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The low temperature specific heat of the superconductor MgCNi3 and a nonsuperconductor MgC0.85Ni3 is
investigated in detail. An additional contribution is observed from the data of MgCNi3 but absent in
MgC0.85Ni3, which is demonstrated to be insensitive to the applied magnetic field even up to 12 T. A detailed
discussion on its origin is then presented. By subtracting this additional contribution, the zero field specific heat
of MgCNi3 can be well described by the BCS theory with the gap ratiosD /kBTcd determined by the previous
tunneling measurements. The conventionals-wave pairing state is further proved by the magnetic field depen-
dence of the specific heat at low temperatures and the behavior of the upper critical field.
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Since the discovery of the intermetallic perovskite super-
conductor MgCNi3,

1 plenty of efforts have been focused on
the superconducting pairing symmetry in this material be-
cause its conduction electrons are derived predominantly
from Ni which is itself a ferromagnet.2–5 However, up to
now, there is still not a consensus on this issue. The mea-
sured penetration depth,6 critical current behavior,7 and ear-
lier tunneling spectra8 suggested an unconventional super-
conductivity, the later tunneling data9 supported thes-wave
pairing symmetry and gave a reasonable interpretation on the
contradiction to the result in Ref. 8. Thes-wave pairing has
also been demonstrated by the13C NMR experiments10 and
the specific heat measurements.1,8,11–14To our knowledge, all
the previous reports on the specific heat of MgCNi3

1,8,11–14

were characterized in the framework of a conventional
phonon-mediated pairing. However, there is an obvious de-
viation of the experimental data from the prediction of BCS
theory in the low temperature,8,15 i.e., the entropy conserva-
tion rule is not satisfied. Such deviation has been interpreted
by the presence of unreacted Ni impurities in Refs. 8 and 15,
whereas it is still prominent in the samples without Ni
impurities.14 On the other hand, strong spin fluctuations have
been observed in MgCNi3 by NMR experiment,10 which is
suggested to be able to severely affect the superconductivity
in MgCNi3

2,5,10,11,16 or even induce some exotic pairing
mechanism.2 Consequently, the behavior of the specific heat
will inevitably be changed by the spin fluctuations. There-
fore, before a real pairing mechanism being concluded from
the specific heat data, we have to carefully investigate how
the ferromagnetic spin fluctuations contribute to the specific
heat of MgCNi3.

In this work, we elaborate on the specific heatsCd of
MgCxNi3, system both in normal state and superconducting
state. A low temperature upturn is clearly distinguished in the
C/T vs T2 curves and found to be insensitive to the applied
magnetic field. By doing some quantitative analysis, we
present the evidence of most possible mechanisms respon-
sible for this upturn. After subtracting this additional contri-
bution, a well defined BCS-type electronic specific heat is
extracted. The temperature dependence of the upper critical
field and the field dependence of the low temperature specific
heat also supports such conventional BCS superconductivity

in MgCNi3. These analyses indicate that although the spin
fluctuations may suppress the pairing strength in MgCNi3,
the superconductivity is certainly not induced by any exotic
mechanism.

Polycrystalline samples of MgCxNi3 were prepared by the
powder metallurgy method. Details of the preparation were
published previously.17 The superconductor MgCNi3 has aTc
of 6.7 K and the nonsuperconductor MgC0.855Ni3 was syn-
thesized by continually reducing the carbon component until
the diamagnetism was completely suppressed. The heat ca-
pacity data presented here were taken with the relaxation
method18 based on an Oxford cryogenic system Maglab in
which the magnetic field can be achieved up to 12 T. Details
of the sample information and the measurements can be
found in recent report.11 It should be emphasized here that
the Cernox thermometer used for calorimetry has been cali-
brated at 0, 1, 2, 4, 8, and 12 T, and the calibration for the
intermediate fields is performed by an interpolation using the
result of the adjacent fields. Therefore, any prominent field
dependence of the specific data should reflect the intrinsic
properties of the measured sample.

In general, the low temperature specific heatCsT,Hd of a
superconductor consists of four main contributions by ne-
glecting the component of the nuclear moments,19,28each has
a different dependence onT and two of which depend onH,
also in different ways

CsH,Td = CmagsH,Td + CDOSsH,Td + g0T + CphsTd, s1d

whereg0T represents a spare zero-field linear term andCph is
due to the lattice or phonon contribution. The Debye phonon
specific heatCph=bT3 can usually describe the lattice con-
tribution at low temperatures. However, the departure from
T3 law has often been observed, which is due to the fact that
the density of modes of the phonon in real solid does not
follow the assumedv2 law, herev is the angular frequency
of a harmonic wave associated with the lattice vibration. In
such case, the deviations may be expanded in higher order
terms such asT5, T7, etc. TheH-dependent terms in Eq.s1d,
i.e., CmagsHd and CDOSsHd, are the contributions associated
with magnetism and the electronic density of statessDOSd,
respectively. If there is no magnetism associated contribu-
tion, the normal state specific heat at low temperature can be
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approximatively described asCnsTd=gnT+bT3 in the frame-
work of metal theory. Therefore, a linear relation can be
obtained by plotting the normal state data asCnsTd /T vs T2,
and its intercept and slope correspond togn and b, respec-
tively.

