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Thermal-conductivity measurements have been used to study the temperature dependence of
the scattering of phonons and electrons in single crystals of the superconducting layer compound
NbSe, between 1 and 10 K. In this temperature range, the results agree with standard theoretical
models for a three-dimensional metal. The magnetoresistance has a very strong linear magnetic-
field dependence as might be expected if there were magnetic breakdown at superzone gaps in-

duced by charge-density waves.

INTRODUCTION

Layer compounds such as NbSe, hold a special place
in the study of superconductivity because they have
highly anisotropic chemical bonding and because they
show charge-density wave phenomena with the atten-
dant lattice instabilities. Many of the superconducting
properties of these quasi-two-dimensional metals have
been studied previously and a fairly detailed picture
has been-developed to explain the electronic character.
For example, Morris and Coleman! have measured
the energy gap for electrons traveling perpendicular to
the layers via electron tunneling, and they find a value
much smaller than the Bardeen-Cooper-Schrieffer?
theory (BCS) predicts. Clayman' has studied the
orientation dependence of the gap via infrared absorp-
tion and has found a gap for electrons moving parallel
to the layers close to the BCS prediction, whereas the
gap for electrons moving perpendicular to the layers is
much smaller. Hence, the tunneling and infrared data
are consistent and show an anisotropy of about 70%
Several groups have studied the anisotropy of both the
electrical resistivity and the upper critical field® and
have found pronounced angular dependences. In ad-
dition, Frindt* has measured the superconducting
transition temperature T, and finds that 7, is
suppressed only about 20% as the thickness is reduced
to a few angstroms by peeling off successive layers.
Even though there are marked anisotropies in many
transport properties, the thermodynamic properties are
close to the predictions for an ordinary three-
dimensional metal.

The normal-state properties of NbSe, show very
clear evidence of charge-density-wave behavior as
shown by the electron-diffraction work of Wilson
et al.,® the neutron-scattering work of Moncton
et al.,® and the specific-heat work of Harper er al.”
One of the interesting aspects of NbSe, is that the oc-
currence of the charge-density wave (CDW) depends
on the normal-state mean free path of the electrons.
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As shown by Huntley and Frindt,® long-mean-free-
path samples show a CDW transition at 33.5 K and a
Hall-coefficient reversal, but the samples with resis-
tivities higher than 30 u Q cm show neither the Hall-
coefficient reversal nor the charge-density waves. A
similar effect occurs when Fe and Mn are added in po-
sitions between the layers.’

We have undertaken a study of the thermal conduc-
tivity in NbSe, to determine whether there are special
scattering processes associated with charge-density
waves or with the quasi-two-dimensional character of
bonding. In this system, phonons are a major carrier
of heat, comparable to the electrons, so the separation
of phonon-scattering mechanisms is easier than in
many metals. The general approach is to measure
both the electrical and thermal conductivity of the
same sample over a wide range of temperature and
magnetic field in both superconducting and normal
state in order to unravel the various scattering
mechanisms.

EXPERIMENTAL

Sample preparation

Single crystals of NbSe, were prepared by iodine va-
por transport in a 5-cm-diam by 25-cm-long quartz
tube. For sample 1, the reaction of the Nb and Se
was carried out at 750 °C and the material was tran-
sported to 715 °C. For samples 2 and 3, the
corresponding temperatures were 600 and 580 °C.
After 14 days of transport, a number of single crystals
up to 8 X8 x0.1 mm were obtained at the cool end of
the tube. Samples were cooled to room temperature
slowly. These transported samples were then heated
to 100 °C in a vacuum of 107° Torr for 48 h to re-
move the iodine. Mass spectrographic analysis
showed that the major impurity in samples 2 and 3
was tantalum at 600 ppm. For sample 1, the major
impurities were tantalum and iron at the 100 ppm lev-
el.
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Measurements

