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Low-stage acceptor-type graphite intercalation compounds (GIC’s) have been synthesized with inter-
calants Br,, ICl, CuCl,, AlCl;, FeCl;, ICl;, AIC);Br, SbCls, and H,80,. For the GIC that could be
prepared in high-quality quasi-single-crystalline form, the electronic parameters were investigated by
means of magnetotransport and Hall-effect measurements in the temperature interval 1.4 K<T<4.2 K
and in high magnetic fields (up to 35 T). In low magnetic fields for all first-stage compounds and most
second-stage compounds a single Shubnikov-de Haas (SdH) frequency was observed. The angular
dependence of the SdH frequency revealed a nearly cylindrical Fermi surface. However, for the second-
stage compounds C;,ICly ¢ and Cg 6AICl; 4 a more complicated Fermi surface was observed. In the case
of Cx,ICl, s the Fermi surface consists of two concentric cylinders, while for C; ¢AICI; 4 frequency beats
of two close frequencies were observed, yielding a Fermi surface in the shape of an undulating cylinder.
The undulated Fermi surface possibly originates from the interaction between carbon atoms in neighbor-
ing graphite layers separated by the intercalant. The experimental data are compared to the band-

structure model proposed by Blinowski and co-workers.

I. INTRODUCTION

Over the past decade the intercalation of graphite has
attracted much attention because it provides a powerful
technique for the controlled variation of materials param-
eters. Up to the present, a wide variety of graphite inter-
calation compounds (GIC’s) has been synthesized and
characterized (Refs. 1 and 2). GIC’s show a multiplicity
of physical phenomena, among which superconductivity
and magnetic order are perhaps the most alluring. In ad-
dition, GIC’s offer wide possibilities to study charge
transport in quasi-two-dimensional structures. The phys-
ical characteristics depend on many factors, like the na-
ture of the intercalant (acceptor or donor type), the stage
number N (i.e., the number of graphite layers between the
nearest intercalant layers), and the method of synthesis.

Acceptor-type GIC’s may be synthesized by the inter-
calation of halogens, interhalides, metal halides, or acids.
Interestingly, these materials can have a very high electri-
cal conductivity (in the hexagonal basal plane) at room
temperature, which, in combination with a low specific
weight, makes them potentially attractive for applica-
tions. Detailed knowledge of the electronic band struc-
ture of GIC’s is of great importance for the explanation
of the high conductivity and for the controlled search for
GIC’s with desirable physical properties. Comprehensive
information about the band structure, the Fermi surface,
the effective masses, and the carrier concentration is pro-
vided by the investigation of magnetic quantum oscilla-
tions at low temperatures, preferably over a wide range of
magnetic fields. However, for such investigations macro-
scopic single crystals of sufficient quality must be avail-
able. The aim of the present paper is to report upon the
synthesis of a series of high-quality quasi-single crystals

0163-1829/95/51(16)/10313(7)/%06.00 51

of low-stage acceptor-type GIC’s with intercalants Br,,
ICl, CuCl,, AICl;, FeCl;, ICl;, AICl;Br, SbCl;, and
H,SO,, and the subsequent experimental characterization
by means of electrical conductivity, the Shubnikov—-de
Haas (SdH) effect, and the Hall effect. Magnetotransport
measurements have been performed in the temperature
interval 1.4 K <T <4.2 K and in magnetic fields up to
35T.

II. SYNTHESIS AND EXPERIMENTAL TECHNIQUES

The samples were prepared by the intercalation of
highly oriented pyrolytic graphite. The pure graphite,
annealed at a temperature of 3300 K, is characterized by
a basal-plane grain size of ~10° A .and an interlayer dis-
tance (along the c axis) d, of 3.356 A. The misorientation
angle of the grains with respect to the ¢ axis was less than
1°. Before intercalation, the graphite specimens were
washed in acetone and subsequently degassed in vacuum
for 20 min at a temperature of 700 K.

