis can be introduced through
a three-layer intercalate sequence in which each

layer is rotated by Z 7 relative to the adjacent in-
tercalate layer; in this case, the real-space unit
cell would be correspondingly enlarged.

Returning to the layer plane network of Fig. 2(a)
it is seen that the bromine molecules are arranged
in chains, with each link containing three bromine
atoms, having an intramolecular Br-Br distance
of 2.27 A and an intermolecular Br-Br distance of
3.36 A. Between the chains are channels. An al-
ternate chain arrangement for the bromine inter-
calate was first proposed by Eeles and Turnbull®®
to explain their x-ray and electron diffraction pat-
terns. Although they were unable to explain their
experimental patterns in detail, their results
clearly provide evidence for the molecular identity
of the bromine intercalate, for Br, molecular axes
aligned within the layer planes and for a chainlike
intercalate arrangement. Their work shows that
the intramolecular Br-Br distance is essentially
unchanged upon intercalation, and a commensurate
intercalation compound is achieved by distortion
of the intermolecular Br-Br distance to establish
registry between the arrangements on the inter-
calate and graphite-layer planes.”® Evidence for
this registry comes from both the magnitudes of

the intramolecular and intermolecular Br-Br dis-
tances and the absence of superlattice structures
due to incommensurate multiple-electron-diffrac-
tion spots. The electron-diffraction patterns ob-
tained by Eeles and Turnbull, and those latter ob-
tained by Chung,? suggest a large real-space unit
cell. But there are problems associated with the
chain structure as proposed by Eeles and Turnbull
in making it compatible with the Cy,Br, chemical
formula for a single-phase intercalation compound.
Whereas the molecular arrangement of Fig. 2(a)
emphasizes the connection between the graphite-
bromine and solid-bromine structures, alterna-
tive arrangements shown in Figs. 2(b) and 2(c)
emphasize the connection between graphite-bro-
mine and the graphite host crystal by featuring a
characteristic threefold symmetry. Here the ap-
propriate symmetry group is D,, In Fig. 2(b) the
planar unit cell marked by the heavy dashed lines
contains three bromine molecules and is described
by the chemical formula C,,(Br,),. In addition to
the threefold rotations about the z axis, there are
three in-plane twofold axes. In the planar struc-
ture in Fig. 2(b), the intramolecular Br-Br dis-
tance denoted by a solid line in the figure is main-
tained at 2.27 A and the smallest intermolecular
Br-Br-distance required to achieve registry with
the graphite layers is 3.36 A. In the figure, bro-
mine atoms are located above half of the hexagons
of the graphite network (denoted here as occupied
hexagons), while the other hexagons are corre-
spondingly unoccupied. Each planar unit cell con-
tains an island formed by six bromine atoms en-
closing a single unoccupied hexagon. Between
these islands are chains of unoccupied hexagons.
We note that the nearest neighbor Br-Br intermo-
lecular distance is 3.36 f\, but in this case the two
bromine atoms lie in different unit cells and span
an unoccupied hexagon. On the other hand, the
nearest-neighbor intermolecular Br-Br distance
for bromine atoms occupying adjacent hexagons is
3.78 A (indicated by dashed lines in the figure).
Another arrangement also having D,, symmetry
is shown in Fig. 2(c). This arrangement is ob-
tained from Fig. 2(b) by a rigid translation of the
intercalate layer along the x direction for a dis-
tance equal to the side of a hexagon followed by an
expansion of the intercalate hexagon [shown in Fig.
2(b) by the alternate solid and dashed lines] so that
the bromine molecules are now centered over
sides of the graphite hexagons. Thus, the molec-
ular arrangements in Figs. 2(c) and 2(b) have
equivalent symmetry operations. By following
bromine atoms contained in adjacent occupied
graphite hexagons, it is found that the arrange-
ment of Fig. 2(c) results in chains along three
equivalent in-plane directions, in contrast with
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the structure in Fig. 2(a) where the chains are

arranged in a single direction (the y direction).

