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Abstract. The de Haas—van Alphen (DHVA) effccr of the stage-1 AICI3y graphite intercalation
compound has been studied in the temperature range from 1.5 K to 4.2 K with magnetic
fields of 2.5 to 5 T. There is a dominant oscillation with a frequency of 1250 T with the
magnetic field parallel to the ¢ axis, which corresponds to an extremal cross sectional Fermi
surface atea of 0.119 A=2. The charge transfer per C atom is 0.032¢7. The cyclotron mass is
(0.261+0.001) mp. The Fermi energy determited from the Holzwarth band mode] is —1.14 eV.
No beating of the dominant frequency is observed in the 2.5 to 5 T field range, which indicates
little undulation of the Fermi surface along the ¢ axis. The Dingle temperature Tp of one sample
is (3.1 £ 0.2) K, which comresponds to a mean free path Ip of (4.8 £ 0.4) x 10° A.

1. Introduction

Graphite intercalation compounds (GICs) can be synthesized by inserting layers of melecules
or atoms of different chemical species between the graphite layers [1]. Diiferent staging
of the GICs can be formed for different chemicals and different synthesizing conditions.
Charge transfer from the intercalants to the C atoms makes the GICs very good metals and
some donor-type GICs such as CgK are superconductors. The intercalation of AlCl; forms
an acceptor-type stage-1 GIC with alternating AlCl; and C layers.

The low charge transfer per C atom (< 0.1e¢) only perturbs the single-layer graphitic
m-band weakly, The interaction between adjacent C layers is weak because of the tight
binding of charge to the acceptors. Therefore the band structure is two dimensional (2D) in
nature, similar to that of a single graphite layer. The Fermi surface (Fs} of the 2D system is
essentially a straight cylinder with its axis along the ¢ axis. A small interiayer interaction
causes an undulation of the FS along the ¢ axis and makes the GIC less 2D.

A theoretical band structure of a stage-1 acceptor GIC was developed by Holzwarth [2]
using the linear combination of atomic orbitals (LCAO) method. The calculation included
four intralayer interactions and four interlayer interactions (for higher-stage GiCs). The
energy difference of the non-equivalent intralayer C sites was included. Because of its
complexity, analytical solutions could not be solved and numerical calculations were needed
in general. A simpler theory by Blinowski et al [3] used a tight-binding model, which
took inte account only the nearest-neighbour intralayer interactions. It gave a first-order
expansion of energy versus momentum dispersion near the corners (U and U’ points) of the
hexagonal Brillouin zone (BZ). Since the magnitude of the Fermi vector kr was only about
10% of that of ky of the Bz, the Blinowski model gave a good approximation of the band
structure of the stage-1 GIC.
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The de Haas—van Alphen (DHVA) effect can be observed in the GIC made from highly
oriented pyrolitic graphite (HOPG) or single-crystal graphite [1]. The DHVA measurements
give a direct mapping of the extremal cross section of the FS perpendicular to the field
direction, In this paper, we measured the DHVA effect of the stage-1 AICl; GIC with an
AC modulation technique [4). One dominant oscillation with a frequency of 1250 T was
observed; this is similar to those of the other stage-1 acceptor GICs [5-9]. More details will
be discussed in the following sections.

2. Experimental details

The stage-1 AICl3 GIC was made from HOPG. Slabs of the HOPG were first cut into pieces with
typical dimensions of 1.5 x 1.5 x 0.6 mm?>, The surfaces of the HOPG were peeled off and
cleaned with pure acetone in an ulirasonic cleaner for 5 min, The dried HOPG was put into
a sealed pyrex tube with 99.99% pure anhydrous AlCl; powder and approximately 600 Torr
ultra-high-purity Cly. The sealed reaction tube was put into an oven and the intercalation
of the compound took place at 180 °C for 72 h [10-12]. After the reaction, the resulting
stage-1 AICl; GIC was dark blue, shiny, soft and air sensitive. The nominal compaosition of
our samples was C;3AlCl;, determined by the weight up take from intercalation.
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Figure 1. (00l) x-ray diffraction of the stage-1 AlCl; GIC with Ce K radiation,

The {00!) x-ray diffraction pattern with Cu Ke radiation, obtained with the sample in
a leak-tight hoilder, is shown in figure 1. The diffraction peaks are indexed from (002)
to (006}, with the (003) peak the most intense one. No diffraction from other stages or
from graphite is observed. The c-axis repeat distance [, is 9.50 A, which is consistent with
previous results [11-13].

