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ELECTRONIC STRUCTURE AND TRANSPORT PROPERTIES
OF AuCl;-GIC

TOMOHIKO ISHII, YOSHIHIDE KOMATSU, KAZUYA SUZUKI, AND
TOSHIAKI ENOKI
Department of Chemistry, Faculty of Science, Tokyo Institute of Technology,

Ookayama, Meguro-ku, Tokyo 152, Japan

AKITO UGAWA, KYUYA YAKUSHI, AND SHUNJI BANDOW
Institute for Molecular Science, Mydodaiji, Okazaki 444, Japan

Abstract We report the optical reflectance, magnetic susceptibility, and
magnetoresistance of the first stage AuCl;-GIC wﬁich has the shortest c-
axis repeat distance among transition metal chloride GICs. The optical re-
flectance is not explained only in terms of the graphitic 7-system. The ob-
served Pauli paramagnetic susceptibility is about three times as large as that
from the graphitic 7-system. These results suggest the existence of the AuCls-
intercalate band which enhances the density of state at the Fermi energy,
although the electrons in the intercalate are more localized than those in the
graphitic plane, judging from the magnetoresistance.

INTRODUCTION

Gold trichloride-graphite intercalation compounds (AuCl3-GICs) are formed by the
intercalation of dimerized planar molecule Au;Clg. The coplanar arrangement of the
Au,Clg intercalate makes their c-axis repeat distance (ds=6.86A) shortest among
transition metal chloride-GICs.! The intercalate structure is considered to consist
of the same planar units Au,Clg as they are found in pristine Au(III)-chloride,? and
their in-plane lattice has a (3v/3 x 3v/3)R30° superstructure or a (2v/7 x 2v/T)R19.1°
one depending on a subtle change in composition, which corresponds to Cy7(AuzClg)
or Cys(Au,Clg), respectively. The charge transfer rate and the Fermi energy are
estimated by the Raman shift of the graphitic F,,; mode to be f. = —0.017 and
Er = —0.97eV, respectively, for the first stage compound, which are relatively
large among acceptor-GICs. This suggests the presence of strong electronic coupling
between the Au,Clg intercalate and the graphitic 7-system, which is considered to be

related to the short c-axis repeat distance and the coplanar intercalate structure. In
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FIGURE 1 : Temperature dependences
of magnetic susceptibility of the first
stage AuCl;-GIC.

FIGURE 2 : Reflectance data mea-
sured at near-normal incidence to the ¢
face of the first stage AuCls-GIC. The
solid line represents the reflectance cal-
culated from the Drude approximation.

this paper, we present the results of the optical reflectance, magnetic susceptibility,
and magnetoresistance measurements of the first stage AuCls-GIC to clarify the

electronic properties in relation to the unique intercalate structure.

EXPERIMENTAL RESULTS AND DISCUSSION

i)Magnetic susceptibility

Figure 1 shows the observed susceptibility x with applied field parallel and perpen-
dicular to the c-axis, which has a negative sign in the whole temperature range. The
enhancement Ximp Observed at low temperatures below about 40K is associated with
the Curie’s contribution of lattice defects and impurity which amount is estimated to
be 20ppm. The orbital contribution . obtained by subtracting x. from y is esti-
mated to be xo = —0.98 x10~"cgsemu/g. The negative value of the observed orbital
susceptibility is consistent with the theoretical prediction for intraband contribution®
in the case of the acceptor-type GICs. The Pauli paramagnetic contribution is ob-
tained by subtracting Xcore, Ximp, and Xorp from the observed susceptibility, where
Xcore 15 the contribution from the core diamagnetism (Xcore = —5.35 X 10~ "cgsemu/g,

where the composition of the sample is C14AuCl;). Then, we estimate the observed
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Pauli paramagnetic contribution ypau to be 3.0 x 10~7cgsemu/g.
On the basis of the tight-binding model for the graphitic 7-electronic structure,
the Pauli paramagnetism xf,,; associated with the r-electrons, which is proportional

to the density of state at the Fermi energy, is expressed as follows;

X Pauli = 2/‘28DF(EF) )

8EF a
D,(Er) = OrlA2t (eVlem™¥) |

(1)

where I, 7o, and b are the c-axis repeat distance, the in-plane resonance inte-
gral, and the in-plane C-C distance (1.424). Using eq. (1) and Er = —0.97¢V,
we obtain the Pauli paramagnetic contribution of the graphitic 7-system xf.; =
1.1 x 10~ "cgsemu/g. The observed Pauli paramagnetic contribution is about three
times as large as that estimated for the graphitic w-carriers, suggesting the presence
of an additional contribution to the Pauli paramagnetism. The enhanced Pauli para-
magnetism is considered to be caused by the participation of the AuCls-intercalate

band superposed upon the graphitic 7-band.

ii)Optical Reflectance

Figure 2 shows the absolute reflectance at near-normal incidence of the first stage
AuCl;3-GIC in the photon-energy range 0.31 to 3.4eV, which has a plasma edge at
~10500cm™!. At first, we analyze the reflectance data through fitting only with the

Drude approximation, using the following equation;

w2

e=¢€,— w(w—-:i'y) , (2)
where wy, 7, and ¢, are the plasma frequency, the relaxation rate, and the core
dielectric constant. The parameters are estimated to be ¢, = 8.2 and w, = 3.66eV,
respectively, after the Kramers-Kronig transformation is made. The theoretical re-
flectance is indicated by solid line in Fig. 2. On the assumption that only one
graphitic 7-band contributes to the Drude term, the Fermi energy is estimated by
using w, = 4€2Ep/h2fc and I, = 6.86A, that is Ep = —1.60eV, which is unreal-
istically large and significantly different from the value obtained from the Raman
spectrum measurement. In order to estimate the Fermi energy correctly, we need
the contribution of the interband transition between the graphitic 7- and 7*-bands
as well as the intraband transition in the analysis in the investigated energy region.

