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Thermal transport properties of SbC15 graphite
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Thermopower and thermal conductivity have been measured between 2 and 300 K on

SbC15 graphite intercalation compounds spanning the stages 2—10. In addition, a strong
~

. transverse magnetic field has been used to separate the electronic and lattice parts of the
thermal conductivity. The thermopower of all compounds is positive and increases with

stage index. An anomaly near 230 K is associated with the commensurate-incommen-

surate transition. The thermal conductivity at high temperatures increases with the stage
index but is significantly smaller than the coriductivity of pure graphite. However, below

about 5 K, the thermal conductivity of the intercalated material is larger than that of
graphite due to as much as an order-of-magnitude enhancement in their electronic ther-

mal conductivity. The lattice thermal conductivity of the intercalation compounds is
smaller than that of graphite but it shows a surprising stage and temperature dependence

which suggests that the low-frequency lattice modes of intercalant provide a significant
contribution, particularly at low temperatures.

I. INTRODUCTION

The study of graphite intercalation compounds
(GIC's) is currently an intensively pursued area of
solid-state physics and material science. In a rela-
tively short time, a large amount of information
has been gathered on the structural and electronic
properties of these materials' and headway has
been made in understanding their unusually high
electrical conduction. On the other hand, investi-

gations of thermal properties, notably thermal con-
ductivity and the thermoelectric power, are sparse.
Ubbelohde measured the thermopower of HNO3
graphite down to about 200 K and, most recently,
the I.ouvain group in collaboration with the NIT
group investigated the thermal properties of a few

samples of FeC13 graphite and a stage-5 potassium
graphite.

We have undertaken measurements of the ther-
mal conductivity and thermopower on samples of
highly oriented pyrolytic graphite (HOPG) inter-
calated with SbC15, spanning the stages 2 to 10 and
a temperature range 2—300 K. SbC15 forms the
most air-stable acceptor-type GIC and this is one
of the reasons why we have chosen it for the ther-
mal transport investigations. Furthermore, the
structure and its stage and temperature dependence
have been well established by studies at this institu-
tion and elsewhere. ' Most recently we have re-
ported on the occurence of a commensurate
(~&X~7) to incommensurate transition at around
230 K for stages X)2 which was accompanied by

an anomalous and strongly hysteretic resistivity
contribution.

Thermal conductivity and thermopower mea-
surements are powerful tools which can provide an
insight into several fundamental phenomena (con-
tribution of electrons and phonons, elasticity of
scattering, phonon-drag effect, etc.) which govern
the transport properties of solids and which are ei-
ther difficult or outright impossible to obtain by
any other means. In this paper we apply these
techniques to a systematic investigation of SbCis
graphite intercalation compounds and report on
our findings.

II. EXPERIMENTAL

Thermopower and thermal conductivity were
determined by a steady-state technique over the
temperature range 2—300 K. Samples were
prepared by the standard two-temperature-zone
method in vapor. Starting materials were Union
Carbide HOPG graphite and high-purity SbC15.
Sample dimensions were in the range 30X2X0.5
mm . Typical intercalation temperatures for vari-
ous stages are given in Table I. %e have not suc-
ceeded in preparing a sufficiently large and homo-
geneous sample of stage-1 material, nor stages
higher than 5 with one exception of a stage-10
sample. However, a11 samples investigated in this
report are pure stages as confirmed by (00l) x-ray
scans made on several different regions of each
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TABLE I. Some parameters of interest for SbC15 graphites.

3313

Stage
Growth conditions

Tgraphite TsbC15

Coefficients
of diffusion

therm opower
(10-' V K.-')

Residual
resistivity

(10 Q m)

2
3
5

10

200
200
200
200

200
100
60
30

3.0
5.5
8.0

21.1

11.1
5.7
6.4

sample. An example of such a scan on a stage-S
sample is given in Fig. 1. As we have already not-
ed, SbC15 graphites are unusually air-stable corn-
pounds and show no deterioration even after pro-
longed exposure to air. Furthermore, the com-
pounds can be held in high vacuum without any
detectable change, an important feature for thermal
conductivity measurements where adiabatic condi-
tions are required.