The intercalants were prepared in various ways. ICl
was produced by synthesis from the elements and purified
by recrystallization from the melt. CuCl, was produced
by dehydration of the crystalline hydrate CuCl,-2H,0 in
boiling sulfurchloride with subsequent distillation of ex-
cess SOCI,. Purification of the anhydrous copper
chloride was then carried out by distillation in a stream
of dry chlorine at a temperature of 950 K. AICl,;, FeCl,,
ICl;, and SbCls were produced by synthesis from the ele-
ments and refined by multiple distillation in a dry
chlorine flow or in vacuum (in the case of SbCl;). Pure
Br, and H,SO, were purchased.

GIC’s containing ICl, CuCl,, AlCl,;, FeCl,;, and ICI,

10 313 ©1995 The American Physical Society



10 314

TABLE 1. Crystallographic parameters of the investigated
first- (N=1) and second- (N =2) stage graphite intercalation
compounds: d; is the thickness of the intercalant layer, I, is the
c-axis repeat distance.

Chemical composition N d (A I, (A)
C9'3i0'1A1C13.4j:0.] o 1 . 9 54:t0 01 9.54:t0.01
C9.5:t0.2A-1C13Br0.6j:0.1 7 1 . o 977:t0.01 9.77:t0.01
CzH,S0, 1 7.98+0.01 7.98+0.01
C27.Sj:0.SIC13.0:tD.1 . 2 X 6.89i0.01 10.24:t0.01
Caa.540.55bCls 01-0.1 2 9.36+0.01 12.71+0.01
Clﬁ.z:tO.ZBrl.O:tO.l 2 7.0310.01 10.38+0.01
C6ICly g 2 7.1620.01 10.51+0.01
Co.3:40.1CuCly 05:£0.02 2 9.40+0.01 12.7540.01
C16.3i0.2IC]~1.10j:0.03 ~ 2 7.12i0.01 10.47:t0.01
Cia.o+0.1FeCls o401 2 9.40+0.01 12.75+£0.01
Cis.640.2A1CL 4501 2~ 9.48+0.01

dicular to the 5X1-mm? surface).

12.8330.01

were prepared by the vapor method in a two-zone quartz
or glass ampoule in a chlorine atmosphere. When AICl,
was intercalated in a bromine atmosphere, aluminum
chloride GIC’s with different bromine concentrations
were formed. Variation of the temperature gradient be-
tween intercalant and graphite yielded GIC’s of different
stoichiometries. The temperature gradient also prevents
condensation of the intercalant on the surface of the sam-
ples. GIC’s containing Br,, SbCl; and H,SO, were syn-
thesized by the liquid-phase method. Most of the com-
pounds were sensitive to moisture, and, therefore, the
samples were kept in a hermetically sealed chamber filled
with dried argon.

The prepared specimens were analyzed chemically and
investigated by means of x-ray techniques. The resulting
chemical composition, the stage number N, and the
relevant lattice parameters, i.e., the thickness of the inter-
calant layer d; and the c-axis repeat distance
I,=d;+(N —1)d,, where d,=3.35 A is the c-axis lattice
parameter of graphite, are listed in Table I. These
analysis methods gave no direct information about the
possible defect structures. However, the high quality of
the prepared single-crystalline specimens is assured by
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the detection of magnetic quantum oscillations at low
temperafures.
In order to perform magnetotransport measurements,

. electrical leads (copper w1res) were attached to the sam-
‘ples, under a protective argon aimosphere, using silver

paint. The samples had barlike shapes with typical di-
mensions 5X1X0.5 mm? (the ¢ axis is directed perpen-
Transverse magne-
toresistance and Hall-effect measurements were per-
formed, using standard four-point techniques, for a

. current directed in the basal plane and a magnetic field

applied along the ¢ axis. Measurements in low magnetic
fields were performed using a superconducting solenoid
(B pax =6 T). Measurements in high magnetic fields (up

- to 35 T) were carried out at the High Field Facility of the

University of Amsterdam. This long-pulse magnet is
capable of reaching fields up to 40 T with a total pulse
duration of 1 s. In order to prevent eddy-current heating,
the samples are immersed in liquid helium.

