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The de Haas—van Alphen effect of SbF;-intercalated
graphite

G Wang, P K Ummat and W R Datars
Department of Physics, McMaster University, Hamilton, Ontario, Canada L85 4M1

Received 14 May 1990

Abstract. This paper presents the de Haas-van Alphen (bHvA) effect of the stage-3 SbF;-
graphite intercalation compound (GIC). Three groups of DHVA frequencies and carrier
cyclotron masses are explained by the Blinowski band structure model with a Fermi energy
of —=0.73 ¢V, The highly anisotropic Fermi surface of the compound is measured with the
angular dependence of the DHva frequencies. It is also found that the energy bands and the
charge distribution over the graphite layers are similar in the stage-3 SbF:-GIC and the stage-
3 8bCls-cIcC.

1. Introduction

Graphite intercalation compounds (G1cs) of SbCl; and SbF; are similar synthetic metals
with a high electrical conductivity (Wortmann er af 1988). The SbCl; Gics have been
studied extensively with respect to structure, electrical properties and chemical com-
position while the SbF GIcs have received considerably less attention. In this paper, we
present the first report of the de Haas—van Alphen (bHvA) effect in the stage-3 SbF;
GIC.

The Blinowski rigid band model (Blinowski and Rigaux 1980, Blinowski et af 1980)
is based on the tight-binding approximation with nearest neighbour interactions. It was
used to interpret the pHVA effect in the stage-2 SbCl; GIc (Zaleski et al 1987), the stage-
3 SbCls Gic (Wang et al 1988) and stage-1 and stage-2 SbCL,F GIC (Zaleski er al 1989);
and it describes the energy bands and the Fermi surfaces of the GICs to within 10%.

This paper presents the detailed results of the investigation of the electronicstructure
of the stage-3 SbF;-graphite compound by the DHVA technique. Both the temperature
dependence and the angular dependence of the DHvA frequencies were measured.
The experimental data related to the band structure are interpreted with Blinowski’s
theoretical model. The results of the stage-3 SbF; GIC and the stage-3 SbCl; GIC, reported
previously, are compared.

2. Experimental details
The stage-3 SbCl; cic was made with the method of Wu er al (1981). The starting
material was highly oriented pyrolitic graphite (HOPG) cut into 2mm X 3 mm squates

approximately 0.3 mm thick. The HOPG and SbF; were loaded into an H-shaped tube.
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Figure 1. The Fourier transform of the DHvA oscillations of stage-3 SbCl, graphite.

The SbF; side was placed in a constant-temperature bath at 20°C, and the other side
containing the sample was put into a tube furnace at a temperature of 100°C. The
reaction time was about seven days. The mass uptake showed that the sample had the
chemical composition C»SbFs which is also that of the stage-3 SbF; GIC.

The bHvA effect was observed with the low-frequency, field-modulation technique
in magnetic fields up to 5.5T. The temperature dependence of the amplitude was
measured with the c-axis of the sample parallel to the direction of the magnetic field.
The angular dependence was obtained by turning the sample to different orientations
with respect to the magnetic field direction. Samples were cooled slowly from room
temperature to liquid nitrogen temperature because it was shown previously that fast
cooling of the SbCl; GIC results in a complex DHvA spectrum (Zaleski e al 1987). The
frequencies were measured with a sample temperature of 4.2 K.

3. Results

Figure 1 shows the Fourier transform spectrum of the DHvA oscillations measured
between 2.5 and 4.2 T with the c-axis of the sample parallel to the direction of the
magnetic field. There are three groups of DHVA frequencies. The first group consists of
a dominant frequency 173 T and four close frequencies, 154 T, 198 T, 222 T and 247 T
with smaller amplitude. The second group has a dominant frequency of 656 T and two
close frequenciess 0624 Tand 685 T. The third group has two frequencies; the dominant
one is 852 T and the other 834 T.

The cyclotron masses coresponding to the three dominant frequencies were deter-
mined from the temperature dependence of the bHvA amplitudes between 1.4 K and
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Figore 2. Temperature dependence of A/ T where Figure 3. DHva frequency of the lowest frequency
A is the amplitude of the 173 T DHVA oscillation dominant oscillation as a function of magnetic
of stage-3 SbF; graphite. field direction from the c-axis of stage-3 SbF;
graphite. The full curve is for a cylindrical Fermi
surface.

4.2 K. Figure 2 shows a plot of In A/T against T. The effective masses were determined
from the proportionality of the amplitude A

A o T/sinh{bm T/Bmyg)

by a computer program. The results are m; = 0.184 my. m, =0.226 m; and m; =
0.109 .

In order to investigate the actual shape of the Fermi surface for this compound, the
angular dependence of the DHvA frequencies was measured from 6 = (° to 8 = 54°,
Here 8 is the angle between the direction of the magnetic field and the c-axis of the
sample. Figure 3 shows the plot of the dominant bHva frequency in the first group as a
function of the angle 8. The full curve represents the prediction for a straight cylinder
of the Fermi surface given by f = fy/cos 8. From figure 3 one can see that the DHVA
frequency does follow a cylindrical behaviour for angles up to about 40°. For larger
angles, there are deviations from the cylindrical fit. At 8§ =54° there is a substantial
difference between the frequency and the prediction for a Fermi surface cylinder.

4, Discussion

The simple, tight-binding model proposed by Blinowski et al assumes that the in-plane
unit vectors are the same as in graphite and the c-axis unit vector is equal to the
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Table I.

