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Electronic states in the stage-3 mercury chloride graphite intercalation compound
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The electronic states of the stage-3 mercury chloride graphite intercalation compound (HgC12-GIC)
were investigated by the de Haas —van Alphen (dHvA) effect in the temperature range from 1.4 to 4.2 K
with magnetic fields from 3 to 5 T. Three prominent dHvA frequencies, f, =142.6 T, f2=533 T, and
f3 788 T are identified with the three modified graphite m bands expected for a stage-3 CxIC. The cy-
clotron electron masses for the graphitic bands are measured, yielding m &* =0.09mo, m 2 =0.17mo, and
m3 =0. 19mo. In addition, there is a low-frequency oscillation at f0=82.5 T with mo =0.15mo. The
determination of the fractional charge distribution along the k, direction of the three graphite layers of
the stage-3 compound indicates that there is a deficiency of charge in the internal graphite layer relative
to the layers adjacent to the intercalant. The charge fraction on the internal graphite layer is determined
to be 0.25. The low-frequency fo may result from the effect of an incommensurate superlattice, which
forms a magnetic interferometer orbit.

I. INTRODUCTION

Graphite intercalation compounds (GIC's) are formed
by incorporating a layer of guest atoms or molecules, the
intercalant, between layers of the graphite host. These
compounds exhibit a unique staging phenomenon in
which a constant number of graphite layers are separated
by an intercalant layer, and a stage-n GIC is composed of
a series of n graphite layers separated by single inter-
calant layers. The GIC is a highly anisotropic layered
structure possessing strong intraplanar binding forces rel-
ative to weak interplanar binding. These compounds
provide a vehicle for studying a quasi-two-dimensional
system.

Metal chloride graphite intercalation compounds con-
stitute an important group of acceptor-type compounds. '

However, the intercalation of these compounds only
takes place in the presence of chlorine. This makes high
staging fidelity of samples dificult to obtain in the con-
ventional two-zone oven method, due to its dependence
on not only the temperature of the graphite and the metal
chloride, but also the pressure of chlorine. Therefore, not
many physical, structural, and electrical properties of the
compounds have been investigated.

The conditions for intercalating large pieces of highly
oriented pyrolytic graphite with HgC12 were reported
and a pure stage-3 HgC12-GIC was obtained with the
sample in chlorine gas at a pressure of 800 mbar. Due to
its high staging fidelity, HgC12-GIC was chosen for the
investigation of the electronic properties of the acceptor-
type GIC by the de Haas —van Alphen (dHvA) technique.

This work presents the results of the investigation of
the electronic bands and charge distribution of the stage-
3 acceptor HgC12-GIC by the dHvA effect. Measure-
ments of the dHvA effect yield extremal cross-sectional
Fermi areas which are perpendicular to the magnetic-
field direction. Rotation of the sample, with respect to
the field direction, allows a mapping of the Fermi surface.
The experimental data related to the band structure are

interpreted with the Blinowski-Rigaux theoretical band-
structure model. The charge distribution along the c
axis is derived from the observed dHvA frequencies. The
possible effects of an incommensurate superlattice are
also considered.

II. EXPERIMENT

The starting material was highly oriented pyrolitic
graphite (HOPG). Slabs of HOPG were cut into pieces of
about 2.5X3.5 mm and the pieces were cleaved to a
thickness of about 0.7 mm. The outer layer was removed
by peeling. The pieces were then washed in an ultrasonic
cleaner. Cleaned HOPG pieces were put into a glass con-
tainer and dried under vacuum at an elevated tempera-
ture.

The stage-3 HgC12-GIC was made using the method of
Datars and Ummat. The HOPG and HgC12 were placed
in a sealed reaction tube and heated to a temperature of
250 C with the graphite and intercalant at the same tem-
perature. At this temperature, HgC12 was a clear liquid
and the pressure of Clz in the tube was 800 mbar. An in-
tercalation time of 432 h (18 days) was required to form a
fully developed, stage-3 HgC12-GIC with a composition
of C)7 4HgC12 determined by the change in weight during
intercalation. After the intercalation reaction was comp-
leted, each sample was washed with dilute HC1, deionized
water, and acetone, and then dried. The HgC12-GIC is
stable in air.

The stage index of the samples was determined with x-
ray-diffraction measurements by using a powder
diffractometer with Cubo. radiation. The x-ray
diffraction spectrum is shown in Fig. 1. The spectrum re-
veals a pure staged sample with no diffraction peaks from
mixed stages. A straight line was fitted to the reAection
order I versus 1/dI and the value of I„the c axis repeat
distance, was calculated from the slope of the line. The
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FIG. 1. (Ool) x-ray diffraction of the stage-3 HgC12-GIC us-

ing Cu Ea radiation.