III. RESULTS

The Hall coefficient Ry of the prepared GIC’s was
measured in magnetic fields up to 6 T at liquid-helium
temperatures. In this field and temperature range, Ry is
constant and positive for all compounds. This confirms
that the investigated GIC’s are of the acceptor type. The
resulting hole concentration for the investigated speci-
mens, ny =1/eRy, is listed in Table II. For stage-1 com-
pounds ny is of the order of (0.1-0.2)X 10% m ™3, while
for stage-2 compounds ny amounts to (1-3)X10%® m™3
i.e., roughly one order of magnitude larger. An exception
is formed by the case of Cy sAlCl;Br, ¢, wWhere the pres-
ence of additional Br leads to a considerable enhance-
ment of the carrier concentration.

Most of the specimens showed pronounced quantum
oscillations in the transverse magnetoresistance. Some
typical results for the stage-1 compounds Cg;AICL ,,
Co sAICLBrg ¢, and CgH,SO, obtained at T =4.2 K are
shown in Fig. 1. A common feature of the low-field
Shubnikov—-de Haas (SdH) oscillations of these stage-1
compounds and the stage-2 compounds C,4,ICl, ,,

TABLE II. Parameters of the energy spectrum of first (N =1) and second (N ==2) graphite intercalation compounds. Ry is the
Hall constant, ny and ngyy give the carrier (hole) concentration determined from Ry and the SdH oscillations, respectively, S is the

exiremal cross section of the Fermi surface,

m® /my is the effective mass in units of the free-electron mass, y, is the intraplane in-

teraction parameter, and Er is the Fermi energy.

‘ Ry S, ng Msdn Yo Er
Compound N  (107¢ m¥/C) A™ (10% m~—3) (10 m™3) m* /my V) (eV)
Cs4AICk , 1 0.5 0.00104-0.00002 0.12 0.11 0.065::0.003 3.2 —0.12
CssAICLBr,s 1 0.017 0.0326::0.0003 3.6 3.4 3.2 —0.69
C3H,SO, 1 0.27 0.00189-:0.00002 0.23 0.23 0.070+0.002 3.2 —0.14
Cyy5ICY, 2 0.022 0.0287::0.0003 2.8 2.9 0.148+0.008 2.4 —0.34
C1elClo s 2 0.016 0.0414::0.0003 3.9 3.9 0.187+0.007 2.5 —0.47

0.0072£0.0003 _ _
Cs,5CuCl, 2 0.047 0.0162::0.0005 1.3 1.3 0.091-0.005 2.7 —0.25
Cue5ICL 2 0.024 0.0272+0.0003 2.6 2.5 0.130+0.001 2.5 —0.34
C,FeCly 2 0.025 0.0303-£0.0003 2.5 2.4 0.145+0.007 2.7 —0.35
*Cpa.6AICI; 4 2 0.023 0.03890.0005 2.7 2.8 0.15+0.03 2.5 —0.43

0.03231+0.0005
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FIG. 1. Shubnikov—~de Haas oscillations in the transverse
magnetoresistance of the first-stage GIC’s CzH,80,, Co 3AICl; 4,
and C9_5AIC13BI'0’6 at T=4.2 K.

C,y sCuCl,, C;,FeCl,, and C,, 5ICl; is the monochromatic
nature of the oscillations (one single frequency F), indi-
cating the presence of only one extremal cross section of
the Fermi surface Sp. By varying the angle 8 between the
applied field and the crystallographic ¢ axis, it was found
that Sr(8)=Sz(0)/cosO, which confirms a nearly cylin-
drical Fermi surface in these GIC’s. However, the ampli-
tude of the SdH oscillations decreases rapidly with in-
creasing 8, which limited the range of 6 values for which
it was possible to carry out the measurements to approxi-
mately 30°. The extremal Fermi-surface cross section
Sg(0)=(2me /7)F (0) (Ref. 3) of the investigated samples
is listed in Table II. The hole concentrations deduced
from the SdH oscillations, ngyy =4Sy /{(27)°I,}, are also
listed in Table II, and are in good agreement with the
ones determined from the Hall-effect measurements (ng ).