The low temperature specific heat at various magnetic
fields up to 12 T is plotted asCsTd /T vs T2 in Fig. 1. Two
important features should be emphasized here. First, all the
normal state data at various magnetic fields merge into one,11

which is consistent with the results reported by other
groups.14,15 Second, this common normal state background
remarkably deviates from the linear relation as discussed ear-
lier. In Fig. 2, only the normal state data are replotted in a
magnified scale. In order to survey the normal behavior at
very low temperature, the magnetic field up to 12 T was
applied in measurements, which exceeds the highest upper

critical field of our sample and is 4 T higher than that used
by other groups.14,15 The specific heat of the non-
superconductor MgC0.85Ni3 is also presented in Fig. 2 as a
comparison. It is obvious that the perfect linear relation of
CsTd /T vs T2 is satisfied for MgC0.85Ni3, which is a striking
contrast with the case of MgCNi3.

The obvious upturn in the low temperatureCsTd /T vs T2

curves of MgCNi3 cannot be associated with Ni impurites
since the x-ray diffraction pattern shows no indication for Ni
impurites.11 To say the least, if there is still extreme small
content of Ni impurites leading to the prominent low tem-
perature upturn ofC/T, the field dependence of its specific
heat should also be obvious, which is clearly inconsistent
with our experimental results. Moreover, if this upturn is due
to the excess free Ni in MgCNi3, it should also be observed
in MgC0.85Ni3 because of the similar process of synthesizing
these two samples. Quantitatively, taking the data from Refs.
20 and 21 yields for 10% of superfluous Ni an upturn which
is at least two orders of magnitude smaller than the observed
one. Therefore, the contribution of the excessive Ni can be
neglected comparing with the whole specific heat. Further-
more, the possible Schottky anomaly is presented in Fig. 3,
its field dependence is obviously too strong to compare with
our experimental resultsnearly field independentd.

It is found that this upturn can be well fitted if the above
mentionedT5 term is consideredssee the upper solid line in
Fig. 2d. In other words, the departure from theT3 behavior
may be due to the non-Debye phonon DOS, which is consis-
tent with the notable difference of the Debye temperature
between MgCNi3 and MgC0.85Ni3.

11 If the electron-phonon
coupling is indeed the origin of superconductivity in
MgCNi3, it is reasonable to associate the disappearance of
superconductivity in MgC0.85Ni3 with the remarkable differ-
ence of its phonon DOS from that of MgCNi3. However,
some careful work is needed to understand such obvious dif-
ference of phonon structure between these two samples,
since they have similar crystal lattices and chemical compo-
nents.

Another possible explanation of the earlier mentioned low

FIG. 1. The low-temperature specific heat of MgCNi3 at various
magnetic fields from 0 to 12 T. The thick solid line denotes the
universal background including all the normal state data for differ-
ent fields.

FIG. 2. A plot of C/T vs T2 for MgCNi3 and MgC0.85Ni3 in
different magnetic fields. The data of MgC0.85Ni3 can be well de-
fined by a straight line while that of MgCNi3 remarkably deviate
the linearity. The dashed line is a linear extrapolation of the high
temperature data of MgCNi3 and the upper solid line is the theoret-
ical fit considering higher order phonon contributions.

FIG. 3. Comparison between the field-insensitive low-
temperature upturn in the specific heat of MgCNi3 sDC=C−gT
−bT3d and the calculated field dependent Schottky anomaly.
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temperature upturn is the existence of strong spin fluctua-
tions due to the higher DOS at Fermi energyfNsEFdg of
MgCNi3 than that of MgC0.85Ni3,

11 consequently, the cou-
pling between the electrons and spin fluctuations in MgCNi3
should also be stronger. The ferromagnetic spin fluctuations
have been demonstrated by NMR experiments.10 Doniach
and Engelshberg22 and Berk and Schrieffer23 showed that the
absorption and re-emission of spin fluctuations renormalizes
the electronic self-energy, leading to an enhanced effective
mass at low temperatures. This effect manifests itself as a
low-temperature enhancement of the electronic specific-heat
coefficient, lsf, which depends on temperature as
T2 lnsT/Tsfd shere Tsf is the characteristic spin-fluctuation
temperatured at low temperature. Considering the presence of
ferromagnetic spin fluctuations, the normal state specific heat
of MgCxNi3 can be expressed as follows:

CnsH = 0,Td = Af1 + lph + lsfsTdgT + g0T + bT3, s2d

wherebT3 are the contributions of phonon excitations,lsfT
andlphT represent the contributions of effective mass renor-
malization due to the electron-spin fluctuation coupling and
the electron-phonon coupling, respectively, andA is a con-
stant correlated withNsEFd. It can be seen from Eq.s2d that
the deviation from the linear dependence ofCsTd /T on T2 is
due to the temperature dependence oflsf. Moreover, Béal-
Monod, Ma, and Fredkin24 have estimated the shiftdC/T
caused by an applied fieldH to be

dC/T < 0.1S mH

kBTsf
D2 S

ln S
, s3d

where S is Stoner factor. Equationss2d and s3d indicate
that the possible magnetic field dependence of the normal
state specific heat is completely determined by the spin
fluctuations. For simplicity, Eq.s2d can be rewritten as
CnsH=0,Td=gnsTdT+bT3, in which gnsTd=Af1+lph

+lsfsTd+g0/Ag. Therefore, the gn,T relation directly
reflects the temperature dependence oflsf. In Fig. 4, we
present the determinedgnsTd by selecting variousb
values. Fitting the gnsTd relations to the formula of
Af1+BT2 lnsT/Tsfdg yields Tsf varying from 13 to 16 K. By
inserting the determinedTsf, calculated Stoner factorS2 and
the highest field value in our measurements into Eq.s3d, we
can estimate the shiftdC/T caused by the applied field to be
less than 2%, which is in agreement with our experimental
results. However, if this explanation is correct, we must un-
derstand the collapse of the entropy conservation aroundTc
caused by considering such additional electronic specific
heat, as discussed later. Therefore, the specific-heat contribu-
tion of the spin fluctuations themselves may be another can-
didate responsible for the low temperature upturn in specific
heat of MgCNi3.

Despite the true mechanism of the low-temperature up-
turn of C/T, this additional specific heat contribution should
be regarded as a part of the normal-state background of the
superconducting specific heat below the upper critical field
Hc2sTd. In earlier analysis to the specific heat data,8,11,12this
additional part of background has been neglected more or
less belowHc2sTd. We point out here that neglecting this

additional contribution will lead to the collapse of the en-
tropy conservation as reported in Refs. 8 and 15. This opin-
ion is motivated by the subsequent analysis. As shown in
Fig. 5sad, the normal state backgroundsas shown in Fig. 2d
has been subtracted from the zero-field specific heat data, the
entropy differenceDSsTd=e0

TdTsDC/Td is presented in the
inset of Fig. 5sad, hereDC=CH=0−Cn. It is found that the

FIG. 4. Electronic specific heatgnsTd vs T of MgCNi3 in the
normal statesthree differentb values are selected in order to avoid
artificial errorsd. The solid lines are theoretical fits to spin-
fluctuation model. All the curves except the top two are shifted
downwards for clarity.

FIG. 5. Fitting the specific heat datasCH=0−Cnd measured by
different groupssRefs. 11, 14, and 15d to BCS model. The experi-
mental data are denoted by open circles and the fits to thea model
are denoted by solid lines. The dotted lines are fits to the original
BCS model. The inset insad is the entropy difference by integration
of DC/T as presented insad.
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entropy conservation is then well satisfied, indicating that the
remainder is the contribution of superconducting state. Such
analysis has also been applied on the data measured by Wälte
et al.14 and Linet al.,15 respectively, the entropy is also con-
served and the low temperature anomaly as mentioned in
Ref. 15 completely vanishes.

When the superconductivity in MgCNi3 is investigated,
the spin fluctuations cannot be neglected because it may
compete with superconductivity5,11 or even lead to an exotic
pairing mechanism other than the conventionals wave.2 If
the phonon-mediated pairing wins in competing with the
spin fluctuations and, hence, the effect of the spin fluctua-
tions only suppress the electron-phonon couplingsor pairing
strengthd,11 the so-calleda model25 based on the BCS theory
should be a good choice to describe the measured thermody-
namic parameters. Comparing with the original BCS model,
the only adjustable parameter in thisa model is the gap ratio
Ds0d /kBTc. This model has been successfully applied to
strong coupling systems such as Pb and Hg. Then we try to
fit the superconducting part of the zero-field specific heat to
the a model, the results are presented in Fig. 5. All the data
can be well described by this revised BCS model with the
best fitting parameterssi.e.,D andTcd listed in Table I. These
fits yield a gap ratioDs0d /kBTc<2.06, corresponding to the
maximum gapDs0d<1.2 meV which is in good agreement
with our previous tunneling measurements.9 From the earlier
discussions, we can conclude that the coexistence and com-
petition of spin fluctuations and phonons does not change the
phonon-mediated pairing mechanism of MgCNi3.

