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Electronic Structure and
Charge Transfer Mechanism of
Bromine-Graphite Intercalation Compound

SHIN’ICHI HIGAI, SELJI MIZUNOT, SHUGO SUZUKI,
and KENJI NAKAO

Institute of Materials Science, University of Tsukuba, Tsukuba 305, Japan;
1'Department of Applied Physics, Hokkaido University, Sapporo 060, Japan

We have studied the electronic structure of bromine-graphite intercalation com-
pound from first principles for the first time, and proposed a new charge transfer
mechanism. The Br; molecule intercalated between graphite layers is transformed
into tribromide Bry with the open shell electronic structure. Then the charge of
graphite r bands is transferred to the singly occupied molecular orbital (SOMO)
of Brz, so that the = bands form hole Fermi surfaces. Since the charge transfer
to SOMO is incomplete, the SOMO band also forms a hole Fermi surface.

Keywords: graphite intercalation compound; bromine; Br-GIC; electronic struc-
ture; charge transfer

INTRODUCTION

Bromine-graphite intercalation compound (Br-GIC) is well-known as a typ-
ical acceptor-type GIC (AGIC), and a considerable number of studies have
so far been made on it. However, the details of the charge transfer between
graphite and intercalated Br and the band structure are still not clarified(!).
In general, its electronic properties have been understood based on a simple
picture, as schematically shown in Fig.1. When the Br; molecule is interca-
lated between graphite layers, the charge of graphite 7 bands is transferred
to the lowest unoccupied molecular orbital (LUMO) of Br,, because its
LUMO level is thought to be lower than the Fermi level (Er) of graphite.
Since this charge transfer is complete, the LUMO band exists below Eg
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and only the = bands form hole Fermi surfaces (FSs). Nevertheless, ex-
perimentally estimated values of charge transfer per Br atom (fg,}, which
widely range from 0.01[% to 0.25P), are much smaller than unity. Such small
values of fg, suggest the existence of the FS originating from Br, and are
inconsistent with the generally accepted picture.

In the present work, we carry out the first principle calculations on Br-
GIC for the first time, in order to determine theoretically the electronic
structure and to examine the charge transfer mechanism.

Erfk ——————~—

charge
transfer

Energy

LUMO

Deunsity of States Density of States

FIGURE 1 Generally accepted schematic picture for charge transfer and band
structure of Br-GIC.

RESULTS AND DISCUSSION

In the present study, we adopt the linear combination of atomic orbitals
method!! using the numerical double basis set!>] based on the local density
functional schemel”9,

The crystal structure analysis for Br-GIC provides the in-plane (v/3 x
v/13) structure for the stage-2 compound. However, the sublattice structure
of Br has not been completely established. Up to the present, two structural
models have been proposed. In one model, its sublattice is composed of Br;
molecules(!, and in another model, Bris in a long-chain polymeric form(!!,

First of all, we carried out the band structure calculations for these two
structural models (stage-2). Resulting band structures are shown in Fig.2.
For both models, the lowest unoccupied band of Br is not lower than Eg
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of graphite, i.e., no charge transfer from graphite to Br occurs. This result
shows that Br-GIC does not become AGIC, if this compound has either of
the proposed sublattice structure. Since this is inconsistent with the fact
that Br-GIC is classified as AGIC, we can not support either of sublattice
structures in these two models.
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FIGURE 2 Band structures for two structural models (stage-2): (a) the sub-
lattice is composed of Brz molecules; (b) long-chained polybromide. The lowest
unoccupied band of Br and Ef of graphite are represented by a thick solid line
and an arrow, respectively.

Here, we consider tribromide Brj as the sublattice unit of Br-GIC. The
Br, molecule has the open shell electronic structure, and its singly occupied
molecular orbital (SOMO) level (-7.3 eV) characterized as 4pn* is lower
than Efp of graphite (-6.1 eV), as obtained in our calculation. Hence it is
expected that the charge of graphite » bands is transferred to SOMO of
Br;, provided that Br exists as Brs in Br-GIC. Then, we construct a new
structural model whose sublattice is made up of Br; unit, assuming that
intercalated Br, is transformed into Brs. This structural model is illustrated
in Fig.3.

The band structure calculated for this model (stage-2) is presented in
Fig.4. As expected, charge transfer occurs to SOMO of Brs, and the 7
bands form hole FSs. However, contrary to the general picture for Br-GIC,
charge transfer to SOMO is incomplete, i.e., the SOMO band also forms a
hole FS.
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FIGURE 3 Top view of the structural model with Brs sublattice unit. The
in-plane (\/5 X \/1_3) unit cell is represented by dashed lines.
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FIGURE 4 Band structure and corresponding partial density of states for the
structural model (stage-2) shown in Fig.3. The SOMO band of Bra is represented
by a thick solid line.

Several experimental results can be explained in terms of our model and
results. The assumption that Br exists as Br, molecule in Br-GIC is mainly
based on the fact that the Raman frequency 242 cm™! attributed to Br,
stretch mode was observed?. However, there remains a question about
this. Erbil et al. explained that this frequency is shifted down from 320
cm™! for gaseous Br, and 295 cm™! for solid Br, by charge transfer to Br,
(131, On the other hand, Ghosh and Chung claimed that the frequency 242
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cm™! obtained from Br-GIC is rather close to 249 cm™! observed in Brs
compound[”]. Matsuzaki et al. investigated the pressure dependence of the
Raman frequency of Br-GICI!™l. In their results, as pressure is applied, a
broad peak at 240 cm™' disappears, and sharp peaks appear at 266, 292,
and 300 cm™!. Since these frequencies are close to those of Br, molecule,
there is a possibility of the transformation of Br; into Br, by pressure.

From our calculation, the value of fp, is obtained as 0.03. Because of
such a small value of fg;, the SOMO band forms the hole FS. Experimentally
obtained values of fg, are also small, and these suggest the existence of the
FS originating from Br. However, the mobility of its hole carrier is low
because of the small dispersion of the SOMO band, as shown in Fig.4, and
the scattering by the defect of Br sublattice. Therefore, it is possible that
the band originating from Br has not been observed in experiments.

Our results also suggest the existence of the charge density waves in Br-
GIC. From Fig.4, the F'S of Br; SOMO band is found to be one-dimensionally
open in the B-I" direction. The nesting vectors are obtained as Q,=0.295a"
and Q,=0.749a*, where a* is the in-plane reciprocal unit vector of graphite.
Batallan et al. supposed the FSs of Br-GIC from the de Haas-van Alphen
orbits and the nesting vectorsl'8l. In their proposition, the outline of FSs is
one-dimensional, and the nesting vectors are Q;=0.225a* and Q,=0.76a*.
These are much close to our results.
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FIGURE 5 New schematic picture for Br-GIC.
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CONCLUSION

In the present paper, we showed from our results that both of sublattice
structures proposed in the past are not relevant. Furthermore, we also
showed that the general picture for charge transfer and band structure
of Br-GIC has to be modified. As the final conclusion, a new picture is
schematically presented in Fig.5. Intercalated Br; is transformed into Brg,

then charge transfer to SOMO of Brj occurs. This charge transfer is incom-
plete, and both the 7 bands and the SOMO band form hole FSs.
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