The sensitivity of the carrier concentration and, hence,
the Fermi-surface cross section, of some compounds to
the presence of the additional halogen is illustrated by the
SdH signal of Cq,AICl; 4 GIC’s. After a two-day hold in
helium atmosphere the extremal cross section decreased
from 0.00104 to 0.00081 A~ (see Fig. 2), while the lat-
tice parameters did not change. This can be explained by
the evaporation of additional chlorine from the inter-
calated layers, as confirmed by chemical analysis.

For some specimens the SdH signal was investigated in
high magnetic fields up to 35 T. In Fig. 3, the oscillatory
part of the transverse magnetoresistance of the second-
stage GIC’s C;3 4AICl; 4 and Cy ;CuCl, is shown. The
corresponding Fourier transforms are shown in Fig. 4.
In the SdH oscillations of C;g ¢AlICl, 4, frequency beats
are seen, yielding evidence for two close frequencies (338
and 408 T) of different amplitudes. In the Fourier trans-
form two frequencies appear in the fundamental and first
harmonic peaks. In the case of Cq ¢CuCl,, up to five har-
monics of the fundamental frequency (170 T) appear in
the Fourier transform. No frequency beating was ob-
served. Peak splitting is visible for C;54AlCl;, at
T=4.2 K in fields exceeding 26 T (see Fig. 3). In the
case of Cgy gCuCl,, peak splitting is not obvious at 7' =4.2
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FIG. 2. Shubnikov—de Haas oscillations at 77=4.2 X in the
transverse magnetoresistance of the first-stage GIC C, ;AICl, 4
before (1) and after (2) a two-day hold in helium atmosphere at
room temperature.

25 — T T T ' )
T=42K Blc

20 -
£ C18.671C13.4
b~}
g 15+ 7
<
=
-% 10 -
8 . Cy glucl,
4

0.5 y

0.0 " 1 I 1 A 1 e

0 10 20 30 40
Magnetic field (Tesla)

FIG. 3. Shubnikov-de Haas oscillations in the transverse
magnetoresistance of the second-stage GIC’s C,3 ¢AlCl; 4 and
C;.3CuCl, at T=4.2 K. The connected arrows indicate peak
splitting (see text).
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FIG. 4. Fourier transforms of the SdH oscillations of
C5.6AICI; 4 and Cy {CuCl, (T =4.2 K).
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FIG. 5. Shubnikov-de Haas oscillations in the transverse
magnetoresistance of the second-stage GIC Cy (CuCl, at T=1.4
K. The connected arrows indicate peak splitting (see text).

K, due to the high amplitude of the harmonics of the
main frequency. However, when lowering the tempera-
ture to 1.4 K, peak splitting becomes clearly visible in
fields exceeding 10 T (see Fig. 5). We attribute the peak
splitting to spin splitting. The positions of the peaks due
to spin-up and spin-down in magnetic field are marked by
the connected arrows in Figs. 3 and 5. As is well known
(Ref. 3), the energy distance between the Landau levels is
given by A¢y=7#w,, where o, is the cyclotron frequency,
and the spin splitting is given by Ae, =guzH, where g is
the g factor and py is the Bohr magneton. The ratio of
spin splitting (that is, the distance between two levels
with spin-up and spin-down belonging to the same Lan-
dau level, marked by the connected arrows in Figs. 3 and
5) to the orbital splitting (the distance between the
nearest Landau levels) is y =A¢y /A, =(1/2)g(m™* /my).
From our experimental data ¥ amounts to =0.37 and
#=0.45 for Cg 3CuCl; and C3 (AICl, 4, respectively.

