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We have studied the thermal conductivity and thermoelectric power of single crystals of titanium car-
bide (TiC,). This material crystallizes in the sodium chloride structure for a range of stoichiometries.
We have investigated samples with x=0.88, 0.93, and 0.95. The thermal conductivity contains both a
lattice (phonon) and an electronic component. Near room temperature the electronic component, as es-
timated from the Wiedemann-Franz law, comprises up to 25% of the total heat conduction in this sys-
tem, but this value decreases as the temperature is lowered, and below 100 K nearly all of the heat is car-
ried by lattice vibrations. Though not playing a direct role in the heat conduction at low temperatures,
the carriers are nevertheless effective scatterers of lattice vibrations in this regime and are primarily re-
sponsible for limiting the phonon thermal conductivity below 100 K. At higher temperatures, the lattice
conductivity is limited mainly by carbon-vacancy scattering and phonon-phonon umklapp processes.
The thermopower of these crystals deviates significantly from that expected for a simple electron-
diffusion process. This behavior is shown to be quantitatively consistent with scattering of the s-band

transport electrons into d states as described by Mott’s model of transport in transition metals.

INTRODUCTION

Transition-metal carbides and nitrides are very in-
teresting materials from both technological and funda-
mental viewpoints. On the one hand, they are all high-
melting-point, ultrahard materials with good thermal and
electrical properties. On the other hand, many members
of this family are superconductors with transition tem-
peratures as high as 18 K.

Though not a superconductor, titanium carbide (TiC, )
is a rather well studied member of this class. Single crys-
tals of this material form in the rocksalt structure over a
fairly wide range of stoichiometry.! Earlier workers®3
observed that the electrical resistivity falls from a max-
imum value of approximately 200 u{) cm near x =0.7 to
100 uQcm near x =0.95 and showed that the electron
mobility is inversely proportional to vacancy concentra-
tion. Radosevich and Williams*> measured the thermal
conductivity of single crystals spinning a range of compo-
sitions below 80 K and observed that the thermal con-
ductivity decreased with increasing x. The only other
data on a thermal conductivity are those of Taylor® on
polycrystalline samples above room temperature. Lye’
measured the thermoelectric power on single crystals
spanning the range x =0.79-0.95, but his study was
confined to the temperature range above 100 K. Thus
there are significantly large temperature ranges in which
many of the thermal transport properties of this material
have not been studied.

In this report we present results on the thermal con-
ductivity and thermoelectric power of TiC, single crys-
tals from 15 K to 300 K. Our thermal conductivity data
are the first to cover the range between 80 K and 300 K,
and our thermopower data are the first to extend to
below 100 K. We find that these results shed important
light on the electron-phonon, electron-vacancy, and
phonon-vacancy interactions in this system.

44

EXPERIMENTAL TECHNIQUE

We obtained TiC, single crystals from Hughes
Research Laboratories. An x-ray diffractogram of one of
our samples is shown in Fig. 1. A single peak is observed
at 20=41.7°, which indexes to the [200] peak in TiC.

For transport measurements samples were cut in the
form of parallelopipeds (with dimensions given in Table I)
using a high-speed diamond saw. Electrical resistivity
was measured using the four-probe dc technique by ep-
oxying silver wires onto the samples using conductive
silver epoxy.® Excitation currents were in the range
1-100 mA, and voltages were measured using a Keithley
model 181 nanovoltmeter. We estimate that the absolute
uncertainty in our measurement of the electrical resistivi-
ty is about 5%, owing largely to the inaccuracy in deter-
mining the distance between voltage probes.

In order to measure thermal conductivity and ther-
moelectric power, a small metal film heater was glued to
one end of the sample using thermally conductive epoxy,’
with the other end of the sample glued to a temperature-
controlled copper block. A temperature difference be-
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FIG. 1. X-ray diffractogram of a titanium carbide single
crystal along a [100] face.