FIG. 2. dHvA oscillations of the stage-3 HgC1&-GIC ob-
served at the second harmonic of the modulation field of 517 Hz
for magnetic fields between 3 and 5 T. The temperature was 4.2
K and the dc field and modulation field were parallel to the c
axis of the sample.

repeat distance of the stage-3 HgC12-GIC was calculated
to be 16.31 A. This value of I, is similar to that found
previously for the stage-3 compound made from small
natural Aakes of carbon and is the same as that obtained
by Datars and Ummat.

The dHvA oscillations were observed with the low-
frequency field modulation technique with a modulation
frequency of either 47 or 517 Hz along the magnetic-field
direction. Reproducible results were obtained from re-
peated experiments performed with four HgC12-GIC
samples. The sample was put inside a set of coils, which
consisted of a modulation coil, a rotatable pickup coil,
and balance coil. The balancing coil was wound in an an-
tiparallel fashion above the pickup coil in order to max-
imize the signal from the sample s oscillating magnetiza-
tion. This set of coils was placed inside a 5.5-T supercon-
ducting solenoid. Both the dHvA frequency spectrum
and the temperature dependence of the amplitude be-
tween 1.4 and 4.2 K were measured with the c axis of the
sample parallel to the direction of the magnetic field.
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respect to the c axis was measured in the range
0 & e & 22 . The oscillations with the c axis frequencies
of 82.5, 142.6, 450.4, and 533 T followed a sece depen-
dence indicating that they are from cylindrical Fermi sur-
face pieces directed along the c axis.

The carrier effective masses corresponding to the dom-
inant frequencies were determined from the temperature
dependence of the dHvA amplitude between 1.4 and 4.2
K. The dHvA amplitude is related to the sample temper-
ature by the proportionality,

III. EXPERIMENTAL RESULTS

The dHvA oscillations shown in Fig. 2 consist of many
frequencies as indicated by the complexity of the pattern.
The frequencies are determined from the Fourier trans-
form of the dHvA signal given in Fig. 3. The frequencies
are 82.5, 142.6, 450.4, 533.0, 615.3, 705.0, and 788.0 T.
The uncertainty of these values was determined from the
results of the four samples to be +0.3 T. There is also a
frequency of 330 T in Fig. 3. The oscillation with this
frequency was the largest when a sample was cooled for
the first time. It was smaller or not evident after subse-
quent cooling from room temperature. There is no ex-
planation for this frequency at the present time.

The dependence of the frequencies of the dominant os-
cillations on the angle of the magnetic-field direction with
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FIG. 3. Fourier transform of the dHvA oscillations for
stage-3 HgC12-GIC taken at 2.4 K.
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where A is the dHvA amplitude at temperature T and
magnetic field 8, m *, and mo are the cyclotron mass and
free-electron mass, respectively, and b =14.69 TK
The masses were determined for the oscillations with
reasonably large amplitudes. The results are 0. 147mo for
the 82.5-T oscillation, 0.086mo for 142.6 T, 0.0165mo for
533 T, and 0. 190mo for the 788-T oscillation.

IV. DISCUSSION

The assignment of the frequencies requires attention to
the values of the frequencies, the cyclotron masses, and a
comparison with the result from other chloride GIC's.
Since the HgC12 GIC is a stage-3 compound, three graph-
ite energy bands are expected from the tight-binding cal-
culation, due to the interaction between the three graph-
ite layers. This interaction and the energy bands are ex-
pected to be similar in all the stage-3 chloride GIC's The
frequency 142.6 T is assigned to the first band, because it
is similar to the first band frequencies of 152 and 172 T in
the stage-3 SbC15 and SbF6 GIC's, respectively. The
amplitude of the oscillation is also the larger of the two
low frequencies. The frequency 533 T is assigned to the
second band, because the oscillation with this frequency
is dominant and then the ratio f2 If, is similar to those
of the other two stage-3 GIC's. The assignment to third
band is the most difBcult. The frequency of 788 T is the
closest to the third-band frequencies of the other stage-3
GIC's and is assigned to the third band. The cross-
sectional Fermi areas are determined by the relation
Af =(4n elh )f yielding A, =0.014 A, 22=0.051
A, and A3 =0.075 A . The other frequencies appear
to be combinations with the lowest frequency 82.5 T,
which is labeled fp. The frequencies 450.4 nd 615.3 T are
within 0.2 T of fp fp and f2+fp respectively; the fre-
quency 705 T is within 0.5 T of f3 fp. Thus, t—here is
agreement to within the experimental uncertainty.