In Fig. 2(c), a collection of six Br, molecules oc-

cupy 12 hexagons which surround an island of six

unoccupied hexagons. Whereas the arrangement

" of Fig. 2(a) has chains of both occupied and unoc-
cupied hexagons, the structure of Fig. 2(c) has no
chains connecting unoccupied hexagons, but rather
has a network of crossing chains connecting oc-
cupied hexagons, and these crossing chains are
oriented in three equivalent in-plane directions.
The molecular arrangements shown in Figs. 2(b)
and 2(c) are two examples of a variety of molecu-
lar arrangements exhibiting the threefold-symme-
try characteristic of the graphite-layer structure.

On the basis of the structural arrangements sug-

gested in Fig. 2(a) for C,, symmetry and Figs. 2(b)
and 2(c) for D, symmetry, the in-plane lattice-
mode patterns for zero wave vector can be ob-
tained. The results for these two symmetries are
shown, respectively, in Figs. 3(a) and 3(b). Be-
cause of the close connections of the symmetries

~in Figs. 2(b), 2(c), and 3(b), the lattice-mode pat-
terns corresponding to the structures of Figs. 2(b)
and 2(c) can be deduced from the patterns shown
in Fig. 3(b) by appropriate translation of the Br,
molecules relative to the graphite honeycomb
structure (to be described explicitly below).

For the structure of Fig. 2(a) which has C,, sym-

(a)
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metry, there are eight in-plane modes, four hav-
ing A, symmetty and four having B, symmetry.
These symmetry designations follow the character
table in Table I and those given by Cahill and Le-
roi'® for the solid-bromine modes which have D,
symmetry. Six of the modes correspond to libra-
tions -and are denoted in Fig. 3(a) by the subsecript
l;, i=1,2,3. The remaining two modes corre- .
spond to molecular stretch modes and are corre-
spondingly denoted by the subscript s. It is clear
from this figure that any displacements of the
bromine atoms corresponding to the A, modes do
not change the symmetry of the molecular ar-
rangement of Fig. 2(a), nor the symmetries of the
eight in-plane modes. Thus the modes in Fig. 3(a)
are appropriate for all molecular arrangements
derived from Fig. 2(a) by bromine-atom displace-
ments with A, symmetry; all such derived mo-
lecular arrangements will also have C,, symmetry.
The in-plane lattice modes in Fig. 3(a) are ex-
pected to occur at approximately the frequency of
the corresponding modes in solid bromine,!® which
for the molecular stretch modes are observed at
296.1, 297.4, 299.0 (weak), and 303.2 cm™ (at 15
K) and for the librational modes at 55, 74, 86,
and 101 em™ (at 15 K). In solid bromine the fre-
quency difference between the two molecular
stretch modes is comparable in magnitude to the
shifts associated with an isotope effect!® arising

FIG. 3. In-plane intercalate normal modes. (a) The eight in-plane normal modes corresponding to the molecular
arrangement in Fig. 2(a) with two bromine molecules per unit cell. The eight modes have symmetries 4; and B, in
accordance with Table I and are further classified as librational (I) or molecular stretch modes (s). (b) The 12 in-
plane normal modes corresponding to the molecular arrangement in Fig, 2(c) with three bromine molecules per
unit cell. The modes are classified by their symmetry designations (4;, 4,, and E,) and as librations (I) or mo-
lecular stretch modes (s). The displacements for the 4; and 4, modes are in phase, while the E, modes have displace-
ments with phase differences indicated w=e#/3) and w2= i) (see text).
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from the presence of ’Br-"Br, Br-%'Br, and
81Br-8'Br isotopic combinations, and occurring
with the natural-abundance ratio 1:2:1. In the in-
tercalation compounds, the Raman lines are suf-
ficiently broad so that an isotope splitting has not
been identified.

