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The thermal conductivity of donor and acceptor graphite intercalation compounds is
studied at high magnetic fields in order to separate the electronic from the lattice contri-
bution. Measurements are reported in fields up to 15 T at temperatures from 2 to 50 K.
For one dilute sample of both a donor and an acceptor compound, the electronic and lat-
tice contributions to the thermal conductivity are separated over almost the entire tem-
perature range up to 50 K. The temperature dependence of the electronic and lattice con-

tributions is discussed qualitatively.

I. INTRODUCTION

The thermal conductivity, «, of graphite inter-
calation compounds (GIC’s) has been measured as
a function of temperature on bromine-intercalated
polycrystalline graphite! in the range 100 < T < 300
K, and very recently on FeCl; and potassium-inter-
calated highly oriented pyrolytic graphite*—*
(HOPG) for 2 < T <300 K. The latter results per-
tain to both c-axis and in-plane measurements.
Even though the phonon spectra are very similar
in graphite and GIC’s, the temperature dependence
of k in GIC’s is drastically different from that of
pristine graphite.

Below room temperature, two mechanisms con-
tribute to heat conduction in a solid: the lattice
and the charge carriers: electrons or holes. It is
usually assumed that these mechanisms do not
strongly interact with each other, and hence the
lattice and the charge carriers act like conductors
in parallel and the total thermal conductivity « is
given by

K=K[ +Kg , (1)

where «; is the lattice contribution and ky the

electronic contribution to the thermal conductivity.

In pure graphite, «; is dominant for T >3 K.
The temperature dependence of the thermal con-
ductivity then displays a T?>-to- T>® law up to
liquid-nitrogen temperatures. At higher tempera-
tures, the more perfect (crystallographically) gra-
phite samples show a maximum in « for T > 100
K, above which « decreases due to umklapp
phonon-phonon scattering.’ In samples of poorer
quality, ®7 the maximum in « shifts to higher tem-
peratures and has a smaller magnitude.

In all GIC samples, k¥ around room temperature
displays a broad maximum (or a plateau), which
has therefore been attributed to lattice conduc-
tion.2~* Below ~ 10 K, most GIC’s display a
linear T! dependence of k, quite unlike graphite.

It has been assumed until now, by comparison with
K in other semimetals,® that this linear behavior is
due to a dominant electronic thermal conductivity.
The aim of the present work is to prove this as-
sumption experimentally and to examine in detail
the electronic term and its relationship to the elec-
trical conductivity.

In the domain of elastic scattering of the charge
carriers, kg is directly proportional to the electrical
conductivity via the Wiedemann-Franz relation
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Kg =L00'T ) (2)

where L (2.44 %1078 V2K ~?) is the free-electron
Lorenz number. Equation (2) implies that if we
apply a magnetic field to a sample with high mag-
netoresistance, kr will decrease. In a solid where
Ky, and kg represent competitive conduction
mechanisms, a magnetic field will deplete kg so
that eventually k; becomes dominant. In the
present analysis we assume that k; is field in-
dependent and that ky can be computed from Eq.
(1).

This separation of the thermal conductivity has
been attempted in other materials,’ including
bismuth!® and graphite!! below 3 K. Unlike the
two latter semimetals, GIC’s have lower carrier
mobilities, so that high magnetic fields are re-
quired to achieve separation between x5 and k.
The problems associated with the use of high mag-
netic fields and smail samples are discussed in Sec.
II, which deals with experimental techniques. In
Sec. III we present the experimental results and
describe their characteristic features. Finally, in
the discussion (Sec. IV), we draw some qualitative
conclusions about the scattering mechanisms for
phonons and electrons in graphite intercalation
compounds.

II. EXPERIMENTAL SETUP

Thermal-conductivity measurements are tradi-
tionally carried out by passing a heat flow through
a sample to a heat sink held at constant tempera-
ture. To make quantitative measurements, all the
heat must flow through the sample. Graphite and
its intercalation compounds have sufficiently high
thermal conductivity so that even though the sam-
ples are thin (~2 mm), heat losses may be reduced
to an insignificant level by use of the sample
geometry shown in Fig. 1. Magnetic fields along
the c axis are obtained using a Bitter magnet.