The DHVA signals were detected with the AC modulation technique [4]. The detection
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coils for the bHVA experiments consisted of a balance coil wound on top of a pick-up coil.
The exact number of turns on the balance coil was determined by minimizing the null AC
signal from the two coils.

The detection coil set could be taken from the probe so that the sample could be loaded
into the pick-up coil in a dry box. Two Kel-F plugs in the ends of the pick-up coil sealed
the stage-1 AICl; GIC from exposuze to air. The ¢ axis of the sample was along the coil
axis, as was the field of a 5.5 T superconducting solenoid. The sample and the coils were
slowly cooled down to 100 K from room temperature in 36 b before further cooling down
to 4.2 K.

The DHVA experiments were performed below 4.23 K with a slowly varying field in the
range of 2.5-5 T. The AC modulation was 47 Hz with a typical modulation field of 27.5 G
RMS along the DC field direction, and the second harmonic (94 Hz) of the DHVA signal was
detected and recorded as a function of fieid. In order to determine the cyclotron mass, the
temperature dependence of the DHVA amplitude was measured at temperatures between 2.5
K and 4.2 K with the temperatures determined from the He vapour pressure.

3. Experimental results

The DHVA oscillations with the field A paralle] to the ¢ axis are shown in figure 2.
The temperature was 1.81 K and the sample had been thermally cycled once before the
measurement. No beating effect was observed in the field range 2.5-4 T and the envelope
increased monotonically with field. A small quasi-periodic variation on top of the growing
envelope was present. This same effect was also observed in stage-1 CgK {14].
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Figure 2, DHvA oscillations of the stage-1 AlCly GiC taken at the second harmonic of the
modulation field of 47 Hz for fields between 2.5 and 4 T. The temperature was 1.81 K. The field
H and the modulation field were paraliel to the ¢ axis of the sample. This plot was generated
by a computer with 1024 digitized data points.

The Fourier spectrum of the DHVA oscillation of figure 2 is shown in figure 3. There is
one DHVA frequency F at 1250 T with a width of 15 T. The second harmonic 2F at 2500 T
(not shown) was very small. The Fourier transformation did not pick up the small variation
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of the growing envelope. This indicated the non-periodic nature of the small variation. The

inset in figure 3 shows the Fourier spectrum of the same sample after the first cooling from
300 K. The small peak at 1155 T is a frequency that disappears on thermal cycling.
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Figure 3, The Fourier amplitude versus frequency from the Fourier transform of the DHvA
oscillations in figure 2. The sample had been slowly cooled down from room temperature twice.
The inset shows the Fourier spectrum of the same sample after the first cooling down.

The angular dependence of the Fourier frequency F was measured with a rotatable
pick-up coil. Data were taken every 2° from & = 0° where 8 is the angle between the ¢ axis
and the field direction. The frequency was determined by a Lorentzian fit to the Fourier
spectrum at each angle. The Fourier frequency was expected to scale as F(8) « sec(f)
for a cylindrical Fermi surface. Such an angular dependence was observed within the
experimental uncertainty for 0° < & < 10° before the DHVA signal vanished at larger
angles.

The temperature dependence of the Fourier amplitude, amplitude(T), provided a
measure of the cyclotron mass m.. For the same field range at each temperature,

Fourier amplitude(T) o« T /sinh [b (%) T/H] (N
0

where b = 2mlkgmo/eh = 14.693TK™!, kg is the Boltzmann constant and mq is the
free electron mass. Equation (1) is derived from the Lifshitz-Kosevich theory [15]. The
Fourier amplitude versus temperatures for oscillations observed in the field range of 45 T
is shown by open circles in figure 4. The solid curve is a least-x? fit to equation (1) with
H = 444444 T, the field of the average of the reciprocal field range 0.25-0.2 T-!. The
best-fit m; value is (0.261 £ 0.001) mg.