In the case of the structural arrangements with
symmetry D, shown in Figs. 2(b) and 2(c), the in-
plane lattice-mode patterns are quite different and
are shown in Fig. 3(b). In this case the three mo-
lecular units per unit cell, give rise to 12 in-plane
lattice modes with symmetries 4E,+2A +24, (re-
ferred to the D, group). The corresponding nor-
mal modes are either librations (labeled !) or
molecular stretch modes (labeled s). Subscripts
on ! are used to distinguish librational modes with
similar symmetries. The displacements for the
three molecules per unit cell in the A, and A,
modes are all in phase, while for the E, modes
the displacements of the three molecules have the
relative phases (1, w,w?) and (1, w?, w) correspond-
ing to the two degenerate partners of the E, modes
where w=e2""/3, Figure 3(b) shows the E, mode
for the partner with relative phases (1, w, w?).

The following connection is made between the
unit cells of Figs. 2(b), 2(c),and 3(b). The unit
cell indicated for Fig. 3(b) is identical to that in
Fig. 2(b), but differs from that in Fig. 2(c) by a
translation along the x axis for a distance '

- (1/¥3)a,, (a,=2.46 & for the graphite structure).
The positions of the bromine molecules within the
unit cell in Fig. 2(c) are obtained from those in
Fig. 3(b) by a displacement corresponding to an
A, mode. Similarly, displacements correspond-
ing to the A ; mode would not change the symme-
try of the molecular arrangement. It is expected
that for similar types of molecular vibrations, the
in-plane mode frequencies will be approximately
equal, independent of whether the structural ar-
rangement corresponds to Figs. 2(a)-2(c) or to
solid bromine. :

III. EXPERIMENTAL DETAILS

The Raman spectra presented here were taken
on ¢ faces of graphite-bromine compounds for a
variety of bromine concentrations using the Brew-

ster-angle backscattering geometry.’ Liaser exci-
tation was provided by either an argon or a kryp-
ton-ion laser. Low laser powers were used to
prevent laser heating effects.® The spectra were
taken with the incident electric field in the layer
planes, so that only in-plane lattice modes were
excited. In determining the ratios of the peak in-
tensities as a function of laser excitation energy,
corrections for the instrument function were taken
into account. )

Lamellar graphite-bromine samples of varying
intercalate concentrations were prepared in two
ways. The second-stage C Br, samples were pre-
pared by exposing highly oriented pyrolytic graph-
ite to a saturated atmosphere of bromine vapor for
several days at room temperature until equilibri-
um was achieved, following the methods of Saun-
ders et al.?* and Hennig.?? Samples with lower
bromine concentrations were prepared by immers-
ing the pyrolytic graphite host material into a so-
lution of CCl, containing varying concentrations of
bromine. In the present application of the solu-
tion method, samples were grown slowly (over a
period of ~2 weeks), starting from very dilute so-
lutions; the bromine concentration was increased
gradually, in steps. The samples were equilibrat-
ed at each step until the desired intercalate con-
centration was achieved. An alternate method for
the preparation of high-stage graphite-bromine
compounds is that of Sasa et al.?® who used vapor
intercalation; with this method, the Br, vapor
pressure and temperature must be carefully con-
trolled. -

The samples were stored in liquid nitrogen to
prevent desorption of the intercalate. In prepara-
tion for a Raman measurement, the samples were
quickly transferred to the optical Dewar under an
atmosphere of blowing dry nitrogen. With some
practice, this transfer procedure could be carried
out in less than 1 min. Inside the optical Dewar,
the samples were cooled by nitrogen exchange gas
and by conduction to a cold finger in the Dewar.
The samples were anchored to the cold finger with
spring clips.

The intercalate concentration was determined
from the weight taken up by the sample. To check
that no intercalate desorption occurred during the

-

TABLE L. Character table for structure in Fig. 2(a) (C,, symmetry). T=3(@Ey+ by).

