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Thermopower and thermal conductivity of superconducting perovskite MgCNi3
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The thermopower and thermal conductivity of superconducting perovskite MgCNi3(Tc'8 K) have been
studied. The thermopower is negative from room temperature to 10 K. Combined with the negative Hall
coefficient reported previously, the negative thermopower definitely indicates that the carrier in MgCNi3 is
electron type. The nonlinear temperature dependence of thermopower below 150 K is explained by the
electron-phonon interaction renormalization effects. The thermal conductivity is of the order for intermetallics,
larger than that of borocarbides, and smaller than MgB2. In the normal state, the electronic contribution to the
total thermal conductivity is slightly larger than the lattice contribution. The transverse magnetoresistance of
MgCNi3 is also measured. It is found that the classical Kohler’s rule is valid above 50 K. An electronic
crossover occurs atT* ;50 K, resulting in the abnormal behavior of resistivity, thermopower, and magnetore-
sistance below 50 K.

DOI: 10.1103/PhysRevB.65.064534 PACS number~s!: 74.70.Ad, 74.25.Fy
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I. INTRODUCTION

Recently the discovery of two intermetallic supercondu
ors MgB2 ~Ref. 1! and MgCNi3 ~Ref. 2! has attracted grea
attention. MgB2 has a relatively high superconducting tra
sition temperature (Tc539 K) and a highly promising po-
tential application. High-frequency phonons induced by
light element B are believed to be essential in yielding
high Tc . Despite its lowTc ~about 8 K!, MgCNi3 is of in-
terest because it is a compound having the perovskite s
ture without any oxygen, and also because it contains a h
proportion of Ni.

MgCNi3 forms a three-dimensional perovskite structu
Comparison to a familiar oxide perovskite such as CaTi3,
for example, indicates the structural equivalencies betw
Ca and Mg, Ti and C, and O and Ni. Instead of a Ti atom
C atom is located in the body-centered position surroun
by a Ni6-octahedra cage. Such a large amount of nicke
MgCNi3 makes it an analog of the three-dimensional laye
nickel borocarbides, typified by LuNi2B2C with aTc near 16
K.3 One might expect nickel to give rise to possible mag
tism in this compound, but no long-range magnetic order
transition was observed from 2 K to 295 K by neutron-
diffraction measurements.4 Band calculations indicate pre
dominantly Ni 3d character at the Fermi level o
MgCNi3,5–7 similar to LuNi2B2C ~Refs. 8 and 9! and
YNi2B2C.10 Ni-derived 3d electrons are considered to b
superconducting electrons in MgCNi3, so the possibility of
the existence of a localized moment on Ni atoms is
reasonable since it would lead to strong pair breaking
superconductivity is due tos-wave pairing. Heet al.2

has determined the electron-phonon coupling constantlph
;0.77 by specific-heat measurement, which is in
range of conventional phonons. Tunneling measurement
Mao et al.11 detected a zero-bias conductance peak be
Tc suggesting an unconventional character of the super
ducting pairing state. However, the recent13C NMR
0163-1829/2002/65~6!/064534~6!/$20.00 65 0645
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data12 below Tc are consistent with isotropics-wave super-
conductivity.

There are some doping investigations on MgCNi3,13,14but
only a few transport properties have been reported. Our
vious Hall-effect measurement15 indicates that the carrier in
MgCNi3 is electron type. The value ofRH at 100 K agrees
well with that calculated by Singh and Mazin.7 However,
their calculated thermopower isp type except for that at very
low T. They found thatS is very small~less than 1mV/K)
below 150 K, then rises more rapidly, reaching 5mV/K at
300 K. They contributed this unusualT dependence ofS to
the competition between the hole and electron pockets
comparable size in the Fermi surface.

Thermal conductivityk is one of those transport coeffi
cients which exhibits nonzero values in both the normal a
the superconducting states. The temperature dependencek
allows one to distinguish between the most important int
actions in a superconductor. In particular, the interaction
electrons with phonons is recorded in the magnitude ofk(T).
Moreover, scattering of these particles by static imperf
tions like impurities, defects, or grain boundaries is reflect