Unlike electrical resistivity, which can be mea-
sured without making any contact to the sample,
investigation of the thermal transport properties
necessitates the attachment of a sample heater,
thermometers and thermopower voltage probes.
Since SbC15 is a highly reactive acid, great care
must be exercised in the choice of contacts.
Copper, for instance, appears to be strongly at-
tacked by this intercalant. We have found that
platinum is very stable in SbC15 acid and have
therefore used it to make contacts to intercalated
samples by forming small, light clamps. The
heater (small metal film resistor) and thermometers
are easily soldered to these clamps with a very low
melting point solder (40'C). Thermopower voltage
probes were high-purity Pb wires which were
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FIG. 1. Typical (001) x-ray scan for a stage-5 SbC15
graphite.

ItH(T, &)=Ac(r 8) (la)

i.e., they have not only near the same resistance
but, more important, the effect of the field is
identical on both sensors. Our pair of sensors was
selected from a batch of about a dozen according
to the above criterion and the zero-field calibration
was made against a reference Ge thermometer cali-
brated in the National Measurement Laboratory in
Sydney. Magnetoresistance of both sensors is
identical to within 0.1% and, in the field of 6.S
tesla, represents a shift of 18 mK at 4.2 K. These
shifts are only weakly temperature dependent and
they can be corrected by running several calibra-
tion sweeps at different fixed temperatures.

In materials which have substantial electronic
thermal conductivity the application of transverse
magnetic field will result in higher thermal resis-
tance of the sample over its zero-field value and,
consequently, in a large shift of its mean tempera-

squeezed between the sample and Pt clamps. In
order to keep the heat loss minimal, these Pb
probes were always removed when the thermal
conductivity was measured. We have observed no
corrosion effects of SbClq on Pb probes. Lead has
an additional advantage of being a reference ther-
rnopower material. Tables of Roberts' were used
to correct for its emf contribution in zero magnetic
field and the effect of magnetic field was subtract-
ed using the data of Caplin et al." Thermopower
voltages are measured by a Keithley nanovoltmeter
with a sensitivity of about 3)&10 V.

A choice of thermometers is important in any
thermal conductivity measurements. It becomes
absolutely critical when the effect of magnetic field
on the thermal transport is studied. Carbon-glass
thermometers, by virtue of their very small and
reproducible magnetoresistance, are essentially the
only suitable sensors. In selecting a pair of such
thermometers one requires that the resistance of
"hot" and "cold" sensors satisfy as closely as pos-
sible the condition
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ture if the heater power stays constant. To prevent
this and thus to ensure that the separation of the
thermal conductivity is carried out at a constant
temperature, the temperature difference
AT =T~ Tc (—voltages VH and Vc measured on

digital voltmeters for a constant thermometer
current) must be kept fixed as the field increases.
This is achieved by gradually reducing the sample
heater power and making a small adjustment on an
auxiliary heater at every preset field value. The
magnetic field is generated by a 6.5-T split-coil su-

perconducting solenoid which has a 3-cm radial

port. This solenoid is supported on a turntable and
the field can be rotated to any desired position
with accuracy better than 0.5'. We take the max-
imum of the angular dependence of the resistivity
as a reference for the orientation of the field B
parallel to the c axis of each sample.

A gold-plated oxygen-free high conductivity
(OFHC) copper cylinder is placed around the sam-

ple and is screwed to the cold tip of the cryostat.
It serves as a radiation shield for thermal conduc-
tivity measurements at higher temperatures.
Overall, we estimate the error on our thermal con-
ductivity data of about 0.5% below 77 K and
about 2% near room temperature.

III. RESULTS AND BISCUSSION

A. Thermopower

The overall temperature dependence of the in-

plane thermopower of SbC15 graphites is illustrated
in Fig. 2. For comparison, we also include the
data on the in-plane thermopower of the parent
material, HOPG, and its exfoliated version known
as ZI'X graphite. ' Several features are immediate-

ly apparent:
(i) The thermopower of all SbClq graphites is

positive throughout the entire temperature range
investigated. This is in accord with the underlying
mechanism of the charge transfer upon intercala-
tion with SbC15 which is believed to proceed via a
disproportionate reaction similar to that of AsF5
compounds, ' namely

3SbC15—+2SbC16 +SbC13+2e+ .