SdH oscillations for the stage-2 GIC CJICl, ¢ are
shown in Fig. 6, while the corresponding Fourier trans-
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FIG. 6. Shubnikov-de Haas oscillations in the transverse
magnetoresistance of the second-stage GIC C(ICl; 4 at T=4.2
K.

Frequency (Tesla)

FIG. 7. Fourier transform of the SdH oscillations of C,,IClg ¢
(T=4.2K).

form is shown in Fig. 7. Here we observed two distinctly
different frequencies, a low frequency f,=76 T and a
high frequency f,=434 T, which are connected to
different sheets of the Fermi surface (see Sec. IV B).

In the case of the stage-2 GIC C,4 sSbCls a complicat-
ed Fourier spectrum was observed, which depended on
the cooling rate. For rapidly cooled samples many SdH
frequencies were observed. A similar result was previous-
ly reported by Yosida and Tanuma (Ref. 4). Conversely,
for slowly cooled samples, only two frequencies are ob-
served, which arise from the basic graphite bands. The
complicated Fourier spectrum of the SdH oscillations in
the rapidly cooled case might be explained®® by a
freezing-in of the high-temperature structure of the inter-
calate. For the slowly cooled samples the intercalant
structure is incommensurate with the graphite lattice,
and thus one expects to observe only frequencies connect-
ed to the basic graphite bands. The present data for
C,4.sSbCl; basically confirm the measurements previously
reported in Refs. 4-8.

IV. ANALYSIS

A. First-stage compounds

The increase of the spacing between the graphite layers
by the intercalant leads to the formation of a strongly
modulated electronic structure along the ¢ axis. In the
most simple approximation the first-stage compounds can
be considered to consist of a set of equivalent graphite
layers (or layered graphite subsystems) without interac-
tion.! In this case the dispersion law (in the vicinity of
the K point), neglecting spin-orbit interaction, can be
written in the form®

E=x+3ygbok , 1)

where v, is a parameter which describes the carbon
nearest-neighbor interaction energy, as defined by the res-
onance integral for the overlap of wave functions at
neighboring carbon atoms, by(=1.42 A) is the carbon
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nearest-neighbor distance, and k is the wave vector. The
observation of one single frequency in the SdH signals of
the investigated stage-1 compounds is consistent with Eq.
(1). The experimental values for the extremal cross sec-
tion Sp=wk} and the effective mass, m*=4#E./
(9y3b2) as determined from the temperature dependence
of the SAH oscillations, are listed in Table II. With the
value for ¥, of 3.2 €V, as reported for pure graphite, 1 we
have evaluated Ep using Eq. (1) (see Table IT). On the
other hand, one may also evaluate y, directly from the
experimental values of Sr and m*. However, this results
in a value y4~=1 eV, which is much too low and therefore
not realistic. This implies that the experimental data of
the SdH effect of the first-stage compounds Cg ;AICI; 4
and CgH,SO, cannot be described satisfactorily within
the simple model proposed by Blinowski et al.

B. Second-stage compounds

The second-stage GIC’s can, in the most simple ap-
proximation, be considered as independent sets of double
graphite layers (or graphite subsystems) separated by the
intercalant. The band structure comnsists of two valence
and two conduction bands. Blinowski ez al.’ derived the
following dispersion law (in the vicinity of the K point):

Ef,’2=%{i1/1—-\/1/%+3a27/%k2} , 2)

where the subscript v refers to the valence bands. Here
a=byv'3=2.46 is the magnitude of the in-plane
translation vector, and ¥, is a parameter which describes
the interaction energy of nearest-neighbor carbon atoms
belonging to adjacent graphite layers. This band struc-
ture is schematically shown in Fig. 8. The extremal cross
sections of the Fermi surface of the two valence bands are
given by

4

sh2= 30372 |Exl(|Epl£y ), (3)
0

E (eV)
o
o

1

06 04 02 00 02 04 06
k(A1

FIG. 8. The band structure of the second-stage C;5ICly 5 ac-
cording to the model by Blinowski et al. (Ref. 9). The band-
structure parameters derived from the experiments equal

vo=2.5eV and Ez=—0.47 eV.