Thermal-conductivity data with heat flow parallel to
the layers were taken by a steady-state method with
temperatures determined by two calibrated germanium
thermometers, GR65 and GR99. These are very
stable Honeywell thermometers which have been cali-
brated several times over a period of 15 years. The
most recent calibration was done on GR65 by Ander-
son and Swenson from 1 to 77 K in 1974.'"© GR99
was calibrated in detail earlier'! and it was compared
with GR65 in these measurements. The magne-
toresistance of these thermometers in 50 kOe is com-
parable to the total zero-field resistance so a rather
careful calibration in field is required. To establish the
temperature scale in a field, a capacitance thermome-
ter sensitive to 0.1 mK was used to define a fixed tem-
perature as the field increased. Measurements against
the vapor pressure of *He at 4.2 K indicate the capaci-
tance is independent of-field. Difficulties of drift in
capacitance with time were noted shortly after a tem-
perature change, but the capacitance thermometer
never took more than 30 min to stabilize to better
than 1 mK. Considerable care was taken to retain the
orientation of the thermometer relative to the applied
magnetic field direction because the magnetoresistance
is dependent on orientation.'> The calibration was
checked each run to determine whether this orienta-
tion had shifted.

The most serious experimental problem in these
measurements is the attachment of heater and ther-
mometer contacts to give uniform heat flow and a well
defined length to area ratio. The samples are small,
fragile, and anisotropic so considerable care is required
in attaching both thermal and electrical leads. Copper
strips, which were used to thermally connect the ther-
mometer to the sample were wrapped around the sam-
ple and affixed to all four sides with GE7031 varnish.
Electrical leads were attached with DuPont 4018 silver
paint. In an attempt to give uniform heat flow, the
heater was attached across the end of the sample so
that all of the layers were in contact with both thq
source and sink for heat. This sample assembly is
shown in Fig. 1. For these samples, the size of the
copper strip leading to the thermometer is comparable
to the distance between leads so there is a substantial
uncertainty in the length to area (//4) measurement.
The error in //4 might be as large as a factor of 2 be-
cause the thermometer temperature cannot be
identified with a well-defined position on the sample.
The precision of the measurement is about 1% but the
absolute value of the conductivity is not well meas-
ured in this experiment.

RESULTS AND DISCUSSION

The thermal conductivity of these NbSe, samples
parallel to the lamina is rather low compared to most
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FIG. 1. Sample holder geometry.

pure metals and indeed is comparable to ordinary
brass. As shown in Fig. 2, the conductivity at 8 K is
about 70 mW/cm K. At first sight the general shape
of the normal state data is similar for all three samples
but there is a marked difference in the shape of the
superconducting state data. For sample 1 of Fig. 2(a),
there is a sharp change in slope at the superconducting
transition as would be expected if the electrons are the
dominant carrier of heat. For sample 2 of Fig. 2(b),
there is only a minor change in slope at 7, as would
be expected if the phonon conductivity were compar-
able to the electronic conductivity. Sample 3 is similar
to sample 2 so it is not shown. Sample 1 differs from
samples 2 and 3 primarily because the mean free path
for electrons is much longer. :

Thermal conductivity data by themselves are
difficult to analyze because there are at least two car-
riers of heat, the electrons and phonons, and there are
a number of different scattering mechanisms for each
carrier. Hence, thermal conductivity data as a func-
tion of temperature are usually not sufficient. For-
tunately, electrons carry both electric charge and heat,
whereas phonons carry only heat so the electrical con-
ductivity is helpful additional data. In addition, the
mean free path of electrons depends strongly on mag-
netic field, whereas the phonon mean free path is
nearly independent of magnetic field, so the magne-
toresistance is helpful in separating terms. Hence, we
have measured both the electrical and thermal con-
ductivity over a range of temperatures and magnetic
fields to permit an analysis of the various contribu-
tions.!3- 14