In order to determine the field dependence of the DHvA amplitude an extra factor for
the AC modulation has to be added to the standard Lifshitz—Kosevich formula [4]. With the
second-harmonic (2 x 47 Hz) detection scheme, the muliiplying factor is —4wJa(A), where
J2(A) is a Bessel function of the first kind, w = 2 x 47, A sinw? is the AC modulation field
and A = 2z Fh/H?. When the phase factor is ignored, the detected DHVA amplitude at 2o
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Figure 4. The Fourier amplitude versus temperature of the 1250 T frequency for the field
range from 4 to 5 T. The solid curve is a least-x? fit to equation (1). The best-fit mc =
{0.261 = 0.001}szg.

is

. M (H) b(me/mo)T/H me
amplitude o ———= vH Linh SonmaT] H)] exp (—b (m—o) TD/H) L) (@)

where b = 14.693 TK™! was defined previously and Tp is the Dingle temperature. The
term in the square brackets is the thermal smearing factor and the exponential term is the
Dingle reduction factor due to a finite scattering rate with defects, impurities or magnetic
moments. Equation (2) reduces to equation (1) for a fixed field range.
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Figure 5. The puva amplitude versus the applied magnetic field A for two different temperatures
and field ranges, The solid curves are least-x 2 fits to equation (2). The Dingle temperature for
this sample is (3.1 £ 0.2) K.

The Dingle temperature 7p; can be abstracted from the field dependence of the DHVA
amplitude (shown in figure 2) because the amplitude increased with field with no beating.
Figure 5 shows the DHvA amplitude versus field H for two different temperatures and
field ranges. The solid curves are the least-x2 fit of the data points to equation (2)
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with A = 00039 T and F = 1250 T. The best-fit Tp values are (3.15 £ 0.2) K and
(3.05 £ 0.1) K for the data at 1.81 K and 3.56 K, respectively. The relaxation time
constant 7, = h/(2xksTp) = (3.9 £0.3) X 10~'*s and the mean free path Ip = 7, vp =
T, v—2Ep/m, = (4.8£04) x 10° A for the average 7p = (3.1 4+ 0.2} K.

In some samples, 2 dominant DHVA frequency between 420 T and 520 T was observed
with its DHVA signal more than two orders of magnitude weaker than the dominant amplitude
of a sample with the 1250 T frequency. The conductivity was also more than one order of
magnitude lower from penetration depth measurements. The measured cyclotron mass for
the low frequency was (0.17 &= 0.02) mp. The x-ray diffraction of these samples was not
significantly different from figure 1 and indicated no structural change. Previous studies on
other stage-1 acceptor GICs [5-8] also showed a lower DHVA frequency between 300 T and
600 T with a cyclotron mass of about 0.17 mg. These lower frequencies indicate a smaller
charge transfer (= 0.01e* per C atom) in all or part of these samples. Such a hypothetical
explanation (for the lower frequency) can also account for the lower conductivity in the
stage-1 AlCH; GIC samples with a lower frequency since less charge is transfered into the
conduction band. The microscopic origin for the presence of the lower frequency is not
understood at the present time.

4. Discussion

The Fs of the stage-1 GIC is essentially a straight cylinder at each corner of the hexagonal
BZ with the FS$ extremal area A, = (27re/R)}F = 0.119 A~2 for F = 1250 T. The Holzwarth
model gives a more accurate description than the Blinowski model because the interaction
energies between non-equivalent, in-plane C sites are not neglected. By choosing an
appropriate linear combination of interlayer wavefunctions and matrix elements [16] in the
Holzwarth model, the FS parameters can be calculated as a function of Fermi energy Eg by
solving the 2x2 Hamiltonian matrix elements by a numerical method. The area of 0.119 A2
is obtained with Fr = —1.14 eV [17]. The cyclotron mass . for this Fermi energy is
0.274 my and is in reasonable agreement with the measured value (0.261 £ 0.001) my.