5453 ©1991 The American Physical Society



5454

tween two points along the sample length is sensed using
a chromel-constantan thermocouple that is epoxied to,
but electrically insulated from, the sample at the two
points. A second thermocouple is glued at the midpoint
of the sample to determine its average temperature with
respect to the copper block. Thermal voltages are sensed
with a Keithley model 181 nanovoltmeter. A measure-
ment of the thermopower with this method naturally in-
cludes a contribution from the leads that must be sub-
tracted from the measured value. We use very thin (0.2
mm) high-purity Pb leads, the absolute thermopower of
which has been measured and tabulated by Roberts. '
We estimate that the absolute errors in the thermal con-
ductivity and thermopower are not more than 5%

RESULTS
Electrical resistivity

Table I contains our results on the room-temperature
electrical resistivity and the residual resistivity ratio
(RRR) (defined as the ratio of the room-temperature
resistivity to that at 10 K) for our three TiC, samples.
Despite the fact that these samples are single crystals, we
note the relatively large value of resistivity and its rela-
tively weak temperature dependence. These observations
are consistent with previous results,>® which show that
scattering by vacancies (which is an energy-conserving
and temperature-independent scattering process) predom-
inantly limits the electrical conduction in these materials.
A relationship between resistivity and carbon content in
these materials is well established.* By comparing our
results with those of earlier workers, we can establish the
nominal carbon content of our samples; the result is given
in Table I. Scattering of electrons by phonons produces
an electrical resistivity that increases with increasing
temperature, according to the Bloch-Griineisen law, and
this increase is largely masked by the large background
resistivity due to vacancy scattering. We shall see below
that the predominance of vacancy scattering over phonon
scattering has profound consequences for the thermo-
power of these materials.

Thermal conductivity

In Fig. 2 we display our results for the thermal conduc-
tivity as well as those of Radosevich and Williams* below
80 K. It can be seen that our results agree favorably with
those of Ref. 4 in the overlap regime, and confirm the in-
teresting trend that at low temperatures the thermal con-
ductivity increases with decreasing x. We observe a peak
in the thermal conductivity near 100 K, and a weak fall-
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FIG. 2. Thermal conductivity of TiC, single crystals.
Dashed lines represent the result of Ref. 4: the lower line is
x =0.96 and the upper line in x =0.86. Sample designation:
A, x =0.88; ® x =0.93; 0, x =0.95; A\, Taylor’s polycrystal.

off at higher temperatures. We note that this decline is
stronger in the less stoichiometric samples, and that for
the sample with x =0.95 the thermal conductivity flat-
tens noticeably. At room temperature the thermal con-
ductivity of our single crystals is 15-30 % smaller than
that of Taylor’s polycrystalline sample. ¢

Thermopower

Figure 3 displays the thermoelectric power of our sam-
ples. Several striking features are evident. First, we note
the slight dependence of the thermopower on
stoichiometry, unlike the behavior of the electrical and
thermal conductivities. The room-temperature values of
6.0-6.4 uVK™! are essentially independent of carbon
content in this stoichiometry range, to within the abso-
lute accuracy of our measurement. Perhaps the most
notable feature of the thermopower, however, is its
strong nonlinearity with temperature. It is well known

TABLE 1. Parameters of TiC, single crystals; p and «, are the room-temperature electrical resistivi-
ty and electronic thermal conductivity, respectively, and RRR is the residual resistivity ratio.

Dimensions p(300 K) K.(300 K)
Sample No. x (mm?®) (uQcm) RRR (Wem™ 'K
1 0.88 11.2X4.5X0.8 204 1.05 0.036
0.93 7.2X2.5X1.4 133 1.11 0.055
3 0.95 9.5X2.8X1.6 126 1.35 0.058
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FIG. 3. Thermolectric power of three TiC, single crystals.
Sample designation is given in Fig. 2. The dashed line is a fit to
the data using electron-phonon renormalization; the solid line
represents the bare thermopower Xz T.

that phonon-drag effects in crystalline materials can pro-
duce large anomalies in the thermopower. We reject this
as the cause of our hump-shaped curves for several
reasons. First, phonon drag is very sensitive to sample
quality; it is highly unlikely that samples with even slight-
ly different compositions would exhibit nearly exactly the
same phonon-drag thermopower. Furthermore, the high
electrical resistivity of our samples indicates that the elec-
trons are much more strongly scattered by vacancies than
by phonons; on the other hand, as is argued below, the
thermal conductivity data suggest that for 7> 100 K the
phonon mean free path is limited mainly by U processes
and defect scattering, which would tend to suppress
strongly any phonon-drag effects at higher temperature.
Based on these arguments we conclude that the thermo-
power is completely in the diffusion regime, with
phonon-drag effects playing little, if any, role. We must
therefore call on another mechanism to explain the in-
teresting thermopower we observe.