Representation (E|0) (Czl—;) (0,10) (0, 17) Basis functions
Ay 1 1 1 1 v, xz, yz, 22
By 1 -1 -1 1 zZ, y2
B, 1 -1 1 -1 X, Xy
Bg 1 1 -1 -1 XZ
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mounting and measurement procedure, typical
samples were weighed just after removal from the
storage Dewar at the start of the Raman experi-
ment and just before their return to storage when
the Raman experiment was completed.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The in-plane Raman spectrum from graphite-
bromine consists of a high-frequency doublet
structure associated with lattice vibrations in the
graphite layers and structure at lower frequencies
associated with the intercalate layers.” The struc-
ture associated with the intercalate layers is
shown in Fig. 4 for a graphite-bromine compound
with 2.7-mole% Br, at 77 K. The most pronounced
low-frequency feature of this spectrum is the
strong broad peak at w,= 242 cm=. In addition, sev-
eral harmonics (suggestive of a resonant Raman
process) of this line are observed and are denoted
in Fig. 4 as 2w,, 3w, 4w, and 5w,. The funda-
mental at 242 cm™! is downshifted by 58 em™ from
the line with which it is associated in solid bro-
mine.!® Spectra similar to that shown in Fig. 4 are
observed over a wide range of intercalate concen-
trations, including second-stage C,;Br, with 6.25-
mole% Br,. It is of special significance that the
spectrum shown in Fig. 4 is specific to the inter-
calate bromine and is not observed for other in-
tercalate species. Thus, in this frequency range,
the observed spectra are sensitive to the inter-
calate species. .

The structure in the vicinity of w, (see Fig. 4
is broad and quite complicated. This complexity
is illustrated in Fig. 5 where the spectrum in the
range 90< w<330 cm™ is shown on an expanded
scale for a stage-2 bromine-saturated sample.
The solid curve gives the experimentally observed
spectrum, which is fit by several Lorentzian com-
ponents (shown in Fig. 5 as dashed curves). The
frequency at the peak intensity, the linewidths,
and the intensity for each component are listed in
Table II. The superposition of the dashed curves
is given as the dotted curve in Fig. 5 and good
agreement with the experimental curve is obtained.
The analysis indicated in Fig. 5 shows the spectra
to consist of two principal components, with the
most intense component at 246.5 cm™ and a second
component at 230 cm™. In terms of the notation in
Fig. 4, this analysis yields w,=246.5 cm™ for a
stage-2 compound at 77 K. The shift in w, between
Figs. 4 and 5 is explained by observations of a
weak dependence of w, on intercalate concentra-
tion. (A weak dependence of w, on temperature is
also found.) The line-shape analysis of Fig. 5 also
provides evidence for three weak structures at

W (242 cm1)

Raman intensity (arb.units)

L 1 1 1 - 1 1
1200 1000 _ 800 600 400 200 0
. Raman shift (cm™)

FIG. 4. Raman spectrum for a graphite-bromine com-
pound with 2.7-mole% Br; at T="77 K and laser energy
2.54 eV in the frequency region where the intercalate
modes are dominant. The structure identified with the
Br, stretching mode in the intercalation compound is de-
noted by w,, and its harmonics by nw,. Fine structure
in the vicinity of w, is indicated by arrows.

higher frequencies (see Table II), each upshifted
from the fundamental and from each other by ~10
cm™l. In the frequency range in the vicinity of 300
cm™, broad background scattering is found, prob-
ably due to the presence of small regions of solid
bromine in the bromine-saturated compound. Be-
low the main peak, a moderately intense peak is
found at 230.3 cm™!, as well as two weaker peaks
at 213.5 and 198.5 cm™. These three structures
are each downshifted from one another by ~16
cm™, starting from the 245.4-cm™ structure. In
addition, two lines are observed in the vicinity of
100 em™ (see Table II), corresponding to the band
of librational frequencies in solid bromine.!® The
linewidth of the various components at 77 K (see
Table II) is ~5 cm™, which is comparable with the
frequency shifts associated with the isotope effect
in solid bromine.!* This suggests that the isotope
effects is not resolved in the intercalation com-
pounds and that the fine structure observed for the
intercalate modes is not due to isotope effects. It
is also of interest that at room temperature the
fine structure in Fig. 4 is not resolved, the line-
width associated with the w, structure is greatly
increased, and the intensity of the harmonic struc-
ture in Fig. 4 is greatly decreased.”