In fact, the lack of any sign of a negative anomaly
at low temperatures which is typical for HOPG
and which is also clearly evident in a weakly p-
type (residuuin with p in = 1.2) Z1'X graphite sug-
gests that SbC15 compounds (even for stages as
high as 10) are strongly uncompensated p-type sys-
tems. This contradicts the interpretation of the
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FIG. 2. Temperature dependence of the in-plane

thermopower of SbC15 graphites. Dashed curve indi-

cates the in-plane thermopower of HOPG and chain
curve is the thermopower of (exfoliated) ZYX graphite,
Crosses designate the magnetothermopower of a stage-
10 compound at 6 tesla. T~ marks the temperature of
the commensurate-incommensurate transition.

magnetothermal oscillations observed by Batallan
et al. ' on stages 2 and 4 which concludes that
these acceptor compounds are compensated.

(ii) The thermopower increases with increasing
stage. This, we believe, is due to a gradual de-

crease of the carrier degeneracy and an increase in

mobility as the stage increases. Such a trend is
particularly noticable for a stage-10 compound.

Again, this feature is not in accord with the inter-

pretation of Batallan et al. which claims stage in-

dependence of the Fermi surface. On the other
hand, the most recent de Haas —van Alphen
(dHvA) data on stages 2, 3, and 4 of SbC1& gra-

phite by Takahashi et al. ' show clearly that the
dHvA spectra are stage dependent and, conse-

quently, a stage dependence of the transport prop-
erties is not unexpected.

(iii) Near 230 K we observe an anomalous hump
on the thermopower curves of all intercalated sam-
ples. This occurs at about the same temperature
where the commensurate v 7)& V 7—incommensu-
rate transition occurs in the intercalated layers, as
demonstrated recently by x-ray scattering and elec-
trical resistivity measurements. We thus associate
the thermopower anomaly with this same physical
phenomenon.

(iv) At hquid-helium temperatures the thermo-
power reaches submicrovolt K ' values which are
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FIG. 3. Detailed behavior of the thermopower at low
temperatures. Slopes of the straight lines are given in
Table I.

where o; and S; are the electrical conductivity and
the partial thermopower of the ith type of carriers.
For a strongly degenerate system the diffusion
thermopower associated with the ith carrier pocket
ls

dkg T
~diff +—

3e EF'

where kz is the Boltzmann constant and Ez is the
Fermi energy. From the observed linear variation
of the thermopower at the lowest temperatures we
conclude that the thermopower is governed by the
carrier diffusion mechanism and the coefficients of
the linear terms are given in Table I. Unfortunate-
ly, due to a lack of detailed information on the
shape and the multiplicity of the Fermi surface of
these compounds, at the present time it is not pos-
sible to estimate the Fermi energy for each com-
pound from the coefficients of the linear terms.
This would only be admissable in the case that the
compounds have a single carrier spectrum.

(v) Above 8 K, deviations from the linear varia-
tion of the thermopower with temperature are
clearly visible. Such low-temperature deviations
are usually explained by invoking the phonon-drag
effect, i.e., the total thermopower is assumed to
vary as

S Sdjff +Sdr~g A T +BT (4)

where the exponent n reflects the behavior of the

typical of good metals and below about 7 K the
data fall on straight lines which extrapolate to
S=O as T approaches absolute zero (Fig. 3). The
thermopower for a multicarrier system is given by

o.;S;

specific heat at low temperatures, typically n= 3
The deviations in Fig. 3 could, indeed, be fitted
reasonably well with n=3 up to about 20 K.
However, for the graphite intercalation com-
pounds, this is probably nothing more than a for-
tuitous fit. It is a well-established fact that the
specific heat of graphite' as well as of SbCl& gra-
phites' follows an approximately T dependence
rather than the more usual T variation. One
should thus exercise caution in interpreting the de-
viations as the sign of a phonon drag acting on the
holes; it could, if two or more carriers are present,
merely reflect the temperature variation of the mo-
bility ratio.