Magnetoresistance

An applied field perpendicular to the lamina (HIC)
has a very strong effect on the thermal resistivities as
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FIG. 2. Thermal conductivity of NbSe, in the supercon-
ducting (solid circles) and normal states (open circles).
Below T, the normal-state data are corrected for magne-
toresistance as described in the text.

exemplified by the thermal magnetoresistance of Fig.
3. For sample 1, an applied field of 54 kOe reduces
the conductivity at 8 K by about % For samples 2

and 3, the effect is somewhat smaller because the
electrons carry a smaller fraction of the heat for these
samples. To see the magnetic field dependence more
quantitatively, the change in thermal resistance (A W)
and the electrical resistance (Ap) as a function of
magnetic field are plotted on Figs. 4(a) and 4(b). For
sample 2, the electrical resistivity rises by about
1%/kOe, whereas the thermal resistance rises about
0.4%/kOe. Presumably the phonon carriers are
unaffected by the magnetic field so the factor of two
difference in slope of the magnetoresistance indicates
that at this temperature the phonons and electrons
carry about % and % of the heat, respectively.

The linear character of both the thermal and electri-
cal magnetoresistance is a point of central interest in
this work because it is further evidence of charge den-
sity waves in these layer compounds. As pointed out
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FIG. 3. Magnetic field dependence of the normal-state
thermal conductivity of NbSe,.

T T T
()
04  NbSe, -
SAMPLE #2
£ 8.0 K
s o2}
e
0.0 1 1 i
0 20 40 60
H (kOe)
T T T
(b)
06 NbSe, -
SAMPLE #2
04 ﬂ
&
QU
q
0.2 07975 K i
® 9.669 K
00 | 1 1
0 20 40 60
H (kOe)
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by Overhauser, !’ the existence of charge density wave
‘superzone energy gaps provides a scattering mechan-
ism which would give a linear magnetoresistance. In
this model, the scattering frequency is controlled by
the frequency with which electrons encounter the en-
ergy gap, the cyclotron frequency, so the probability of
scattering is linear in magnetic field. There are, of
course, other models which could give a linear magne-
toresistance so it is not certain that the charge density
waves are solely responsible for the effect, but the
data are certainly suggestive.

The traditional way of presenting thermal conduc-
tivity data for superconductors is to compute the ratio
of the superconducting to normal state conductivities
K3/K" and compare this ratio with the predictions of
theory. In most metals the upper critical field H,, is
less than 1 or 2 kOe and the magnetoresistance does
not change the conductivity significantly for a field
change this small. For these layer compounds, how-
ever, the situation is quite different. Upper critical
fields can be on the order of hundreds of kOe,? and
the thermal conductivities can change by factors of 2
in this range. Therefore, to present the data in the
traditional form it is necessary to extrapolate the nor-
mal state conductivity to the value it would have had
in the normal state with no magnetoresistance.

At present, there is no adequate theory for the mag-
netoresistance of these quasi-two-dimensional com-
pounds so a semiempirical extrapolation procedure
based on the Sondheimer-Wilson two-band model
has been used.'® The data are fit to an equation of the
form

AW/W(0)=CH"T™"/(1 + DH"T™") ,

where W (0) is the resistance in zero field and C, D,
m, and n are constants. If the m =n =2 then the for-
mula would be the Sondheimer-Wilson model. In the
temperature range above 7. where the full magnetic
field range is available the exponent for the magnetic
field and temperature can be determined and the data
give m =1.3 and n = 1.6 for sample 2. The magnetic
field coefficient m is nearly the same within 10% for all
samples, but the temperature coefficient » varies by
50% from sample to sample. Fqr our purposes here,
the fact that the coefficient m is the same for all sam-
ples means that the thermal conductivity can be extra-
polated to zero field with some confidence. These ex-
trapolated values are shown as the open triangles of
Fig. 3.