DISCUSSION

It is evident from both the electrical resistivity and
thermal conductivity that electron-vacancy, phonon-
vacancy, and phonon-electron interactions all play
significant roles in determining the properties of titanium
carbide crystals. This interplay is nicely displayed in the
thermal conductivity where at high temperatures « in-
creases with increasing x while at low temperatures it de-
creases with increasing x. Radosevich and Williams
pointed out* that this latter behavior arises due to an in-
crease in carrier density with decreasing x. They conjec-
ture that these electrons contribute little to the electrical
conductivity because they go into the p or d states, but
are nonetheless capable of scattering phonons and give
rise to the inverse dependence of k on x at low tempera-
ture.
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While both phonons and electrons can carry heat, ex-
periment measures the total thermal conductivity

K=K, Tk, , (1)

where k, represents the electronic thermal conductivity
and k, represents the phonon, or lattice, thermal conduc-
tivity. Because electrons are scattered predominantly by
vacancies, a process that is energy conserving from the
electrons’ point of view, we can use the Wiedemann-
Franz law with the free-electron value of the Lorenz ratio
to estimate «,. The result at room temperature is given
in Table I. In the sample with x =0.95, electrons carry
nearly one-quarter of the heat at room temperature. This
fraction falls off with decreasing temperature such that
below 100 K the electronic contribution is less than 5%.
By subtracting the estimated electronic component we
can determine the lattice thermal conductivity; the result
is shown in Fig. 4. We see that above 100 K the curves
are bunched much more closely together and exhibit
nearly the same temperature dependence; however, the
absolute magnitude of «, still scales with x. The spread-
ing out of the total thermal conductivity curves near
room temperature (Fig. 2) is thus due to differing
amounts of electronic thermal conductivities. In fact,
Taylor’s result® of k=0.27 Wem ™! K ™! at 300 K may be
due to a larger contribution of «x, in his sample, which
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FIG. 4. Lattice thermal conductivity of TiC, single crystals
determined by subtracting the electronic component calculated
from the Wiedemann-Franz law from the the total thermal con-
ductivity. Solid lines are guides to the eye; the dashed line is the
theoretical prediction of the temperature dependence of lattice
thermal conductivity in the presence of strong point-defect
scattering. For sample designation, see Fig. 2.
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was polycrystalline with x =0.95. While it may seem
counterintuitive that a polycrystalline sample would have
a larger electronic thermal conductivity than a single
crystal, it has in fact been observed without excep-
tion!! 713 that polycrystalline carbides have larger electri-
cal conductivities than single crystals. For instance, if,
by comparison with Fig. 4 we assume Taylor’s sample
with x=0.95 has a lattice component of
k,~0.16 Wem 'K ™!, then x,~0.11 Wem™ 'K ™! for
his sample at 300 K. From the Wiedemann-Franz law,
this corresponds to p=67 uf cm, which agrees quite well
with Taylor’s reported value of p=60 uQ cm at 273 K.

While the decrease in lattice thermal conductivity with
temperature at high temperatures is not unexpected, the
strength of the falloff is much weaker than the 1/7T law
expected from phonon-phonon umklapp processes. Kle-
mens'* has developed a theory for the high-temperature
lattice thermal conductivity when scattering by point de-
fects is stronger than that of U processes, and shows that
the expected temperature dependence is given by
Ky~ AT)™ %3, where A is proportional to the strength of
the point-defect scattering. We see in Fig. 4 that our re-
sults for TiC, are qualitatively consistent with this result,
with respect to both temperature and vacancy (point-
defect) concentrations.