10317

and the effective masses (hole conduction) are given by

12

2 L g2 322
*=_ﬁ_§§_— 2% ‘ 2 oS @

2r 0B 3a%2 '«

For most of the second-stage compounds we observed
only one fundamental frequency in the SdH signals, ex-
cept in the case of C(ICl, 5 (the frequency beats observed
in Cy5¢AICL; 4 will be discussed in Sec. IV C). This im-
plies that for these compounds the Fermi surface consists
of one single cylinder. The carriers (holes) occupy the
upper valence band only. Using the experimental values
for the extremal cross sections and the effective masses
(see Table II) we have evaluated y, and Ep with help of
Egs. (2) and (3). For the interaction parameter ¥, which
also defines the energy difference between the two valence
bands, we used the value of 0.377 eV reported in Ref. 9.
The results are collected in Table II.

The Fourier transform of C;¢ICl; ¢ clearly reveals the
presence of two frequencies, a low frequency and a high
frequency. This shows that the Fermi surface consists of
two cylinders. Using the experimental data we calculated
the band parameters for the upper and lower bands, while
the Fermi energy was adjusted to fit the experimental
cross-section areas. The resulting band structure is
shown in Fig. 8. The band parameters y,=2.5 eV and
71=0.377 eV give a satisfactory agreement with a value
for the Fermi energy of —0.47 eV. The increase in the
number of holes in acceptor-type GIC’s when compared
with graphite results in a stronger screening of the atomic
potentials, and reduces the parameter ¥, with respect to
the value for pure graphite (3.2 eV).

C. Undulated cylindrical Fermi surface in C3 ¢AICI; 4

In the SdH oscillations of the second-stage GIC
C,3.6AICl, 4 frequency beats are observed in high magnet-
ic fields, yielding two close frequencies. Within the band
structure model proposed by Blinowski et al., the Fermi
surface consists of either one straight cylinder (|Ep| <7,)
or two straight cylinders with distinctly different cross
sections (|Egp|>y,). Therefore, the detection of two
close frequencies cannot be described with this simple
band-structure model. The observed SdH signal can,
however, be explained by-assuming interlayer interactions
resulting in a Fermi surface consisting of an undulating
cylinder with two extremal cross sections for a magnetic
field applied along the ¢ axis, at k, =0 (the K point of the
Brillouin zone) and at k, =w /I, (the H point). Such an
undulating cylindrical Fermi surface was previously
detected for thé binary intercalated first-stage GIC’s
CIOCuCIZICIO.G (Refs. 11 and 12), C15CuCIZIClL2 (Refs.
13-15), and C,,FeCLICl, ;5 (Ref. 16), with the help of
the SAH effect!' !¢ and transport measurements.!! More
recently, an undulated cylindrical Fermi surface was re-
ported!” for the first-stage GIC Cs sCdCl,.

In considering interlayer interactions, one may assume,
in a first approximation, that the energy spectrum of
GIC’s originates from the graphite energy spectrum.
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Within the McClure-Slonczewski-Weiss model for graph-
ite, %1% and taking into account only the band parameters
¥o (nearest-neighbor intralayer interaction) and 7y,
(nearest-neighbor interlayer interaction), the dispersion
law for the two valence bands can be written in the form

E ,=*v} cosg* —V y*2cos?p* +n*2k? (5)
where
kI, ayy
g2, =il ©)

The relevant parameters are now marked by a star in or-
der to distinguish them from the parameters of Egs.
(1)-(3). The main difference between Eqs. (5) and (2) is
_that in Eq. (5) a k, dependence is included which results
in an undulation of the Fermi surface. The extremal
cross sections for the two valence bands at k,=0 are
given by