(vi) We have attempted to measure the thermo-
power in a transverse magnetic field at several
temperatures up to about 70 K. Contrary to the
case of HOPG, the magnetic field has very little
effect 'n the thermopower of SbClq graphites.
Above 10 K, the magnetothermopower of a stage-
10 compound is small and positive and its value at
6 tesla is indicated in Fig. 2 by crosses. The mag-
netothermopower of lower-stage samples is even
smaller. This rather uneventful behavior of the
magnetothermopower indicates that the intercalat-
ed samples are strongly degenerate with small
mobilities.

B. Thermal conductivity

In general, thermal conduction in a solid
proceeds via two processes, lattice vibrations and
free-carrier transport. The relative strength of
these two heat transport mechanisms depends very
strongly on whether one is dealing with metals or
insulators. There is, however, a class of solids,
namely semiconductors and semimetals, where the
two processes are usually of equal importance, at
least in some temperature range. The total thermal
conductivity can then be written as

E=KI +EE,
where EL and K~ are the lattice and electronic
contributions, respectively.

In pure graphite the lattice thermal conductivity
dominates over most of the temperature interval,
the electronic contribution becoming significant
only at and below liquid-helium temperature. '

Upon intercalation, the carrier density of the inter-
calated material is enhanced by 2—3 orders of
magnitude and the in-plane electrical conductivity
reaches values as much as 10—15 times larger than
those of pristine graphite. ' Thus we also expect a
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significant increase in the electronic part of the

thermal conductivity of intercalated compounds
over that of pure graphite. Since the electronic
and lattice thermal conductivities differ strongly in
their temperature dependence and the phonons are
likely to be strongly scattered by defects introduced
by intercalation, this should also lead to markedly
different temperature dependence of the thermal
conductivity of GIC's.

The data are presented in Fig. 4. For compar-
ison, the thermal conductivity of HOPG is indicat-
ed by a dashed curve and that of ZFX graphite20

by a chain curve. At high temperatures the ther-
mal conductivity of all SbC15 graphites is substan-
tially smaller than that of HOPG and decreases
with increasing intercalant concentration. This we
explain in terms of strong phonon-defect scatter-
ing, particularly for low-stage compounds, which
more than offsets any electronic thermal conduc-
tivity enhancement associated with increased
charge carrier density. %e notice further that the
peak in the thermal conductivity curves shows a
distinct shift towards lower temperatures, closer to
the peak of HOPG, as the stage increases. Thus,
we conclude that at higher temperatures, certainly
above 100 K, the phonons are the dominant heat
transport mechanism in SbC15 intercalated gra-
phites even though this is significantly reduced
compared to HOPG. Below 100 K the tempera-
ture dependence of the thermal conductivity is dif-
ferent from that of HOPG. It follows an approxi-
mately linear variation with T, somewhat more ra-

pid for dilute stages especially at higher T, and
somewhat weaker for stage 2. This is to be com-
pared to the T law of HOPG. Consequently, in
the liquid-helium temperature range, the thermal
conductivities of all the measured SbC15 graphites
become higher than the conductivity of HOPG.
We also observe that the stage dependence of the
conductivity in this range becomes substantially
smaller than near room temperature and, in fact,
the stage-10 sample shows lower conductivity than
the stage-5 sample. The magnitude of the conduc-
tivities as well as the trend in their stage depen-
dence suggests that the electronic thermal conduc-
tivity now becomes more important than the
phonon s contribution. To elucidate this point fur-
ther and to get a quantitative estimate of the im-
portance of phonons and carriers we have used a
strong transverse magnetic field to separate the
thermal conductivity into its lattice and carrier
contributions.