Technically, two specific problems had to be
solved to carry out the measurements reported
here. The problems are due to the small size of
available samples, and to the presence of a large
magnetic field. Additional difficulties arise from
the ripple ( ~2%) in the magnetic field.

When no magnetic field is applied, the thermal
conductivity of such small and fragile samples is
measured by means of thermocouples.!> In a
Bitter magnet, the field dependence and elec-
tromagnetically induced noise makes the use of
thermocouples impractical. On the other hand,
carbon-glass resistor thermometers have been re-
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FIG. 1. Schematic representation of the experimental
setup: A heater and sink method, using carbon-glass
resistors as the temperature probes. Magnetic field pro-
vided by a Bitter magnet is applied along the ¢ axis of
the sample.

cently calibrated in fields up to 20 T, by Sample
et al.’> Two sensors from the same manufacturer

_as were used by these authors' proved adequate

for these experiments. These two sensors were
especially chosen to have very similar resistances at
4.2 K. The difference in magnetoresistance be-
tween the two sensors was within the experimental
error of the calibration of the sensors in a magnet-
ic field.

Figure 1 shows the schematic setup for the clas-
sical heater and sink thermal-conductivity mea-
surement, which was used in the present work.
The sample was attached to a heat sink by means
of GE7031 varnish. The heater consisted of a
strain gauge mounted on a small gold clamp that
was squeezed on to the end of the sample and var-
nished again. The electrical contacts to the heater
were made with 0.065-mm copper wires. The
cases of the two carbon-glass resistors were each
soldered to a small 0.7-mm diameter gold wire
with Woods metal. The resistor leads were ther-
mally anchored to the gold wire before they were
soldered to 0.1-mm diameter manganin wires.
These manganin wires, which were thermally an-
chored to the heat sink at their other ends, ensured
electrical contact to the sensors with negligible heat
losses because of their poor thermal conductance.
The gold wires were clamped lightly to the sample,
and then varnished. The distance between these
wires, L, could not be estimated to better than
~15%, which is the limiting factor to the absolute
accuracy of our measurements. The heat sink was
kept stable in temperature to a few mK. Below
the liquid-helium boiling point, this temperature
stability was achieved by pumping on the bath and
regulating the pressure; above 4.2 K we used a
capacitance temperature controller. The sample
was in an isothermal copper can, evacuated to
about 10~* Torr. For each value of field and sink
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temperature, the temperatures at the sensor posi-
tions T (0) and T(0) defined in Fig. 1 were mea-
sured when no heat was applied. The nominal
values of T'¢(0) and Ty (0), computed using the
in-field calibration tables,!> were within ~2% of
each other up to 15 T, thus verifying the applica-
bility of these tables. To improve the accuracy of
our measurements, however, this small error in
temperature reading was further reduced to a
second-order error by using Eq. (3) below.

A constant thermal power Q was then applied
(see Fig. 1) and Ty (Q) and T(Q) were measured
after temperature equilibrium was achieved. The
temperature differences [Ty (Q)—Tc(Q)] were
kept smaller than one-tenth of the absolute tem-
perature. The thermal conductivity was then cal-
culated as

_ Q(L/S)
[Ti(Q)—T(0]—[Tc(Q)—Tc(0)] ’
&

K

where L is the distance between the probes, and S
the cross section of our samples. The sample cross
section was constant to < 1% over the distance L.
For the small temperature differences used in this
experiment, the linearization of the heat equation
given above is valid; furthermore the validity of
this relation was checked experimentally by varia-
tion of the heat current. The average sample tem-
perature corresponding to each thermal conductivi-
ty point determined from Eq. (3) is

 [Tal@+Tc(Q)]

T, 5

4)

The accuracy for our measured temperature differ-
ence [denominator of Eq. (3)] is better than 3% at
15 tesla. Some of the experimental points shown
below in the «(T) plots were reproduced by taking
different combinations of Ty (Q) and T-(Q) to
yield the same T, values. Because of the mag-
netoresistance of the strain-gauge heater resistor, it
was not possible to keep T, constant during the
magnetic field sweeps. Thus, after choosing a
fixed T, we measured « at two different average
temperatures, one slightly above T, and the other
slightly below T,,. We then determined « at T, by
interpolating between the two sets of experimental
points.