We turn now to Fig. 3 and a discussion of the thermo-
power of our samples. As we mentioned earlier, if
phonon-drag effects are completely suppressed in these
samples due to the large electron-vacancy scattering rate,
the thermopower should be completely of the diffusion
type. While one expects, based on a free-electron model,
a diffusion thermopower S that varies linearly with tem-
perature, this is not the case in many systems, including
the present one. The most abundant examples occur in
the realm of amorphous alloys!>~?° where the lack of any
periodic crystal structure guarantees the absence of pho-
non drag. The thermopower of these materials generally
exhibits a hump, or bend, around 50 K, a behavior that is
well understood on the basis of renormalization of the
electrons’ energy (the so-called mass enhancement effect),
velocity, and scattering rate due to their interaction with
phonons. Opsal, Thaler, and Bass?! first introduced the
concept as a mass enhancement of the thermopower in
aluminum. The form of the enhancement is the same
(1+A) mass enhancement that occurs in superconduc-
tors, where A is the dimensionless electron-phonon cou-
pling constant. In fact, mass enhancement effects have
been invoked to explain the nonlinear thermopower of
several Chevrel-phase superconductors,?? and it has even
been suggested that such an effect may occur in the ther-
mopower of high-7, materials.?>?* Since the family of
transition-metal carbides and nitrides all have relatively
large electron-phonon coupling constants?® (even though
some of them, such as TiC, are not superconductors), one
might expect that such effects may be manifest, especially
in view of the strong electron-vacancy scattering that en-
sures the absence of phonon drag. Recently, in fact, mass
enhancement effects were reported in the thermopower of
polycrystalline NbN films.?® We thus consider first the
possibility that such enhancement effects may be active in
TiC.
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Kaiser?® has shown that electron-phonon renormaliza-
tion effects lead to a thermopower of the form

S=X,T+aTA/(T), 2)

where X, T is the bare diffusion thermopower in the ab-
sence of renormalization, and A (T) is the temperature-
dependent enhancement factor given by

[ dEQ*F(E)G,(E /kyT)/E

J dEa*F(E)/E

where a?F(E) is the Eliashberg function, F(E) being the
phonon density of states. The function G (E /kyzT) has
been given earlier by Kaiser.?” The constant a in Eq. (2)
is given by

a=MX,+28+7) . (4)

A(T)=

(3)

If only mass enhancement (energy renormalization)
effects occur without any renormalization of the electron
velocity and relaxation time, then @ =AX,. The parame-
ter 23 measures the strength of velocity and scattering
time renormalization, and ¥ is a term due to higher-order
diagrams (Nielsen-Taylor effect).

We can fit our thermopower curves using Eq. (2) with
X, and a as adjustable parameters. Since the form of the
Eliashberg function is not known for TiC, we use
a=const and a Debye F(E). It turns out that the fit is
not terribly sensitive to the particular form of a?F(E).
For Debye temperature we use ® =740 K from specific-
heat data.?® It is possible using this model to reproduce
rather well the qualitative features of the data; see Fig. 3.
The best fit requires X, =11 nVK 2 and a =33 nVK 2,
An estimate of A for TiC is 0.25.2° Thus a/A=133
nV K™ 2>>X,, implying that the observed enhancement
cannot be accounted for on the basis of energy renormal-
ization alone. In fact, X,A=2.8 nV K 2, which means
we require (28+7)A=30 nV K 2. This factor is on the
order of that found by Kaiser et al. for NbN films; we
believe, however, that such values for momentum and
relaxation-time renormalization seem artificially large
and unphysical.