Spectra such as those shown in Figs. 4 and 5
are obtained over a wide range of intercalate con-
centrations. A summary of the peak positions (as
denoted in Fig. 4 by arrows) of various spectral
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FIG. 5. Expanded view of the Raman spectrum for a C;¢Br,(stage-2) compound at T="77 K and laser energy 2.71 eV

between 80 and 300 cm™,

An analysis of the experimental trace (solid curve) into Lorentzian components convolved

with the instrument function is shown as the dashed curves and the superposition of the dashed curves appears as the
dotted curve. The Lorentzian line-shape parameters for these components are given in Table II,

lines is given in Fig. 6 as a function of intercalate
concentration. Also shown in this figure are the
stretch and librational modes in solid bromine and
the E,, and the B,, modes of graphite. The w,
mode 1s specially labeled Of particular sxgmfx-
cance is the insensitivity of the frequency of these
lines to bromine concentration, with frequency
shifts over the entire range of intercalate concen-
trations comparable with the linewidths. The ob-
servation of the same basic spectrum for very di-
lute graphite-bromine compounds (e.g., n=12 in
C,,Br,) is consistent with the observation of simi-
lar in-plane electron-diffraction patterns over a
wide range of intercalate concentrations, includ-
ing very dilute concentrations.>’% 2°

Although the frequencies of the intercalate modes
in Fig. 6 are relatively insensitive to intercalate
concentration, the intensily of the intercalate
modes increases monotonically with increasing
intercalate concentration. Moreover, this intensi-
ty increase is at the same rate as the intensity in-
crease of the E,, mode in the bounding graphite
layer denoted by E This result is consistent
with the 1dent1f1cat10n of the modes in Fig. 4 with
the intercalate species, because the introduction
of an intercalate layer is accompanied by the in-
troduction of graphite bounding layers. Further-
more, the intensity of the E,, mode for the inter-
ior graphite layers, denoted by EY, 28,7 decreases
with increasing intercalate concentration.? %1% 1!

TABLE I. Parameters describing Lorentzian components of spectrum in Fig. 5.

Peak frequency (cm™}

Linewidth (cm™)

Intensity (arbitrary units)

310
277
269.5
259
246.5
230.3
213.5
198.5
115.3
94.5

[S203 BN, B, I VU IS B R ]

(5]

0.1
0.22
0.15
0.19
445
1.40
0.44
0.34
0.20
0.22
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FIG. 6. Dependence of the Raman mode frequencies on
intercalate concentration for the low-frequency modes at
77 K (see arrows on Fig. 4). Stage 2 corresponds to
6.25-mole% Br,. To help with the identification of the
low-frequency modes, characteristic frequencies are
indicated for the molecular stretch modes and the libra-
tional modes in solid bromine, and for the graphite Ey,
and Blg modes. The wy mode for the intercalation com-
pound is specially labeled.

In particular, the intensity ratios I (Ez, J/I(ES, )
and I(w,)/I(ES, ,) scale as a function of intercalate
concentration.

Strong support for the identification of the spec-
trum in Fig. 4 with intercalate modes also comes
from the dependence of this spectrum on laser ex-
citation energy. These data are presented in Fig.
7 by plotting I(w, )/I(Ezg ) versus laser energy. A
logarithmic (base e) scale is chosen for the inten-
sity axis because of the 2 or 3 orders-of-magnitude
increase in the intensity ratio over the laser ener-
gy range 1.9<7w<2.7 eV. We attribute this large
increase in intensity to a resonant Raman effect
arising from the resonance of the laser excitation
with electronic transitions.?*%