Superconducting-state data

The ratio of the total thermal conductivity in the su-
perconducting state K7 to that in the normal state K¢
is shown in Fig. 5. On the figure it is clear that
K3/K¥ for sample 1 drops away rather abruptly and
falls monotonically toward zero. For sample 2 (solid
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FIG. 5. Ratio of the total thermal conductivity in the su-
perconducting state to that in the normal state. The dashed
line represents the BRT prediction if the electrons were the
only carrier and impurities the dominant scattering mechan-
ism. Sample 2 differs from sample 1 primarily because the
phonons carry a larger fraction of the total heat.

circles) K3/K" falls below 1, a small amount, at a re-
duced temperature of about 0.8 rises again and does
not fall substantially below 1 until the reduced tem-
perature T/T, is less than 0.5. The rise in KS/K", at
a reduced temperature of about 0.7 occurs because the
phonon conductivity is increasing markedly. As T/T,
decreases, the scattering of phonon by electrons de-
creases as the fraction of electrons in the supercon-
ducting ground state increase. The rise in K5/K" in
this temperature range is common for samples in
which the electrons are a major scatterer of phonons.
The Bardeen, Rickayzen, and Tewordt'’ (BRT) calcu-
lation for the conductivity if electrons were the only
carrier and the scattering is limited by impurity
scattering (K3/K2) is shown for comparison. In this
discussion, the superscript indicates whether the sam-
ple is superconducting or normal, the first subscript
indicates the carrier and the second subscript indicates
the scattering mechanism.

The thermal conductivity of a different layer com-
pound, TaSe(4S,¢, has been measured by Sichel, Se-
rin, and Revelli'® with results which are similar to
NbSe; in some ways and different in others. They
find that the superconducting state data lie only a few
percent (always less than 10%) below the normal data
so in this respect their data are similar to NbSe, sam-
ples 2 and 3 reported here. The tantalum chal-
cogenide results, however, differ from the data report-
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ed here in that they find a positive curvature for the
normal-state conductivity, whereas the NbSe, data
show a negative curvature on a conductivity versus
temperature plot. The K¥« 7' law found for
TaSe( 4S; ¢ is quite different from the NbSe, data re-
ported here.

Lorentz number

The electron and phonon contributions to the total
thermal conductivity have been separated using the
method developed by Gruneisen and Adenstedt!? and
de Haas and de Nobel.!* In this method, it is as-
sumed that the phonon conductivity K,, and the
Lorentz number L are independent of magnetic field
so the conductivity can be written

K(H,T)=K,(HT)+K,(T)
or
KHT)=L(T)T/p(H,T) +K(T) . 1)

For a fixed temperature a plot of K(H) vs T/p(H)
has slope L (T) and intercept K, (7).

The data lies on a straight line as expected and gives
the Lorentz numbers shown on Fig. 6. Values of L
are approximately 2 x 107 Q W/K? at 7 K and rise to
the free-electron value of 2.45 x 107 Q W/K?. The
good fit to Eq. (1) and regular values of L(T) tend to
verify the basic assumptions of the separation into
electron and phonon carrier contribution.
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FIG. 6. Temperature dependence of the Lorentz number
for samples 1 and 2.

Electronic conductivity

The primary scattering mechanisms for electron car-
riers are impurity scattering (K/)) and phonon scatter-
ing (K[). Fitting the normal state electronic resistivi-
ty data to

WN=(KMN'=(K3}) ' +(K,)'=AT*+B/T

or
WXT=AT*+B ,

one finds a rather good fit as shown in Fig. 7. The in-
tercept then is determined by the impurity scattering
and the slope is determined by the phonon scattering.
The zero on the ordinate of Fig. 7 has been
suppressed to show more detail of the data so it is
clear that impurity scattering is dominant for these
samples.