In this paper, we report the measurements of thermopo
and thermal conductivity for superconducting perovsk
MgCNi3. The thermopower is negative from room tempe
ture to 10 K. Combined with our previous Hall-effect me
surement, it definitely indicates that the carrier in MgCNi3 is
electron type. The origin of the nonlinear temperature dep
dence ofS(T) below 150 K is discussed. The thermal co
ductivity is of the order for intermetallics, larger than that
borocarbides, and smaller than MgB2. In the normal state,
the electronic contribution to the total thermal conductivity
slightly larger than the lattice contribution. The transver
magnetoresistance of MgCNi3 is also measured. It is found
that the classical Kohler’s rule is violated below 50 K. Th
abnormal behavior of resistivity, thermopower, and mag
toresistance below 50 K is attributed to an electronic cro
over occurring atT* ;50 K.
©2002 The American Physical Society34-1
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II. EXPERIMENT

The polycrystalline specimen of MgCNi3 used for the
present measurements is the same one reported previou15

Detailed preparation has been reported in Ref. 15. The t
mopower was measured by a dc method in the tempera
range 10–300 K. The temperature gradient (DT) in the
sample was measured using two pairs of Rh-Fe ther
couples. The sample was mounted on the top of two w
separated copper blocks with silver paint. During the m
surement, the temperature gradientDT of two separated
copper blocks was kept at 1 K. To eliminate the effects of
reference leads, the absolute thermopower of copper
subtracted from the measured thermoelectric voltage.
thermopower result displayed in this paper is the avera
value over five sets of data measured at the same temp
ture.

The method of longitudinal steady-state thermal flow w
used in measuring the thermal conductivity of the sam
from 7 to 300 K. There is a resistive heater at one end of
sample, while the other end produces good heat excha
with a heat source whose temperature can be set free
Rh-Fe thermometer is used on the heat source, and the
perature gradient of the sample is measured by a N
Constantan thermocouple. We use PID~proportional-
integral-derivative! arithmetic to control the temperature b
computer. The temperature stability is better than62 mK,
which is available to the precise requisition of thermal m
surement.

Magnetoresistance was measured by a standard f
probe method. The magnetic field was applied by a su
conducting magnet system~Oxford Instruments! and the
temperature was measured by a Cerox thermometer.

III. RESULTS AND DISCUSSION

Figure 1 shows the x-ray-diffraction~XRD! pattern and
temperature dependence of resistivity under zero magn
field for the MgCNi3 sample. The XRD pattern indicates th
the sample is nearly single phase. Rietveld refinement16 has
been performed based on the space groupPm-3m. It gave
the cubic cell parametera53.811 11Å and an actual C oc
cupancy of about 0.97, consistent with a previous repo2

The resistive superconducting transition is very sharp w
the midpoint of the resistive transitionTc58.0 K. The tem-
perature dependence of resistivity,r(T), is almost identical
to that reported by Heet al.2 A similar r(T) behavior has
been observed in (Ba,K)BiO3 thin films17 and single
crystals.18 Above 70 K, the normal-stater(T) behavior fol-
lows Bloch-Grüneisen theory consistently with electro
phonon scattering and the fitting curve is shown as a s
line in Fig. 1.15

A. Thermopower

The absolute thermopowerS(T) of MgCNi3 from room
temperature~RT! to 10 K is shown in Fig. 2. The upper inse
of Fig. 2 shows the temperature dependence of the Hall
efficient reported by us.15 S(T) is negative for the whole
temperature range, which is in contrast to that predicted
06453
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Singh and Mazin.7 The negative thermopower, combine
with the negative Hall coefficient as seen in the upper in
of Fig. 2, definitely indicates that the charge carrier in th
compound is electron type. Room-temperature thermopo
S(RT) and @dS/dT#RT are as 29.2 mV/K and
213.1 nV/K2, respectively. The magnitude ofS(RT) is
somewhat larger than the typical value associated with fr
electron/conventional metals, i.e.,21.28 mV/K for lead and
1.94 mV/K for gold, but it is approximately the same as fo
palladium19 @S(RT)5210 mV/K # and Y(Lu)Ni2B2C
single crystals.20

The thermopower of conventional nonmagnetic met
consists of two contributions, a diffusion contribution and
phonon-drag contribution, resulting from the transfer of ph
non momentum to the electron gas. The diffusion contrib
tion is proportional to temperature, while the phonon-dr
contribution falls at low temperature as the phonons fre
out, and at high temperatures as the excess phonon mo
tum gets limited by phonon-phonon scattering. This usua
results in a phonon-drag peak in conventional metals withT3

FIG. 1. The temperature dependence of resistivity under z
magnetic field for a MgCNi3 sample. Inset: the XRD pattern.