The intercalate intensity I(w,) in Fig. 7 is nor-
malized to that of the graphite bounding layers
I(E ) for several reasons. Firstly, at a fixed
laser excitation energy, this ratio is independent
of intercalate concentration. Secondly, with this
normalization, the effect of laser energy-depen-
dent corrections for the instrument function is
minimized. Furthermore, the ratio of the graph-
ite bounding layer intensity I(E ) to that of the in-
terior graphite layers I(EJ, ) is mdependent of la-
ser excitation energy in th1s energy range, as
shown in Fig. 7 for two intercalate concentrations
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(Cg,Br,, n=5,12). We thus conclude that the laser
energy dependence of I(w )/I(Euz) is associated
with the intercalate w, mode. Also of interest is
the observation that the laser energy dependence
of I(w )/I(E ) is not sensitive to intercalate con-
centration over a wide range of concentrations.
The strong dependence of I(w,) on laser excita-
tion energy is interpreted in terms of a resonant
enhancement effect due to bromine electronic
states because of the following arguments. Since
the w, mode is associated with a bromine lattice
mode, its resonant enhancement is likewise asso-
ciated with an electronic bromine level. More-
over, the absence of a laser energy dependence of
I (Ezgz)/I(E“ ) is consistent with the identification
of these modes with vibrations in the graphite lay-
ers because of the absence of structure due to
electronic transitions in the optical reflectivity of
pristine graphite in the photon energy range rele-
vant to Fig. 7. The principal electronic transition
in graphite is at ~5 eV and is associated with tran-
sitions between 7 and ¢ bands; a weaker transition
between 7 bands is also observed near 0.8 eV in
pristine graphite.?® On the other hand, electronic
transitions for the free Br, molecule are observed
at 1.713 eV and an ionization continuum is found
above 1.971 eV.'* The corresponding transitions
in solid bromine and in the graphite-bromine in-
tercalation compounds have not yet been reported.
The data of Fig. 7 cover 2 to 3 orders of magnitude
on the intensity scale; however, no peak in the
resonant enhancement curve was found for the

S T T T | I— T T T
= 6 . n=2
e o nwb o/’a
2 4 e n=i2 e -8 )
g I(wo)\ . ﬂ
kS €2, N8 1E2g5)
£ 5
g | / £ ] W) n=5
=%
2 Of / l . w2 ]
S - T

-2 1 1 1 1 1 | L | 1

2.0 2.2 2.4 2.6
Laser energy (eV)

FIG. 7. Dependence of Raman peak intensities on laser
excitation energy for Cg,Br, compounds (» being the
stage) of several mtercalate concentrations. The inten-
sity ratio for the EZs'z mode on the graphite bounding lay-
er compared with that for the EJ, mode in the graphite
interior layers, denoted by I (Eqgg, /1 (Egg ), is independent
of laser energy, but dependent on bromihe intercalate
concentration. In contrast, the intensity of the molecular
stretch mode w, (as well as the fine structure of Fig. 4)
shows large resonant enhancement effects, but has the
same dependence on intercalate concentration as the

2¢, Mode on the graphite bounding layer. The intensity
scale is logarithmic (base e) to cover the 2 or 3 orders-
of-magnitude increase in I(w,)/I (Ez,) in this range of
laser energies.
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range of available photon energies (up to 2.7 eV),
indicating that the electronic transitions responsi-
ble for the resonant enhancement are higher in
energy than the electronic ionizing transition in
the free bromine molecule. Since the addition of
bromine increases the free-carrier concentration
of graphite bromine, a shift is expected to be most
important at high intercalate concentrations. We
thus interpret the insensitivity of the resonant en-
hancement curve to intercalate concentration to
indicate that the electronic transition in the inter-
calation compound is not from a bromine intercal-
ate level to the Fermi level, but is more likely an
ionizing transition to a molecular state above the
Fermi level. An energy shift of 1 eV for this bro-
mine transition between the gas phase and the in-
tercalation compound is consistent with observa-
tions of relaxation polarization shifts in the molec-
ular levels of a variety of adsorbed species.?’

Of possible relevance to the electronic transi-
tions responsible for the resonant Raman effects
observed in the graphite-bromine compounds is
the feature in the photoelectron-yield curve iden-
tified with a 4p bromine level 5 eV below the Fer-
mi level in graphite-bromine compounds using
XPS techniques.? ,

While the present work suggests that the reso-
nant Raman effect is associated with transitions
between brominelike levels, a detailed discussion
of this effect awaits further clarification of the
location of the electronic states away from the
Fermi level in the graphite-bromine compounds.
The observation of a large resonant Raman effect
suggests electronic transitions in the graphite-
bromine intercalation compounds above 2.7 eV.
The relative insensitivity of the resonant enhance-
ment data to intercalate concentration also sug-
gests a weak dependence of these electronic tran-
sitions on intercalate concentration.