The scatter of the experimental points (by about
5%) in the field or temperature sweeps can be seen
on the curves shown below. Finally the heat losses
are mainly associated with the copper wires leading

to the heater. These losses could not be estimated
from the thermal conductivity of the copper wires,
because we did not know the exact temperature
gradient across the wires. Since we could not cal-
culate the losses, we estimated them experimentally
by measuring the apparent conductance of a glass
microscope slide which is assumed to have zero
conductance because glass has poor thermal con-
ductivity, and we used a long, thin sample. The
heat losses follow a linear T law, and are approxi-
mately given by 0.18 X 1073T (W/K) at zero field.
The heat losses are expected to be smaller at high
field because of the magnetoresistance of copper.
In view of the geometrical S /L factor of our sam-
ples, the heat losses in the wires and contacts con-

_ tribute an error of less than 4% to any of the ther-

mal conductivity measurements reported here.

The samples of size ~4X 16X 1 mm? were
prepared using the two-zone method in which the
intercalant vapor is kept at a lower temperature
than the graphite host.!* The staging conditions
were determined by the temperature difference be-
tween the graphite and the vapor. After intercala-
tion, the x-ray stage determination showed the
stage-5 potassium sample to contain less than 10%
admixture of other stages. For the more dilute
compounds the x-ray stage determination can only
be regarded as approximate because the line shifts
are comparable to the linewidths. Furthermore,
since the sample thickness (between 1 and 2 mm) is
large compared to the x-ray penetration depth, the
x-ray stage characterization does not guarantee
that the sample is well staged throughout the bulk,
which contributes to the thermal conductivity.

Precautions were taken during the sample
mounting procedures to prevent desorption of the
intercalant. X-ray characterization of the sample
after the thermal-conductivity experiment had been
completed indicated that the stage was preserved
during the experiment.

III. RESULTS

The aim of the present work is to separate the
thermal conductivity of GIC samples into their lat-
tice (k) and electronic (kz) contributions, by
using a high magnetic field to create a magne-
toresistance to deplete k5 via Eq. (2), and obtain a
situation where kz(B) <<ky. As each experimental
K versus temperature curve was taken, we checked
that this condition is verified by plotting the ther-
mal resistivity k! versus field. In the simplest
case, the observation of saturation in such a plot
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implies that k! =~ki'. For the particular case of
bismuth, which has two types of carriers with high
mobilities and high partial thermopowers, the situ-
ation is more complicated.!® After we establish for
every sample the temperature and field range over
which the saturation condition is satisfied, we can
determine the temperature dependence of k and «;,
and hence also of the difference between «x and «;
which is k.

In this section, we shall first present the results
of this procedure on a sample of pristine HOPG.
We then show the results on one donor and one ac-
ceptor compound for which this separation be-
tween k; and kr was achieved between 4 and 40
K. Finally, for completeness, we also show results
on samples for which we could not separate kz and
k; with the magnetic field range that was avail-
able.

Figure 2(a) shows the field dependence of the
thermal resistivity of the HOPG sample which was
used as the host material for the intercalation com-
pounds measured in this work. Holland et al.!!
previously reported saturation of «~!(B) below a
field of 1 T, which we observed here too. The
small decrease in thermal resistivity at high field in
Fig. 2(a) is probably due to an irreproducibility in
the magnetoresistance of the temperature sensors,

005

w
o

oS
N
T
o
N

g
N

THERMAL RESISTIVITY (Km
o
2
T
s

[S)

5 10 5
MAGNETIC FIELD (T)

-~ N
8 8

°J
S

N
S

THERMAL CONDUCTIVITY (WK-’m-’)
3

«n

T T TTimm

LELLBALM
-

- (b) * B=0

°B=I5T

S
E 5 3
- ® 3
- 4 -
- » ~
- _.é;“ -
0

- e e
C__ 1t RN
1 2 5 10 20 50

TEMPERATURE (K)

FIG. 2. (a) Magnetic field dependence at the indicat-

ed average sample temperatures of the thermal resistivi-
ty for a sample of the pristine HOPG used as host ma-
terial for the intercalation compounds. (b) Temperature
dependence of the thermal conductivity for the same
sample at zero field and 15 T.

and is well within the accuracy range claimed for
the calibration of the sensors.'®

The temperature dependence of the thermal con-
ductivity of the HOPG sample used in the present
work is shown in Fig. 2(b). The zero-field plot
(solid circles) shows a T%* temperature law at high
temperatures, with a decreasing exponent in the
temperature law at low temperatures. At a field of
15 T (open circles), the T%* law persists to lower
temperatures, quite consistently with the experi-
ments of Ref. 10.