The Blinowski-Rigaux band-structure model for stage-
3 graphite acceptor compounds incorporates a simple
tight-binding method and considers nearest carbon atom
interactions. The stage-3 GIC is treated theoretically as a
set of three equivalent, independent graphite layers limit-
ed by the intercalant layers. This model accounts for elec-
trostatic effects, due to the accumulation of excess charge
on the two graphite layers adjacent to the intercalant.
Three valance bands are predicted for the stage-3 GIC,
occurring from the interaction of the adjoining graphite
layers. The electron dispersion is assumed to be indepen-
dent of the intercalant and the number of electrons
transferred from the graphite. There is no dispersion
along the c axis in this model. The Fermi surface is pre-
dicted to be a straight cylinder along the c axis at each
corner of the hexagonal Brillouin zone for each band
with one dHvA frequency corresponding to each band.
The angular dependence f(0) of the dHvA frequencies
for angles 0=0 —22, where 8 is measured between the c
axis and the main field direction, indicates that
f(8)asec8, supporting the description of the Fermi sur-
face as being a set of concentric straight cylinders.

The energies of the three valence bands are given by

(2)

25=0. 1 eV+fll(57. 6z —2.7) eV, (5)
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FIG. 4. The energy-band structure near the U point for the
stage-3 HgC12-GIC. The three valence bands are labeled as 1V,
2V, and 3 V for the first, second, and third valence bands.

E2 = —[5 +y, + iX i

—Qy, + [(45 +2y, ) iX i
j'i, (3)

E3=—[&'+yg+ IXI'+V'y)+[(4&'+2y', )IXI']'", (4)

where ~X~ =3/2ypbk, k is the distance from k to the U
point, and b is the nearest-neighbor distance. The in-
teraction energy between the nearest carbon atoms in the
same plane is represented by yo and y, is the interaction
energy between nearest carbon atoms in adjacent layers,
6 is proportional to the potential-energy difference be-
tween external and internal graphite layers. The Fermi
area dependence on energy is differentiated to obtain the
cyclotron mass.

The following values of the model parameters yo=2. 9
eV, y, =0.31 eV, 6=0.12 eV and E~= —0.70 eV yield
the best agreement between the theoretically and experi-
mentally determined Fermi areas. The parameters for
pristine graphite are reported as yo =3. 16 eV and

y, =0.39 eV. The energy-band structure near the U
point is shown in Fig. 4.

The accuracy of the predictions of the model is reason-
able. The largest discrepancy between the experimental
and theoretical Fermi areas is approximately 7%, but the
effective-mass values are in good agreement, as shown in
Table I. The use of the Blinowski-Rigaux model provides
an approximate framework for the analysis of the HgClz-
GIC experimental results, yielding energy dispersion rela-
tions and charge-transfer values. The determination of
the interrelated model parameters yp, y&, 5, and E~ are
not unique. Thus, the validity of the model and the mod-
el parameters used is justified on a self-consistency basis.

The charge distribution between the three adjoining
graphite layers is determined by
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83
143
533
788

0.008
0.014
0.051
0.075

0.013
0.055
0.070

0.15
0.09
0.17
0.19

0.09
0.16
0.19

where z is the fraction of charge on the center layer. The
charge transfer per carbon atom f /I is given by

a2 33
(6)

l 4~n

where n is the stage number, a is the length of the primi-
tive translation vector, and A~,. is the extremal Fermi
area of the ith band. With the choice of 6=0.12, the
charge transfer per carbon atom f /l is 0.012 yielding the
fraction 0.25 of charge on the center graphite layer. The
remaining fractional charge is distributed equally on the
two outside graphite layers. The charge transfer per
HgC12 molecule is 0.21. These results are similar to those
derived by Markiewicz for other stage-3 compounds for
which the charge transfer per intercalant molecule was in
the range 0.23 —0.57 and the interior layer fraction was
between 0.16 and 0.24.

Some interesting properties of the low-frequency oscil-
lation at 82.5 T can be indicated although its microscopic
origin is not known. This oscillation interacts to produce
combination modes. The ratio of cyclotron mass to Fer-
mi area for this oscillation is 18.6, which is significantly
larger than the ratios 6.2, 3.2, and 2.5 for oscillations f„
f2, and f3, respectively. This indicates that the 82.5-T
oscillation is different in nature from those assigned to
the three graphitic bands.

We discuss now whether the magnetic interferometer
effect that was used to explain the low frequencies of the
stage-1 and stage-2 AsF5-GIC's is present in the HgC12
GIC. In this effect, a folding of the warped cylindrical
Fermi surface on itself by an intercalant superlattice pro-
vides two paths that interfere when there is a magnetic
breakdown. This produces a low frequency and forms a
set of sum and difference frequencies with the cylinder
frequency. An intercalant ordering is required to facili-
tate the zone folding. X-ray-diffraction studies of the
HgC12 GIC show an oblique lattice and a domain struc-
ture, which are incommensurate with the graphite lattice.
An incommensurate superlattice forms gaps in the elec-
tronic spectrum, which, in principle, are infinite in num-
ber. However, usually only the lowest gaps produce
significant modulations that can modify the dHvA spec-
trum' and forms new frequencies that may disappear at
high fields, due to a magnetic breakdown. In the hexago-
nal environment of graphite, the magnetic interferometer
effect can produce seven frequencies; the interferometer
frequency fo and the larger frequencies
f,f+fo, . . .f+6f0. If we choose f=450.4 T and
f0=82. 5 T, the frequencies 533 and 615.3 T are in agree-
ment with f+fo and f+2f0, but 705 and 788 T differ

TABLE I. Experimental and calculated Data for the HgCl2-
GIC.