The dielectric function is expressed in terms of the Drude-Lorentz model where the
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FIGURE 3 : Magnetic field depen- FIGURE 4 : Magnetic field dependence
dence of the magnetoresistance at var- of o,, of the first stage AuCl;-GICs at
ious temperatures. 1.5K.

Drude and the Lorentz terms give the contributions of the intraband and the inter-

band transitions, respectively;

2
w, f

c = 3 P y 3
w(w + 7) + (W} — w?) +iTw ®)

E =€

where f, wy, and I are the oscillator strength, the 7-7* energy splitting (w, = 2EF),
and the effective width of the absorption band resulting from the m-7* transition.
After the Kramers-Kronig transformation, a best fitting of the data with eq. (3)
is made with the following parameters; . = 5eV, w, = 3.66eV, v = 0.108¢V, and
f = 03. In this analysis, the Fermi energy is also estimated at Er = —1.60eV,
which is considerably large in comparison with that obtained by the Raman experi-
ments. The unrealistically large Fermi energy suggests that the analysis on the basis
of the graphitic #-bands is not appropriate and an additional contribution from the

intercalate bands is required in the optical reflectance.

ili)Magnetoresistance

Figure 3 shows the magnetoresistance of the first stage AuCly-GIC from 0 to 5T at
various temperatures with J L c-axis and B || c-axis. The behavior of the magne-

toresistance is described approximately in terms of the one-carrier model since the
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magnetoresistance is in proportion to B? in the low magnetic field region (B <2T).
In the high magnetic field region (B >2T), Ap/po has a linear dependence on B.
The magnetoresistance reaches 40% of po at T = 1.5K and B = 5T. The magne-
toresistance decreases as temperature increases, and becomes 25% at T = 80K and
B = 5T. Negative magnetoresistance is observed in the low magnetic field region
(B <1T) at low temperatures (T' <60K), depending on samples. It is considered
to be associated with the weak localization of carriers which reflects the random
potential in the electronic structure introduced in the intercalation process. This is
supported by the large residual resistivity ratio (RRR~3.0) in in-plane resistivity
although a resistivity minimum is obscure.

The analysis of the magnetoresistivity p,. and the Hall resistivity p,, give con-
ductivity tensors o, and 0,,. A typical trace of o, in the magnetic field is shown in
Fig. 4, which can be analyzed approximately in terms of the one-carrier model with
hole carriers, although a deviation from the curve predicted by the model appears in
the high field region above 4T. From the experimental data, the mobility of carriers
is estimated to be p ~ 2900cm?/Vs at 1.56K, using the following equation;

2
neu’B

=~ 4

Toy 14 (pB)?’ (4)

where n is the number of carriers. The relaxation time 7 related to the mobility
g = er/m*, where the effective mass m* = 0.16m is derived from Er = —0.97€V, is
governed by the impurity scattering process 7; and the phonon scattering process 7,
as given by 1/7 = 1/7; 4+ 1/7,. The relaxation times are obtained by fitting of o,
and o,y; 7; = 2.4 x 107135 and 7, = 7.5 x 1077719 (1.5K to 240K). The quadratic
temperature dependence of 1/7, in this temperature region, which is reminiscent
of the behaviors in other GICs, suggests a large Debye temperature for in-plane
acoustic phonons. The relaxation rate 1/7, of the n-carriers at high-temperatures
(T ~ 300K), where the quadratic temperature dependence becomes less important,
is given by*

1 _ D%*kgT 2k

7, I.dhv? 3y0b’

(5)

where D is a deformation potential for the electron-phonon interaction of the graphi-
tic m-electron with the in-plane acoustic phonon (D = 16eV), d is a density of
AuCl3-GIC (d = 3.17g/cm?®), and v, is a sound velocity of the acoustic phonon
(v, = 2.1 x 108cm/s). Using kg ~ 1.4 x 107cm™! which is given by the Raman spec-
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tra, we obtain 7, = 2.8 x 10713 at 7' = 300K. This result is in good agreement with
the result obtained from the Hall effect measurement (7, = 1.5 x 10~"*s at 300K),

and suggests that the graphitic #-electrons govern the in-plane transport process.

SUMMARY

From the magnetoresistance measurement, it is found that the transport property
obeys one-carrier model in the first approximation. However, the o, data deviate
from the fitting curve based on the one carrier model with the graphitic 7-hole car-
riers at high-magnetic fields. This result suggests the presence of the second carriers
which are supposed to have too small relaxation time to be observed at low-magnetic
fields studied in the present experiment. In addition, the enhanced Pauli param-
agnetism suggests the existence of the contribution from the second carriers which
are caused by AuCls-intercalate. Moreover, the observed thermoelectric power in
AuCl;-GIC, which is one order of magnitude smaller than that of ordinary acceptor
GICs with positive sign, requires the participation of multiple carriers whose contri-
butions are compensated to each other.® The intercalate lattice is more disordered
than the graphitic plane, resulting in more localized nature of the intercalate elec-
trons. Taking into account the electronic structure established by charge transfer
from graphite to AuCly intercalate, one concludes that the electronic structure of
AuCl3-GICs is described in terms of the superposition of the graphitic #-band and
the Au,Clg intercalate band around the Fermi energy, although the electrons on the

intercalate are more localized than those on the graphitic 7-plane.
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