We will show now that a mechanism considered origi-
nally by Lye’ to describe his thermopower data on TiC
single crystals above 100 K is capable of explaining the
present data throughout the entire temperature range, as
well as providing an alternative explanation of the ob-
served thermopower of NbN films. This approach is
based on Mott’s model of transport in transition metals.?’
The rather limited temperature range of Lye’s study and
the large scatter in the data prevented a detailed analysis
in that case. We shall carry out such an analysis here,
proceeding as follows. As is shown by Lye, based on the
usual solution of the transport equation for an isotropic
metal, > the thermopower can be written as

STl=s71+871, (5

where S, is the part of the diffusion thermopower that is
linear in temperature, S; = A7, and S,, the correction to
the linear thermopower, depends on various derivatives
of the conductivity o with respect to energy. Following
Lye the second term can be written
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FIG. 5. Density of states of TiC, adapted from Ref. 31. Note
the location of the Fermi energy Ey very near a minimum.

S,=B(T/T,,+T,/T), (6)
where
B =2k /e)(a"" /60" )/ *[0" /o' =00 /(0')?] ! (7
and

T, =(1/mk)60' /a'")'/?, 8

where the derivatives of o are with respect to energy and
evaluated at the Fermi energy Ep. Now according to
Mott’s model, if the current-carrying electrons are scat-
tered strongly by vacancies into the d band, then the con-
ductivity is proportional to the d-band density of states
(DOS); thus conductivity derivatives translate directly
into derivatives of the d-band DOS at the Fermi level. It
is when these derivatives are large that corrections to the
simple proportionality between S and T become
significant. This is precisely the situation in TiC, as is il-
lustrated in Fig. 5. Here the calculated DOS for TiC is
displayed;31 we see that E occurs very near a minimum
in the d-band DOS, making it highly likely that higher-
order conductivity derivatives are large, and lending sup-
port to the applicability of this model to the present case.

We have fitted our thermopower data over the entire
temperature range to Eq. (5) using 4, B, and T,, as ad-
justable parameters. The results for the x =0.88 sample
are shown in Fig. 6; a similarly good fit is obtained for
the other two samples. The parameters that give the best
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FIG. 6. Thermopower of TiC single cyrstals with x =0.88.
A fit to the data using the s-d scattering model is indicated with
a solid line.
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TABLE II. Fitting parameters for the thermopower of TiC
single crystals according to Mott’s theory for s-d scattering.

4 B T,
Sample No. x (uVK™2) (VK™ (K)
1 0.88 —0.05 —5.0 370

0.93 —0.05 —4.6 370

3 0.95 —0.05 —5.5 370

fit to the data are given in Table II. It is not possible to
compare these values with those expected from electronic
band-structure calculations because the conductivity
derivatives at the Fermi level have not yet been evalu-
ated. This perhaps could be the focus of future theoreti-
cal study.

While electron-phonon enhancement effects are cap-
able of producing nonlinear thermopowers such as those
observed here and in NbN films, it seems to us that the
values of the parameters required to produce a good fit
are unreasonably large. Rather, we believe that, at least
in the case of TiC, the results are better understood on
the basis of s-d scattering as outlined above, and suggest
that this may also give an adequate explanation of the
NbOLN data as well without invoking any enhancement
effects. The main requirement is the existence of a d
band near the Fermi level into which the conduction elec-
trons can scatter.

SUMMARY

We have measured the thermal conductivity and ther-
moelectric power of TiC single crystals with x =0.88,
0.93, and 0.95, from 15 to 300 K. These measurements
cover previously unexplored temperature regimes of
thermal transport in these systems. Strong scattering of
electrons by vacancies in this material produces a rela-
tively large and weakly temperature-dependent resistivi-
ty. The electronic thermal conductivity is also substan-
tially depressed due to vacancy scattering, accounting for
at most 25% of the total heat conduction at room tem-
perature and less than 5% below 100 K. The lattice
thermal conductivity is limited by scattering from carbon
vacancies at high temperature and electrons at low tem-
perature. This produces a characteristic temperature
dependence in which «,, increases with increasing x above
100 K and decreases with increasing x below this temper-
ature. The thermoelectric power is of the diffusion type,
yet displays a “bend” around 60 K. This behavior can be
quantitatively understood in terms of scattering of the
transport s electrons into the d band, a process suggested
originally by Lye in 1965 for TiC. It is proposed that the
thermopower of other carbides and nitrides that possess a
d band near the Fermi level can be understood in these
terms as well.
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