The following figures report the results of the
temperature dependence of k with and without a
magnetic field performed on different stages of
graphite intercalated with donor or acceptor
species. The results for the field dependence of the
thermal resistivity of a stage-~7 potassium sample
are shown in Fig. 3(a) for various temperatures,
and it is seen that saturation is achieved for T >4
K for the available field range. It is observed ex-
perimentally that saturation does not occur for the
available field range for T <4 K. Figure 3(b)
shows the temperature dependence of « in zero
field and at 13 T; the high-field curve hence
represents the lattice thermal conductivity «; of
this sample. The difference between k(B =0) and
Ky, gives rise to the solid curve, which in view of
Eq. (1), we call kg, the electronic thermal conduc-
tivity at low temperatures. From the figure we see
that for this dilute donor compound kz increases
with a linear T'! law at low temperatures and gra-
dually saturates at higher temperatures, similar to
the behavior for kg in most impure metals.'®
Since saturation of the thermal-conductivity curves
in Fig. 3(a) is not achieved below ~4 K, the curve
labeled Kz may be an overestimate for the electron-
ic contributions for T <4 K.

Similar results are obtained for a dilute acceptor
compound, as shown in Fig. 4. The magnetic field
dependence of the thermal resistivity k~!(B) is
presented in Fig. 4(a) for the dilute FeCl; com-
pound (approximately stage 9), showing saturation
for T>4 K. The points in Fig. 4(b) show the tem-
perature dependences of k at zero field and at 14
T. Since k(B =14 T)~k,, for T >4 K, we can ob-
tain the temperature dependence of the difference
between the two curves, designated by kg (solid
curve). In this case the low-temperature power law
for kg is T but after a maximum is reached in the
(10—20)-K range, kg begins to fall off. The fall
off in kg is not observed for the stage- ~7 potassi-
um sample in Fig. 3(b).

Figure 5(a) shows the field dependence of k! in
a FeCl; stage-5 compound for T =7.06 K. Since
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FIG. 3. (a) Magnetic field dependence at the indicat-
ed average sample temperatures of the thermal resistivi-
ty for a stage-~7 potassium-graphite compound. (b)
Temperature dependence of the thermal conductivity for
the same sample as in (a) at zero field and 13 T. For
most of the temperature range, the high-field data in (b)
represent the lattice thermal conductivity. Difference
between the low-field and high-field data is given by the
solid curve, which represents the electronic thermal con-
ductivity.

this curve almost saturates by 15 T, one expects, in
analogy with all the other samples measured in this
work, that the electronic contribution is
quenched near B =15 T for temperatures T > 8 K.
Using these results, we plot in Fig. 5(b) the tem-
perature dependent k(7)) at zero field and at 15 T,
for T <13 K. We can only report the separation
of k into x; and kg for the temperature range
8< T <13 K. We could not extend our field mea-
surements to higher temperatures because the
Bitter magnet exploded during the measurements,
destroying the sample.

Figure 6 shows the field dependence of the ther-
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FIG. 4. (a) Magnetic field dependence at the indicat-
ed average sample temperature of the thermal resistivity
for a dilute (stage-~9) FeCl; graphite compound. (b)
Temperature dependence of the thermal conductivity for
the same sample as in (a) at zero field and 14 T. For
T >3 K, the high-field points in (b) represent the lattice
thermal conductivity. Solid curve represents the differ-
ence between the zero-field and high-field data, and is
identified with the electronic thermal conductivity (see
text).

mal resistivity of a stage-5 potassium-intercalated
sample. No saturation behavior could be clearly
identified below 18 K; hence the separation of «;
and kg could not be achieved over a large enough
temperature range at the highest available magnetic
field to obtain xg.