FIG. 2. The temperature dependence of thermopower fo
MgCNi3 sample. Upper inset: the temperature dependence of
Hall coefficient adopted from Ref. 15. Lower inset:S2bT as a
function of temperature.
4-2
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THERMOPOWER AND THERMAL CONDUCTIVITY OF . . . PHYSICAL REVIEW B 65 064534
dependence below 0.1QD and falls asT21 above'0.3QD .
From Fig. 2, no obvious phonon-drag peak is present fr
RT down to 10 K in MgCNi3.

The thermopower of MgCNi3 is approximately linear inT
near room temperature within measurement accuracy.
extrapolation of theS(T) data, assuming a linearT depen-
dence ofS, does not pass throughS50 at T50 and gives a
large intercept. The data in the temperature region betw
150 K and RT was fitted to a straight line, i.e.,S(T)5a
1bT, with a525.2 mV/K and b5213.1 nV/K2. The in-
tercept value is slightly larger than that reported for sin
crystals of YNi2B2C(24.6 mV/K) and LuNi2B2C
(24.3 mV/K).20 The thermopower of MgCNi3 shows the
change in slope at the ‘‘knee’’ at about 150 K. Obviously,
addition to the diffusion thermopower, there is~are! addi-
tional contribution~s! to the thermal power yielding the ob
served temperature dependence ofS. Such a nonlinear tem
perature dependence of thermopowerS(T) is very similar to
that of Y(Lu)Ni2B2C single crystals.20 Rathnayakaet al.20

found that S2bT, representing contributions to the
mopower other than the diffusion thermopower, is negat
and almost constant between 100 and 300 K, and varies
proximately asT21 below 100 K for both YNi2B2C and
LuNi2B2C single crystals. They suggest that the obser
slope change ofS(T) in Y(Lu)Ni2B2C single crystals could
be due to the phonon-drag effect as in high-Tc cuprate
superconductors.21 We plot (S2bT) vs T for MgCNi3 in the
lower inset of Fig. 2. It is found thatS2bT is almost con-
stant above 150 K, approximately25.2 mV/K. However
the data ofS2bT cannot be fitted asT21 between 10 and
150 K. This result indicates that the additional contrib
tion~s! to the thermopower in MgCNi3 may not be attributed
to phonon drag as in Y(Lu)Ni2B2C single crystals20 and
high-Tc cuprate superconductors.21 It is believed that the par
ticular thermopower behavior of high-Tc cuprates and boro
carbides relates to their layered nature.20,21 MgCNi3 is a
three-dimensional, nonlayered compound, hence a diffe
contribution to the thermopower is reasonable.

A low-temperature ‘‘knee’’ inS(T) would also be ex-
pected from electron-phonon interaction renormalizat
effects.22 Electron-phonon renormalization would lead to
enhanced thermopower that is given by

S5Sb@11l~T!#, ~1!

where l(T) is the electron-phonon mass-enhancement
rameter andSb is the bare thermopower~without renormal-
ization effects!. In this expression certain other correctio
have been ignored which are relatively small and can
ignored as a first approximation.23 Equation~1! can be re-
written as

S

T
5

Sb

T
@11l~T!#, ~2!

wherel(T), the electron-phonon mass-enhancement par
eter, is maximum atT50 K and becomes smaller asT is
raised, becoming almost negligible~in comparison with 1!
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near RT and higher temperature. A plot ofS/T vs T should
then give a measure ofl(T), and@S/T#T→0 /@S/T#RT should
approximate 11l(0).

Figure 3 shows the plot ofS/T vs T from 10 K to RT for
MgCNi3. The magnitude ofS/T increases smoothly as tem
perature is decreased above about 50 K, but shows a r
increase at 50 K and a negative peak at 35 K. This nega
peak reflects the abnormalT dependence of thermopowe
below 50 K, as seen from Fig. 2. The electrical resistiv
data of Fig. 1 also shows a change of curvature in the sa
temperature range, and satisfiesr;Tn with n;1.7 below 50
K. Singeret al.12 found that the NMR Knight shift13K satu-
rates below about 50 K. They suggest that an electro
crossover takes place nearT* ;50 K prior to the supercon-
ducting transition atTc57.0 K. This electronic crossove
may be responsible for the abnormal behavior of th
mopower and resistivity below 50 K.