¢

_ Bl EL 1227 1)

Sta 7+ - -
The effective masses for the two cross sections are
4#?
mi,=———=(|Eg|Zy}). (8)
1,2 3a2y(’,‘2 | F| Y1

Using the experimental value for the extremal cross sec-
tion of the Fermi surface of the upper valence band at
k,=0, Sy=0.0389 A2, and the experimental value for
the effective mass, m*/m,=0.15, we have evaluated,
with the help of Egs. (7) and (8), values for E and yg
where we used a value y§=%,=0.377 eV (see Table II).
As |Ez|(=0.43 eV) <2y}, we did not observe the lower
valence band in the SdH signal (2y} is the energy separa-
tion between the upper and lower valence band in this
model). The experimental Fermi-surface cross section at
k,=m/I. amounts to Sp=0.0323 A2, which yields an
undulation of 17%.

V. DISCUSSION

One of the reasons for the complicated energy spec-
trum of the GIC’s is the possible interaction between car-
bon atoms in neighboring layers separated by the inter-
calant layer. Such interactions were conclusively report-
ed! to exist in donor-type GIC’s. Also, for several
acceptor-type GIC’s the importance of the interlayer in-
teraction between the carbon atoms was stressed.?0”
One of the key parameters is the conductivity along the ¢
axis. It is obvious that a cylindrical Fermi surface results
in zero electrical conductivity along the ¢ axis, because
the hole velocity is perpendicular to the Fermi surface.

The direct interaction between carbon atoms in neigh-
boring layers, described in graphite by the parameter v,
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is very sensitive to the interlayer distance, and decreases
exponentially as this distance increases. The presence of
intercalant molecules creates the possibility for some
kind of indirect interaction between the carbon atoms
separated by the intercalant molecules, by means of over-
lap between the acceptor and carbon 2p, orbitals. There-
fore, it is, strictly speaking, not possible to neglect inter-
layer interactions for some of the GIC’s. Consequently,
monointercalated low-stage GIC’s also cannot be con-
sidered as purely two-dimensional (2D) systems. This
phenomenon was previously studied!! ™' in binary inter-
calated GIC’s. The 2D versus 3D character of the sys-
tem depends on the interlayer spacing and the strength of
the interactions between layers. This point was further
elucidated by Markiewicz.”’ The crossover from 2D to
3D behavior may explain the existence and peculiarities
of the c-axis conductivity in low-stage GIC’s. 2V Of
course, we cannot completely exclude the possibility that
the beating in the SAH oscillations for C;g ¢AlICl; 4 arises
from sample regions with slightly different concentrations
of intercalated molecules and, hence, different concentra-
tions of holes. However, we stress that according to the
x-ray data all samples were monophase.

The experimental results indicated that the ratio of the
spin to orbital splitting amounts to 0.37 and 0.45 for
Cy.sCuCl, and C g AICl, 4, respectively. Since y =gm */
2m,, we conclude that the value of the g factor for holes
in GIC’s is almost the same as for 2D electrons in GaAs-
Ga,_,Al As heterostructures.”> The enhancement of
the g factor in heterostructures was attributed to the ex-
change interaction of carriers. The same mechanism
might be evoked for the quasi-two-dimensional GIC’s in-
vestigated.

In summary, we have investigated the energy spectrum
of various first- and second-stage graphite intercalation
compounds by the Shubnikov—de Haas effect, and com-
pared the results with the band-structure model proposed
by Blinowski et al. A satisfactory agreement is found for
the stage-2 compounds only, except in the case of
C 5. 6AICl, 4, where the Fermi surface consists of an un-
dulating cylinder. The undulating Fermi surface can be
explained satisfactorily with a band structure adapted
from the McClure-Slonczewski-Weiss model, taking into
account the energy parameter ¥} which describes the in-
teraction between the layers.
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