One can get a rough idea of the mean free path / as-
sociated with these scattering mechanisms from the
kinetic theory expression for conductivity K = %Cvl,
where C is the specific heat associated with the carrier
and v is the velocity of the carrier. Using an electron-
ic effective mass of 78% of the free mass, a Fermi
velocity'® of 0.51 x 10® cm/s, and a specific heat?® y of
10 mJ/mol K?, one finds an impurity scattering mean
free path of 150 A for sample 2. A similar calculation
for phonon scattering of electrons gives a mean free
path of 1430 A at 4 K for sample 2. Hence, at 4 K,
electrons scatter from impurities at about 10 times the
rate they scatter from phonons.

Phonon conductivity

A determination of the total phonon conductivity
from Eq. (1) can be done by a simple subtraction and
the results show that the phonons carry about % of

the total heat in the 4—10 K temperature range.
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FIG. 7. A fit of electron thermal resistance W(fv to phonon
(AT?) plus point defect (B/T) scattering. Point-defect
scattering dominates.
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FIG. 8. Temperature dependence of the scattering of pho-
nons by electrons. The magnitude of the resistance is some-
what lower than would be predicted for a spherical Fermi sur-
face.

Analysis of the scattering mechanisms for phonons,
however, is complicated because there are many
processes which are operative and different scattering
processes have different temperature dependences.
Both electron scattering and dislocation scattering of
phonons give resistivities which vary as 772 in the
normal state,?! (WY + W =AT™?), but electron
scattering is smaller in the superconducting phase be-
cause the electrons condense into Cooper ‘pairs.'” The
phonon resistivity due to point defects?? goes linearly
with T(W} = K3 = BT). In addition, there may be a
stacking fault term? which goes as CT™!. At first
sight there are so many variables that separation of
the terms appears difficult. For completeness, howev-
er, we have taken an optimistic approach and have at-
tempted the most reasonable separation. To do this,
we have assumed (i) K3/KZ is given by BRT with
A=1.76kgT,; (ii) K3/K[Y =R (T) given by BRT; (iii)
K3/K2 is given by Tewordt; (iv) Impurity scattering
of phonons is the same in the superconducting and
normal state K5 =KJ. Assumption (i) may be ques-
tionable in view of the tunneling data,' but the car-
riers effective in transporting heat are the ones parallel
to the layers and hence have the BCS gap.

With these assumptions, one can calculate the pho-
non resistivity due to electrons shown in Fig. 8. Full
details of the point-by-point calculation of K, and K,,
are given elsewhere.?* The resistivity has a 772 tem-
perature dependence and hence for the long
wavelength phonons NbSe; behaves like a three-
dimensional crystal. Values of the phonon mean free
path are about a factor-of-2 longer than predicted
from the Pippard model for the electron-phonon in-
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FIG. 9. Plot of the phonon thermal resistivity due to de-
fects times the temperature T vs T2

teraction for a metal with a spherical Fermi surface.?
Hence, these Kﬁ results are entirely reasonable.

The phonon resistivity due to other defects,?? Wp,
fits an equation of the form W/ =5bT"'+¢T as shown
in the plot of WXT vs T? of Fig. 9. The rather small
¢T term (note suppressed zero on ordinate) can be as-
sociated with point defect scattering. The bT~! term
dominates the phonon scattering in this wavelength
range and it has the temperature dependence which
Klemens?® predicts for stacking faults. If one assumes
a Grueneisen parameter of 2, then the data would
predict stacking fault for every 30 NbSe, layers for the
NbSe; sample 2. In view of the weak Van der Waals
bonding between layers, this result is not surprising.

SUMMARY

The thermal conductivity of these NbSe, samples
parallel to the lamina is comparable to the conductivity
of a relatively dirty metal such as brass. In the normal
state, the magnetoresistance is very large and has a
linear magnetic field dependence as would be expected
if the scattering arose from magnetic breakdown at the
superzone gaps caused by charge density waves. For
the long-wavelength phonons typical of the 4—10 K
temperature range, these laminar crystals behave in
the same way as a normal three-dimensional metal.
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