Due to the presence of the negative peak at 35 K, i
difficult to determine the ratio@S/T#T→0 /@S/T#RT precisely.
However, to get some qualitative feeling as to the importa
of these renormalization effects inS(T) for MgCNi3, the
S/T values at 10 K and the peak~35 K! are taken to be
@S/T#T→0 as an approximation, respectively. Using the
values of@S/T#T→0 and value of@S/T#RT from Fig. 3, esti-
mated values ofl(0) are 1.4 and 1.7, respectively. Such
range ofl(0) values of MgCNi3 are close to that of some
strong-couplingA-15 superconductors, e.g., Nb3Sn(l'1.8)
and Nb3Al( l'1.5). The value ofl(0) for Y(Lu)Ni2B2C
single crystals obtained from a similar analysis ofS/T data20

is unrealistically high in comparison with the values ofl(0)
for conventional superconductors including strong-coupl
ones. Consequently, electron-phonon renormalization eff
do not explain theS(T) data for Y(Lu)Ni2B2C single crys-
tals.

He et al.2 has determined the electron-phonon coupli
constant lph;0.77 by specific-heat measurement f
MgCNi3. This value ofl seems much smaller than that
l(0) estimated from theS(T) data. Therefore there may b
some mechanisms other than electron-phonon coupling
induce mass enhancement. NMR measurements12 reveal that
MgCNi3 has a moderately strong ferromagnetic spin fluct

FIG. 3. S/T as a function of temperature for MgCNi3.
4-3
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S.Y. LI et al. PHYSICAL REVIEW B 65 064534
tion and the spin fluctuations are enhanced by nearly a fa
of 3 with decreasing temperature. In the presence of s
fluctuations, Eq.~2! is modified to

S

T
5

Sb

T
@11l~T!1ls f#, ~3!

where ls f is the mass-enhancement parameter due to
fluctuations. For our present study, the sum ofl andls f is
expected to explain the apparently largel(0) obtained from
the @S/T# vs T plot.

B. Thermal conductivity

Figure 4 shows the temperature dependence of the t
mal conductivityk of MgCNi3 . k(T) keeps nearly constan
above 210 K. Below that temperature, the positive slope
k(T) indicates the limitation of the heat conductivity b
crystal defects sincek in pure normal metals exhibits
maximum at lower temperatures and then decreases with
ing temperature. The magnitude ofk is of the order for in-
termetallics, larger than that of borocarbides,24 and smaller
than MgB2.25,26As seen from the inset of Fig. 4,k shows a
small but clear decrease atTc58 K, which agrees well with
that determined from the resistivity measurement.

Generally, the total thermal conductivity of metals co
sists of an electronic contributionke and a lattice contribu-
tion k l :

k5ke1k l . ~4!

In order to separate both contributions from the total m
sured effect, the Wiedemann-Franz law27 is applied, assumed
to be valid, at least, in simple metals. This model relates
electrical resistivityr with the electronic contribution to the
thermal conductivityke , andke can be expressed as

ke~T!5
L0T

r~T!
, ~5!

FIG. 4. The temperature dependence of the thermal conduct
of MgCNi3. The dashed lines represent the electronic contribu
ke and lattice contributionk l , respectively. The inset shows th
change of slope atTc58 K.
06453
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whereL052.4431028 WV K22 is the Lorenz number.
Using Eq.~4! and taking into account the appropriate va

ues of the normal-state resistivity of MgCNi3 allows to split
k into ke and k l ~dashed lines, Fig. 4!. It is found that the
electronic contribution to the total thermal conductivity
slightly larger than the lattice contribution in the normal sta
of MgCNi3.

According to Matthiessen’s rule bothke and k l are lim-
ited owing to various scattering processes, which can be
pressed in terms of a thermal resistivityW. In the case of
nonmagnetic materials, the following temperature dep
dence of the electronic contribution to the total measu
quantity is assumed to be valid:28

1/ke~T![We~T!5We,0~T!1We,ph~T!5
a

T
1bT2, ~6!

where the subscripts (e,0) and (e,ph) refer to interactions of
the conduction electrons with static imperfection and th
mally excited phonons, respectively;a and b are material
constants.

Equation ~6! allows to determineWe,0 and We,ph . The
electronic thermal resistivityWe is shown in Fig. 5 from 10
to 50 K. The solid line is the fitting curve according to E
~6! and the dashed lines representWe,0 and We,ph , respec-
tively. Thus, the deduced parameters area551.36
mK2 W21 andb51.231024mW21 K21. Obviously from
Fig. 5, the scattering of electrons with static imperfections
the crystal becomes dominant as the temperature approa
Tc .