IV. DISCUSSION

A. The electronic transport

The data on the electronic thermal conductivity
of our compounds can be used together with the
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FIG. 6. Magnetic field dependence of the thermal
resistivity of a stage-5 potassium-intercalated graphite
sample for the indicated average temperatures. No sa-
turation behavior could be clearly identified for the
available magnetic field range.

Wiedemann-Franz law, Eq. (2), and the free-
electron value L, to give results for the electrical
resistivity p of our samples as a function of tem-
perature. The results are presented in Fig. 7, and
we estimate this temperature dependence of p to be
accurate to +8% (see Sec. III). The Wiedemann-
Franz law is expected to hold only when elastic or
quasielastic electron scattering is assumed. This is
usually the case when impurities are the dominant
scatterers, or for large-angie electron-phonon
scattering.'’

Both the donor and acceptor compounds show a
temperature-independent resistivity at the lowest
temperatures; this is presumably the residual resis-
tivity range where electron impurity scattering
dominates. This region extends to a higher tem-
perature for the acceptor (15 K) than for the donor
(2.5 K) compound. The resistivity data for the
potassium-intercalated sample are consistent with
those of Ref. 16 where a linear T temperature
dependence is reported at higher temperatures.
The dilute FeCl; compound displays a T2 depen-
dence of resistivity for 7> 20 K.

We now use the results in Fig. 7 to estimate the
temperature dependence of the mobility u. If we
assume a one-carrier-type model where the electri-
cal conductivity is given by

o=Nepu , (6)

in which N is the carrier density, we can estimate
the temperature dependence of the average carrier
mobility. Since the charge carrier density is much
larger than that for graphite for all samples that
were measured, the sample is expected to be metal-
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FIG. 7. Temperature dependence of the electrical
resistivity of HOPG, of a stage-5 FeCls-intercalated
compound, of a dilute FeCls-intercalated compound, and
of a stage-~7 potassium-intercalated compound. These
resistivities are obtained by applying the Wiedemann-
Franz law [Eq. (2)] to the observed electronic thermal
conductivity, i.e., the difference between the zero-field
and high-field experimental thermal conductivities.
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TABLE 1. Values for the stoichiometric ratio &, the charge transfer coefficient fy, and
the carrier density N estimated using Eq. (7). Estimates were made using commonly quoted
values for £ (§=12 for K and £=6.6 for FeCl;) and for d, the intercalate sandwich thick-
ness (d;=5.35 A for K and d;=9.42 A for FeCl;) (see Ref. 24).

Intercalant Stage I, (A) I3 fx N (cm™3)
HOPG* © 3.35 5.5 x10'®
K 5 18.75 12 1 1.71 X 10%!

K ~7 25.45 12 1 1.26 X 10?!
FeCly 5 22.82 6.6 0.2° 5.10x 10%
FeCl; ~9 36.22 6.6 0.2° 3.22x10%

2From Ref. 17. For HOPG we have taken I. as the interlayer graphite distance, neglecting

the AB stacking of the graphite layers.
°From Ref. 24.

lic, with a temperature-independent carrier density.
The carrier density is estimated from the charge
transfer per intercalant fy by

ncy

N
N=—Sfy
n

and the values for N pertinent to the various sam-
ples investigated in this work are given in Table 1.
In Eq. (7), Nc=1.15X10" cm~? is the density of
carbon atoms, n is the stage, £ is the stoichiometric
ratio in the chemical formula CeX, co is the inter-
planar carbon distance (cy=3.35 A), and I, is the
c-axis repeat distance of the intercalation com-
pound. In making this estimate for N we have
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FIG. 8. Average carrier mobility vs temperature for
the same samples as in Fig. 7. These mobilities are ob-
tained from the resistivities of Fig. 7 and the carrier
densities summarized in Table I. The dotted line shows,
for comparison, the temperature dependence of the mo-
bility of a good-quality HOPG sample measured directly
(Ref. 17).

made use of the relation I, =(n — 1)cq+d,, where
d; is the distance between two graphite layers be-
tween which the intercalant is sandwiched.