A premise of this technique is that the magnetic
field will reduce the electronic part of the conduc-
tivity while having no effect on the phonons. A
condition for suppression of the electronic part of
the thermal conductivity is that

N7 =p8 ++1 ~ (6)

i.e., that the field is sufficiently strong to achieve a
classical high-field regime. co, r, »&, , and 8 are,
respectively, cyclotron frequency, relaxation time,
mobility, and the magnetic field strength. The
dependence of the thermal conductivity on magnet-
ic field at 4.5 K is shown in Fig. 5 and in Fig. 6
are given magnetoconductivities of a stage-10 sam-
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FIG. 4. Overall temperature dependence of the in-

plane thermal conductivity. HOPG is designated by
dashed curve and ZFX by chain curve.
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FIG. 5. Magnetothermal conductivity of SbC15 gra-
phite and HOPG at 4.5 K. High-field asymptotes are
indicated by broken lines on the right-hand side.
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FIG. 6. Magnetothermal conductivity of a stage-10
compound at different temperatures. Log-linear scale is
used for display purposes.

pie at different temperatures.
While the electronic thermal conductivity in

HOPG is easily suppressed by a few kgauss, we are
not able to achieve the same effect on any of the
intercalated samples even at 6 tesla. Clearly, the
mobilities of the SbClz graphites are significantly
lower than in HOPG and condition (6) is not ful-
filled. A more powerful magnet would be of ad-

vantage; nevertheless, it is still doubtful whether
even the highest currently available dc fields could
fully eliminate the electronic part of the thermal
conductivity of low-stage compounds, particularly
at elevated temperatures where mobilities are even
smaller.

To overcome this difficulty, we make use of an
extrapolation technique. The idea is to extrapolate
the quantity ddC(B}, where

~(B)=ddCE(B) =KE(0) KE(B), —

from the intermediate to high-field regime using
the formula

i.e., to the electronic thermal conductivity KE(0).
An example of such plots for the data of stage-10
compound are illustrated in Fig. 7. Well-defined
straight lines justify the use of extrapolation for-
mula (8). From the inverse slopes we get the elec-
tronic part of the thermal conductivity shown in
Fig. 8 and, using Eq. (5}, the lattice thermal con-
ductivity is determined and the results plotted in
Fig. 9.

The data of Fig. 8 confirm our expectation of a
large enhancement in the electronic part of the
thermal conductivity of intercalated compounds.
We notice that the increase is about an order of
magnitude over a broad temperature range. At the
lowest temperatures the temperature dependence of
EE is approximately linear suggesting carrier
scattering on impurities and point defects and at
about 10 K saturation starts to set in. As a func-
tion of stage, the largest electronic thermal conduc-
tivity is observed on stage-5 samples, closely fol-
lowed by a stage-10 compound and, finally, stage-3
samples which have about half as large electronic
contribution. Such stage dependence is a result of
competition between two important phenomena:
Obviously, with larger charge transfer (low stages),
more free carriers contribute to the transport and
the electronic thermal conductivity should be large.
At the same time, however, the graphite matrix is
disturbed most when attempting to produce low-

3.0 K

AB~(B)=
1+C8

(8)

which is asymptotically correct in both low- and
high-field regimes, A and C being constants. This
method, first proposed by Ahev et al. ,

' was suc-
cessfully applied in the measurements of arsenic
and, with certain modifications accounting for
large second-order thermomagnetic coefficients, to
bismuth. Rewriting (8) in the form

B' 1 CB'
hX(B) A A

suggests that the plots of B /ddt (B) vs B should
be linear at all temperatures and the inverse of the
slope, (C/A) ', should be equal to the high-field

E

a 2-
bi+~

0—
0 Ip 4020 50

B (T)
FIG. 7. Plots of B /~{B)vs B for the magneto-

thermal conductivity data of a stage-10 compound given
in Fig. 6. Inverse slope of each line gives the electronic
thermal conductivity EE {see text).
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stage compounds and the resulting structural de-
fects provide strong scattering centers for carriers.
The balance between these two competing mechan-
isms gives the optimum contribution which, in our
case, occurs near stage 5.