The above discussions on thermal conductivity
MgCNi3 did not take into account the effect of spin fluctu
tions, which have been greatly enhanced with decreas
temperature.12 In fact, the scattering of electrons with sp
fluctuations will decrease the thermal conductivity, esp
cially at low temperature. However, the exact temperat
dependence of the electronic thermal resistivity cau
by the interactions of the conduction electrons with spin flu

ty
n

FIG. 5. The electronic thermal resistivity of MgCNi3. The solid
line is the fitting curve according to Eq.~6!.
4-4
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tuations in MgCNi3 is not clear for us so far. To clarify
it, further experimental and theoretical work should
done.

C. Magnetoresistance

To get further insight into the charge transport, mag
toresistance~MR! measurement is a useful tool since it
more sensitive to the change in the charge-carrier scatte
rate 1/t, effective massm* , and the geometry of the Ferm
surface. In conventional metals, the electrical conductiv
can be described in terms of the Boltzmann equation.29 In the
presence of a magnetic fieldH, the change in the distribution
function g(v) is described by

g~v!5F11~Ht!
e

c
v3Ĥ•

]v
\]k

•

]

]vG21S 2teE•v
] f 0

]e D .

~7!

The magnitude of the magnetic field contributes
Eq. ~7! in a product ofH and t. Since 1/t is generally
proportional to the zero-field resistivityr0, the MR Dr/r0
depends only onH/r0. This results in a scaling law referre
to as Kohler’s rule which holds in many convention
metals:30

Dr

r0
5 f ~Ht!5FS H

r0
D . ~8!

In the low-field limit, the MR quadratically depends onH,
and is therefore scaled asDr(T)5const3(H/r0)2.

Figure 6 shows the normal-state transverse (H'I ) mag-
netoresistance of MgCNi3 as a function of magnetic field a
various temperatures. The magnetoresistance is define
MR5Dr/r05(r(H)2r0)/r0. The inset of Fig. 6 is the
magnetic-field dependence of the resistance at 2.3 K. Ab
Hc2

(2.3 K)512.5 T, the resistance increases with the m
netic field, showing a positive magnetoresistance. T
change in the resistance at 12 T and 15 K is about 0
which is comparable with normal metals.30 A large in-plane

FIG. 6. The normal-state transverse (H'I ) magnetoresistance
of MgCNi3 as a function of magnetic field at various temperatur
Inset: the magnetic-field dependence of the resistance at 2.3 K
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MR(Hic)('7.3%) has been observed in LuNi2B2C single
crystals forH54.5 T at 20 K, and a similar amount of MR
has been observed for YNi2B2C single crystals.20 The value
of MR for a LuNi2B2C polycrystalline sample31 is about 3.5
times higher than that of a single crystal. Obviously the M
of MgCNi3 is much smaller than that of borocarbide
As seen in Fig. 6, the normal-state transverse MR
MgCNi3 is always positive and monotonically decreas
with increasing temperature. The magnetic-field depende
is essentiallyH2 up to 12 T for all temperatures. The da
in Fig. 6 are replotted asDr/r vs (H/r)2, Kohler’s plot,
in Fig. 7. Above 50 K the data fall onto a single straig
line, which implies that the MR is essentially scaled byH/r,
i.e., it follows the classical Kohler’s rule. The data below
K have a different slope, which means a deviation fro
Kohler’s rule. As mentioned above, an electronic crosso
at T* ;50 K has been revealed by NMR measuremen12

and affects the low-temperature behavior of resistiv
and thermopower. It is reasonable to attribute the devia
of MR from Kohler’s rule below 50 K to this electronic
crossover.

IV. CONCLUSION

We have investigated the thermopower and thermal c
ductivity of superconducting perovskite MgCNi3. Combined
with the negative Hall coefficient reported previously, t
negative thermopower definitely indicates the electron-ty
carrier in MgCNi3. The nonlinear temperature dependence
thermopower below 150 K is explained by the electro
phonon interaction renormalization effects. The thermal c
ductivity is of the order for intermetallics, larger than that
borocarbides, and smaller than MgB2. A small but clear
decrease of thermal conductivity is observed atTc58 K.
In the normal state, the electronic contribution to t
total thermal conductivity is slightly larger than the lattic
contribution. The transverse magnetoresistance of MgC3

.
FIG. 7. Kohler’s plot for MgCNi3 at selected temperatures

Above 50 K the presence of a universal line implies that Kohle
rule holds.
4-5
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is also measured. It is found that the classical Kohler’s r
is valid above 50 K. Abnormal behavior of resistivity, the
mopower, and magnetoresistance below 50 K are obser
and may be related to an electronic crossover occurrin
T* ;50 K.
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