Assuming the Fermi contour in the graphite plane to be circular, the radius kp of the
Fermi circles (from U or U points) is equals to /A /7 = 0.195 A-1. Thus kefky = 0.115
and the Blinowski model is also a valid description for the stage-1 AICl3 GIC.

In the Blinowski model for the stage-1 acceptor compound, the Ef is related to A, by

v3a

Ep=-— (Ac/m)'? (3)

the cyclotron mass m, is
_» [ 3, } 4n

2
= = — (—Eg/y2 4
Mo = 5= | =% . aq2 EF/7o) (%)

and the charge transfer per C atorn is

V3 a?
f/f-—%,TAe )

where @ = 246 A is the length of the primitive lattice translation vector, y, is the nearest-
neighbour intralayer interaction energy term and % is the Planck constant. Equation (3) is
only valid for the basic graphitic band.

With the experimental values m, = (0.261 £ 0.001)mp and A, = 0.119 A2, ¥ is
calculated to be 2.67 eV from equations (3) and (4). The Fermi energy Ep is then —1.11
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eV and f/l, the charge transfer per C atom, is 0.0316. The Eg = —1.11 eV in the Blinowski
model is consistent with Fr = —1.14 eV in the Holzwarth model within 3%. Both models
give a good description of the band structure of the stage-1 AlCl; GICs.

Previous DHVA work with stage-1 acceptor GIC include intercalants such as AsFs [5],
SbCls [6], SbFg [7], SbCLF [8] and CdCl; [9]. The DHVA frequency from the graphitic
7 bands in these compounds is in the range 1140-1630 T. The cyclotron mass . and the
Fermi energy magnitude increase with the DHVA frequency. All of the samples agree well
with the Holzwarth and the Blinowski model within a few per cent. Thus the electronic
properties of these compounds are very similar.

No beating effect was observed in the stage-1 AIC]; GIC which indicated no fine splitting
of the 1250 T frequency. Compared with the stage-1 CdCly GIC which has a frequency
spliting of 50 T [9], the stage-1 AICl; GIC has little interlayer interaction to split the
frequency and therefore is more 2D than the stage-1 CdCl, GIC.

One thing worth noting 1s that the Dingle temperature after the sample was cooled for
the first time is (2.2 £ 0.2) K, less than the value of (3.1 £0.2) K after subsequent cooling
cycles. This indicates less electron scattering with a longer relaxation time and may explain
why the small peak at 1155 T in the Fourier spectrum is present in the inset of figure 3. If
there were regions or domains with a slightly different c-axis repeat distance, they would
have a different FS cross sectional area and could be resolved only with the longer relaxation
time after the first cooling. Eleciron scattering may be increased enough after subsequent
cooling cycles to make these regions unobservabie.

5. Conclusions

The dHvA oscillation frequency of the stage-1 AICl; GIC is 1250 T with the magnetic field
parallel to the ¢ axis. The cyclotron mass for this frequency is (0.261 & 0.001) mg. The F8
is a straight cylinder with a cross sectional area of 0.119 A at each corner of the hexagonal
Brillouin zone. No undulation of the Fermi surface along the ¢ axis is observed. The
Blinowski model is a valid description for the stage-1 AlCl; GIC since kg/&ky = 0.115 and
the linear dispersion relation holds. yp = 2.67 ¢V and Er = —1.11 eV in the Blinowski
model and f/1, the charge transfer per C atom, is 0.0316. The Fermi energy Ef calculated
from the Holzwarth model is —1.14 eV and the cyclotron mass m. is calculated to be
0.274 my. Both models give a consistent description of the band structure of the stage-1
AlCl; cic. The Dingle temperature Tp of one sample is (3.1£0.2) K, which corresponds to
a mean lifetime 7, = (3.9+0.3) x 10735 and a mean free path Ip = (4.8 +0.4) x 103 A.
For some samples, a dominant peak between 420 T and 520 T is observed with a DHVA
amplitude more than two orders of magnitude weaker. The cyclotron mass for this band
is (0.17 £ 0.02) my. The microscopic origin for the presence of the lower frequency is not
understood at the present time.
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