In the liquid-helium temperature range the car-
rier scattering in HOPG graphite is entirely elastic.
This conclusion follows from the inspection of the
Wiedemann-Franz ratio,

L= KEP
T (10)
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FIG. 8. Temperature dependence of the electronic
part of the thermal conductivity, EE, of SbClq graphites
and HOPQ.

where the Lorentz number L is equal to its Som-
merfeld value of LD ——2.44X10 V K . This
has been first demonstrated by Holland et al. and
our values of p (4.2 K)=3.18X 10 Qm and KE
(4.2 K)=3.2 Wm 'K ' yield LD ——2.42X10
V K, which also confirms this finding. Provid-

ed, therefore, that the elastic nature of the carrier
scattering in intercalated compounds is preserved,
we can estimate, using the Wiedemann-Franz ratio
and our data on KE, the residual electrical resis-

tivity of SbC15 graphites. The values are given in
Table I.

An interesting behavior is observed in the lattice
thermal conductivity, Fig. 9. Above 4 K, Kz of
all intercalated samples is, indeed, substantiaBy
smaller than the lattice conductivity of HOPG and
this is associated with an additional scattering of
phonons on the defect structure of the intercalated
compounds. However, one observes a surprising

stage dependence of the lattice thermal conductivi-

ty as well as a temperature dependence which is
very much weaker than the T ' power law typical
of pristine graphite. Intuitively, one would expect
the low-temperature lattice thermal conductivity of
intercalated graphites to scale with the stage num-

ber in a fashion similar to that shown near room
temperature; an extra phonon-defect scattering be-

ing simply an additional resistive mechanism. The
reason why at low temperatures we observe exactly
the opposite trend in the stage dependence and a
much weaker temperature dependence is, we be-
lieve, associated with low-frequency lattice modes
in the intercalated compounds. The population of
these modes apparently increases with the inter-
calant concentration and it more than compensates
for the phonon-defect scattering. Unfortunately,
we are unable to quantify this contribution be-
cause, at this time, there is no information avail-
able on the dispersion relations of these low-

frequency modes. Neutron scattering data would
be very useful in this respect.

IV. CONCLUSION

lo

lo
I

I I I I I I I II I

lo 100
T(K)

FIG. 9. Temperature dependence of the lattice ther-
mal conductivity of HOPG, SbC15 graphites, and ZFX
graphite.

We have made a systematic study of the thermal
transport properties of SbC15 graphite intercalation
compounds in the temperature range 2—300 K.
The thermopower of all compounds is positive and
increases with the stage index. The anomaly on
the thermopower curves near 230 K is associated
with the commensurate-incommensurate transition.
Linear variation of the thermopower at the lowest
temperatures is reminiscent of the diffusion trans-
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port mechanism. The effect of transverse magnetic
field on the thermopower of all compounds is very
small primarily due to the reduced mobilities of
the intercalated compounds and their high degen-
eracy.

At high temperatures the thermal conductivity
of SbC15 graphites increases with stage index,
nevertheless, the conductivity of all compounds is
here substantially smaller than that of the parent
material HOPG. However, at liquid-helium range,
due to an enhanced electronic part of the thermal
conductivity of intercalated compounds, this trend
is reversed. Using a strong transverse magnetic
field and the extrapolation formula for high-field
asymptotic behavior, we have separated the ther-
mal conductivity into its lattice and electronic
parts. We observe that the electronic thermal con-
ductivity of GIC's is approximately linear at the
lowest temperatures and up to an order of magni-
tude larger than that of HOPG. Assuming that
the carrier scattering remains elastic on intercala-
tion we estimate the residual electrical resistivities
of SbCls graphites.

At low temperatures the lattice thermal conduc-

tivity of all compounds is smaller than that of
HOPG but it shows a surprising stage (XL, decreas-
ing with stage index} and temperature dependence.
This suggests that we are observing a contribution
from the low-frequency lattice modes of the inter-
calant.

In order to be able to carry out a more detailed
analysis of the transport properties of these in-

teresting materials, it is necessary to have informa-
tion on such fundamental aspects as the shape and

multiplicity of their Fermi surfaces and data on
the dispersion relation of phonons.
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