Area (A™%) Frequency (T) Mass (mg)
Exp. Cal. Exp. Cal. Exp. Cal.
0.0164 0.0163 172 168 0.109 0.101
0.0626 0.0651 656 684 0.184 0.184
0.0813 0.0814 852 849 0.226 0.212
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Figure 4. The band structure of stage-3 SbF; graphite with the band structure parameters
§=0.13,y,=2.8and y, = 0.31

intercalate—intercalate spacing. This gives n valence-conduction pairs of bands for
a stage-n compound. The electron dispersion is assumed to be independent of the
intercalated species and the number of electrons transferred from the graphite.

The model is used by assuming the band parameters y4(2.8 ¢V), y,(0.31eV), and
6(0.13 eV) for stage-3 SbCl; graphite and calculating the areas of the three bands as a
function of energy. The value of the Fermi energy is adjusted to fit the experimental
Fermiareas obtained fromthe equation A = #f/2xe. The fitted Fermienergy (—0.73 eV)
and the band parameters (v, v,, 8) are then used to calculate the DHvA frequencies
(f = 2meA [k} and cyclotron masses (m, = (h*/27)(3A /8 E) ¢ ) with the area functions
from the band model. The comparison of the experimental data with the model is shown
in table 1.

One can see from table 1 that the model of Blinowski et ol predicis the areas and
frequencies to within 4% and the values of the effective masses to within 7% of the
observed ones. This is within the accuracy expected for the model.

The energy bands for the stage-3 SbCls GIC are shown in figure 4. There are three
valence bands and three conduction bands. There is little overlap between the valence
and conduction bands. The valence bands are unoccupied because some electrons are
transferred to the acceptor intercalate species. The Fermi energy is negative with 2 value
of —0.73 ev and is shown by the broken line in figure 4,

The fraction, z, of the excess charge accumulated on the internal layer of the stage-
3 acceptor compound can be found from the relation (Blinowski and Rigaux 1980)

20=0.1+(f/D(57.6z~-2Tev )
where the parameter 24 is the potential energy difference between the external and
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internal layers and f is the charge-transfer coefficient per intercalated molecule in the
compound with a composition Cy.

The charge transfer per carbon atom, f/1, is directly proportional to the sum of the
DHVA frequencies

fli=(f1 + f2 + £3)/118371 (2)

With the values for f, + f, + f3 given in table 1, f// = 0.0142, Then with § =0.13 eV,
the fraction z of the excess charge accumulated on the internal layer is 0.242. This value
of z being larger than zero and smaller than 4 means that the charge distribution along
the c-axis of the sample is neither 2 metallic sandwich nor a uniform charge distribution.
There is a deficiency of charge on the internal graphite layer relative to the layer next to
the intercalant.

The angular dependence of the DHvA frequencies gives insight into the actual shape
of the Fermi surface. From figure 3, it is evident that the Fermi surface is not a straight
cylinder because the observed frequency does not follow the cylindrical prediction at
high angles. The negative deviation from the prediction means that the cross-sectional
areaof the Fermi surface is gradually decreasing with wave vector &, along the z direction.
The change in the area could arise from an undulation of the Fermi surface. The
undulation of the Fermi surface could cause the splitting of the DHvA frequency for each
band because it has more than one external cross-sectional area.

The Blinowski model predicts a straight, cylindrical Fermi surface. The reason the
real Fermi surface is not this simple is that the potential energy variation in the graphite
subsystem, that is neglected in the model, must be included. Imperfections, particularly
the domains of intercaiated monolayers, can play a critical role in the perturbation
of the graphite—graphite and graphite~intercalant interactions. This affects the band
structure of the graphite compound and makes the Fermi structure more complicated
than a cylinder.

The stage-3 SbF; and SbCl; Gics have many things in common as shown by the
comparison of data for the two compounds in table 2. They are similar with respect to
intercalate structure, energy band structure and charge distribution along the c¢-axis.
This occurs because SbF; and SbCls have similar chemical properties and a similar
electron affinity, and results in a similar charge transfer from graphite to SbCl; and SbF;.
The properties of their energy bands are, then, expected to be similar to those predicted
by the rigid band model.

5. Conclusions

The DHvA measurements for stage 3 SbCl; GIC show three groups of DHVA frequencies
which are identified with the basic graphite bands.

These frequencies are used to determine the Fermi energy of the compound by using
Blinowski’s band model. The band parameters ¥, ¥, and y are taken to be the same as
those in the stage-3 SbCl; GiC and the observed frequencies agree with the theoretical
predictions. The values of the measured cyclotron masses agree with the three values
calculated from the model.

The fractional charge distribution shows that there is a deficiency of charge in the
internal graphite layer relative to the layers next to the intercalant.
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Table 2.
SbCls SbF,

Repeat d-spacing I 16.02 A 15.05 A
Chemical composition C, X  CyuSbCls C,SbF;
Band parameters (eV) E ~0.71 -0.73

8 0.13 0.13

Yo 2.8 2.8

Yi 6.31 0.31
DHva frequencies (T) . F 654 656

F, 811 852

F3 152 172
Effective masses (14} m} 0.16 0.184

my 0.22 - 0.226

m3 0.086 0.109
Charge transfer/carbon fi 0.0137 0.0142
Fractional charge on internal layer 2 025 . 0.24

The comparison of the SbF; GIC with the SbCl; GIC shows that they are similar in
intercalate structure, Fermi structure and charge transfer.
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