Thus, through the resonant Raman effect, Raman
spectroscopy provides useful information on the
electronic levels® in graphite intercalation com-
pounds. This resonant enhancement phenomena
also suggests that by using laser excitation ener-
gies near expected or observed intercalate elec-
tronic transitions, it may be possible to study the
intercalate lattice modes for a variety of intercal-
ate species.

Because of the specificity of the spectra in Fig.
4 to the intercalate species bromine, and because
of the observed dependence of these features on in-
tercalate concentration and laser excitation ener-
gy, the identification of the spectral lines in Fig. 4
with intercalate modes is well established.

Evidence in support of the molecular identity of
the intercalate as predominantly Br, (e.g., not
Br,’) is less well established and is based on the

following arguments. - From the interpretation of
x-ray and electron-diffraction patterns®® the near-
est Br-Br distance in the intercalation compound
is the same as the intramolecular distance in the
gas phase, thereby providing strong evidence for
the presence of Br, in the graphite-bromine com-
pounds. This conclusion is supported by the inter-
pretation of the magnetoreflection experiments! to
indicate that the amount of charge transfer to the
interior graphite layers is very small (=1 charge
per 102 bromine intercalate atoms). From the
magnetoreflection experiments we conclude that
either the bromine intercalate is very weakly ion-
ized, or that, if there is strong ionization, the
charge transfer is made to the bounding graphite
layers. Hall-effect measurements? indicate that

these charges are not mobile, since the dependence
of the Hall coefficient on intercalate concentration

is consistent with a low carrier concentration rel-
ative to the intercalate concentration.”? A small
carrier concentration is also consistent with the
location of the plasma frequency for graphite-bro-
mine compounds in the near infrared.* 2?

These conclusions, based on a variety of other
types of experiments, are consistent with the
identification of the dominant w, feature of the Ra-
man spectra in Fig. 4 as a Br, molecular stretch
mode,” though this mode is downshifted from the
molecular stretch mode in solid bromine by 58
cm™, The close correspondence of the nearest-
neighbor intermolecular distance in the bromine
intercalate layer™® and in solid bromine®® (a solid
of Van der Waals—bonded Br, molecules) also
strongly supports:the dominance of the Br, spe-
cies in the intercalation compound and the identi-
fication of the w, structure in Fig. 4 with the Br,
stretch modes. Figures 4 and 5, however, show a
collection of weaker Raman lines. Since the car-
rier concentration increases with increasing bro-
mine coqcentration, it is reasonable to assume
that some fraction of the bromine intercalate is
ionized, and this ionized species (e.g., Br,’)
could give rise to additional spectral lines. Fur-
thermore the discussion in Sec. II indicates that
the ordering of the bromine molecular axes in the
intercalate layer gives rise to a multiplicity of
molecular stretch modes, depending on the par-
ticular molecular arrangement. These various
stretch modes are expected to have approximately
the same frequency. It is suggested that the clus-
ter of modes about w, in Fig. 5 is associated with
these multiple molecular stretch modes and with
the simultaneous presence of domains exhibiting
different molecular alignment arrangements. An
identification of the two low-frequency modes with
librational motions is suggested by the correspon-
dence of these mode frequencies with librational



modes in solid Br,. To carry out a detailed iden-
tification of the variety of intercalate modes shown
in Fig. 5, careful polarization studies will have to
be carried out on carefully prepared, well-an-
nealed single-phase samples. In this connection,
the symmetry analysis presented in Sec. II for
some likely types of molecular arrangements will
be useful. Such polarization studies are now in
progress. In this work particular attention is be-
ing given to the temperature dependence of the
spectra as a means for identifying order-disorder
transformations in graphite~-bromine compounds,
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as suggested by x-ray and electron-diffraction
studies.
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