The mobility of the HOPG sample near 4 K, as
determined from analysis of the thermal-conduc-
tivity measurements using the Wiedemann-Franz
relation, is within the range of values for good-
quality HOPG samples as measured directly!” and
shown by the dotted curve in Fig. 8. This con-
firms the validity of our analysis. The stage-~7
potassium GIC reported here has a mobility that is
a factor of 3 higher than the highest value previ-
ously reported for any potassium GIC,!* but the
mobility for the stage-~7 compound is still far
lower than that for HOPG. Both of our FeCl; in-
tercalated samples have mobilities that are yet
higher, in agreement with previous results on
donors and acceptors, which are compared in Ref.
14. However, for the donor compound, p is still
increasing with decreasing T below 4 K, which in-
dicates that electron-phonon scattering is impor-
tant in this range. From the temperature indepen-
dence of the low-temperature mobility, we con-
clude that the acceptor compound has its charge
carriers scattered predominantly by impurities up
to 15 K. (The stage dependence of electron-
impurity scattering near 4 K will be more exten-
sively discussed for acceptor compounds in Ref.
18.) The phonons thus seem less effective scatter-
ers in the acceptor compound than in the donor
compound. It is also interesting that the tempera-
ture power law seems larger in the acceptor com-
pound (~T?) than in the donor (~T'"); this indi-
cates that small-angle scattering occurs with higher
probability in acceptors than in donors. (In the
small-angle scattering regime, the Wiedemann-
Franz law may break down.")

These conclusions about the scattering processes
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TABLE II. Values for a and b that fit the data in Figs. 2(b), 3(b), and 4(b) to the power

law k. =aT®.

Temperature region a
Intercalant Stage of validity (K) (W/K m) b
HOPG 0 3<T<8 1 2.4
K ~17 3<T<15 1.64 1.3
FeCl; ~9 3<T <25 0.58 1.6

are consistent with the known properties of pho-
nons and electrons in GIC’s. These low-temper-
ature thermal-conductivity results imply that FeCl;
intercalation creates more damage to the graphite
lattice than intercalation with K. A similar
behavior has also been reported for the intercala-
tion of K and FeCl; into certain graphite fibers
based on the analysis of their Raman spectra.'’
Furthermore, despite the fact that in donor com-
pounds the Fermi surfaces are larger than in ac-
ceptor compounds, the donor compounds have a
larger density of low-frequency phonons with flat
dispersion curves.?’ This means that for these
donor compounds, even at low temperatures ( ~4
K), there are large-momentum phonons available
to scatter electrons from one side of the Fermi sur-
face to the other.

B. The lattice thermal conductivity

The present thermal-conductivity experiments
imply that most of the lattice conduction is via the
graphite planes: Indeed our samples are dilute,
and graphite itself has a very high thermal conduc-
tivity compared to most materials. Since rather
little has been reported about properties such as the
Debye cutoff frequency or velocity of sound for
the in-plane direction of the graphite layers in
GIC’s, we use in our interpretation of the
thermal-conductivity measurements the corre-
sponding data for pure graphite which are known.

Although we shall not attempt to explain the
lattice thermal conductivity in detail, we can com-
ment on two properties exhibited by the experi-
mental curves: the prevalent temperature power
law, and the magnitude of the lattice contribution.

We approximate the experimental k; by a law

kp =aT® (8)

in the temperature region where this dependence
applies and values of @ and b are given in Table II
for all the samples that were measured. The re-
sults show that the power law for our pristine gra-

phite HOPG material (b =2.4) falls within the
limits for b obtained by other workers

(b =2.5+0.2) for pure HOPG samples of high per-
fection.”?! Using the model for thermal conduc-
tivity developed in Ref. 21, the phonons in our
sample would have a mean free path of ~30 um
at 10 K, compared to 10 um for de Combarieu’s
sample?? and 4.5 um for that of Holland et al.!!

The fact that in intercalated samples both the
power law and the magnitude of «x; are greatly re-
duced is consistent with observations in the low-
temperature thermal conductivity of neutron-
irradiated graphite?? for which a T3 law for «
was observed. Dreyfus and Maynard?’ interpreted
the results of Ref. 22 and attributed the 7' law
to irradiation-induced defects.

The phonon mean free path in the intercalated
samples appears to be reduced by 1 to 2 orders of
magnitude with respect to pure graphite. A more
complete model for the phonon thermal conduc-
tivity, based on Ref. 21 and what is known about
the nature of the defects,'* is needed to give a
quantitative interpretation of the present results
on Ky .
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