0

Frequency Fermi Area (A ) Effective Mass (m /mo)
(T) experiment calculated experiment calculated

by 6 to 7 T from f+3fo and f+4fo, respectively. Thus,
there is only partial support for the interferometer effect
in the HgC12 GIC. Also, it would have to be shown that
the effect can be found in magnetization measurements
that were taken in this experiment, since the classical cal-
culation indicates that it should affect only transport
measurements such as the resistivity. However, it can be
considered an alternate explanation of the HgClz GIC
dHvA spectrum and provides an explanation of the low
frequency as an interferometer orbit.

Another unusual feature of the data is that the dHvA
oscillations were not observed when the magnetic field
was tilted away from the c axis by more than 22, since
the dHvA effect from Fermi-surface cylinders should ex-
ist for larger angles. This indicates extra scattering at
larger angles. This could come from the boundaries of
the graphite layers or could be explained by another in-
teresting mechanism resulting from the two-dimensional
properties of the material.

The present results extend the understanding of the
electronic properties of stage-3 GIC's. For the HgC12-
GIC, there are single frequencies at 142.6, 533, and 788 T
from three bands, there is also a low frequency of 82.5 T
with an unknown origin. The frequencies of the other
stage-3 compounds that have been investigated by the
dHvA effect can be classified in a similar manner by con-
sidering a group of closely spaced frequencies for each
band. The reason for the splitting is not clear at this time
and could be a result of sample inhomogeneity or a more
fundamental cause. We interpret the previous work on
stage-3 GIC's in the following way. For the stage-3
SbC15, Takahashi, Iye, and Tanuma" found a low fre-
quency of 62.5 T and frequencies of 127 and 149 T for
band 1, 641 T for band 2, and 909 T for band 3. Then
Wang et al. ' observed a low frequency of 37 T and sets
of frequencies 152—179 T, 620—665 T, and 782 —840 T for
the three bands.

For the stage-3 AsF5 GIC, Iye, Takahashi, and Tanu-
ma' observed a low frequency of 72.5 T and three groups
at 100—109 T, 512—580 T, and 833—877 T that are attri-
buted to the three bands. The frequencies observed by
Markiewicz et al. ' can be attributed to the first band
(100 T) and the third band (900—1000 T).

The results for the stage-3 HNO3-GIC by Tanuma, Iye,
Takahashi, and Koike' have low frequencies of 58, 83 T
and frequencies of 167, 518, and 830 T for the three
bands. Finally, Wang, Ummat, and Datars' reported
frequencies of 172, 656, and 852 T for the three bands of
the SbFS-GIC, but no low frequency was observed.

In certain cases there are also one or more frequencies
in between 300 and 400 T that are not explained. For ex-
ample one appeared after the first cool down at 330 T in
the HgC12-GIC, but disappeared gradually after subse-
quent temperature cycles. Thus, it appears that the
dHvA effect for all the stage-3 GIC's can be interpreted
in a similar way.

V. CONCLUSIONS

The electronic properties of the stage-3 HgC12-GIC
were investigated by the dHvA effect. The three dom-
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inant dHvA oscillations associated with the basic graphi-
tic bands have been identified, possessing frequencies

f& =142.6 T, f2=533 T, and f3=788 T. An additional
oscillation at 82.5 T was observed. The effective-mass re-
sults are m*, =0.09mp m2 =0.17mp and m3 =0.19mo.
The mass for the low-frequency oscillation is

o =0. 5 o.
The experimental results for HgC12-GIC were corn-

pared to the theoretical model of Blinowski-Rigaux em-
ploying the following model parameters, yp=2. 9 eV,
y&=0. 31 eV, 5=0. 12 eV, and Ef = —0.70 eV. The
band-structure model provided an adequate description
of the experimentally determined data.

The charge-transfer coefficient per carbon atom
f/1=0. 012 was determined from the observed sum of
the dHvA frequencies. A determination of the fractional
charge distribution for the stage-3 compound indicates

that there is a deficiency of charge in the internal graph-
ite layer relative to the layers next to the intercalant.

The low frequency fo is particularly interesting and is
not explained completely at the present time. It may be
evidence of the magnetic interferometer effect in which
f0 is the interferometer orbit which combines with
another frequency to form a series of combination fre-
quencies.
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