In order to further verify this picture, we investigate the
field dependence of the low temperature specific heat of
MgCNi3. It is known that the electronic specific heat in mag-
netic fields can be expressed byCelsT,Hd=CelsT,H=0d
+gsHdT. The magnetic field dependence ofgsHd is associ-
ated with the form of the gap function of the superconductor.
For example, in a superconductor with line nodes in the gap
function, the quasiparticle DOSsNsEdd rises linearly with
energy at the Fermi level in zero field,NsEd~ uE−EFu, which
results in a contribution to the specific heatCDOS=aT2.26 In
the mixed state with the field higher than a certain value, the
DOS near the Fermi surface becomes finite, therefore the
quadratic termCDOS=aT2 will disappear and be substituted
by the excitations from both inside the vortex core and the
delocalized excitations outside the core. Ford-wave super-
conductors with line nodes in the gap function, Voloviket
al.27 pointed out that in the mixed state, supercurrents around
a vortex core cause a Doppler shift of the quasiparticle exci-
tation spectrum. This shift has important effects upon the low

energy excitation around the nodes, where its value is com-
parable to the width of the superconducting gap. For
H@Hc1, it is predicted that NsEFd~H1/2 and
CDOS=DgsHdT=ATH1/2 at low temperatures.27 This predic-
tion has been well proved for hole doped cuprates.28

Whereas in a conventionals-wave superconductor, the spe-
cific heat in the vortex state is dominated by the contribution
from the localized quasiparticles in the vortex cores. From
the Bogoliubov equations assuming noninteracting vortices,
the DOS associated with the bound excitations is derived as
NsEd~BsHd sRef. 29d, hence, the contribution of the vortex
cores to the specific heat isCDOS~BsHdT.30,31 It is also theo-
retically derived that the experimentally observed downward
curvingCsHd is caused by the flux line interactions nearHc1

and the possible expansion of the vortex cores.30,31 Accord-
ing to the earlier discussions, the specific heat coefficient
gsHd of conventionals-wave superconductor should linearly
depend on the magnetic field well aboveHc1.

Figure 6 shows the field dependence ofgsHd−gs0d of
MgCNi3 below 3 K. The data reported by different
groups11,14,15merge into each other by timing a prefactorA
close to unity. It is found thatg linearly depends onH above
0.5 T and persists up to 8 T which is close to the upper
critical field of MgCNi3. The legible linearity ofDg,H re-
lation at higher field and its negative curvature below 0.5 T
are in good agreement with the earlier mentioned behaviors
of conventionals-wave superconductors. It may be argued
that the low temperature limit of about 2 K in our measure-
ments is not low enough to distinguish thed wave’s
Dg,H1/2 law. However, it should be emphasized that the
observedDg,H relation is nearly universal at low tempera-
tures below upper critical field, which is very similar to the
behavior of V3Si,31 a typical conventionals-wave supercon-
ductor.

Finally, we compare the temperature dependence of the
upper critical fieldHc2sTd with the prediction of BCS theory
in which theHc2sTd can be expressed as follows:

Hc2sTd < 1.74Hcs0ds1 − T/Tcd sTc − T ! Tcd, s4ad

TABLE I. Fits to the BCS model for zero-field specific heat.

Groups D smeVd Tc sKd 2D /kBTc

Shanet al.a 1.20 6.70 4.15

Wälte et al.b 1.20 6.80 4.10

Lin et al.c 1.15 6.45 4.14

aSee Ref. 11.
bSee Ref. 14.
cSee Ref. 15.

FIG. 6. The magnetic field dependence of the specific heat co-
efficient gsHd−gs0d at low temperatures.
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Hc2sTd < Hc2s0df1 − 1.06sT/Tcd2g sat low Td. s4bd

As shown in Fig. 7, the best fitting to the BCS model is
denoted by solid lines. At lower temperature, the experimen-
tal data can be well described by Eq.s4bd. For the higher
temperature nearTc, a prefactor of 1.65 is obtained instead of

the theoretical prediction of 1.74 as expressed in Eq.s4ad.
Nonetheless, the BCS model is still a preferred description
for Hc2sTd of MgCNi3 considering the stronger electron-
phonon coupling and the presence of ferromagnetic spin
fluctuations.

In summary, we have investigated the specific heat data of
MgCxNi3 system. A remarkable field independent contribu-
tion is found in MgCNi3, reflecting the departure of normal-
state specific heat from theT3 law. By removing this contri-
bution, the zero-field data is well described by thea model
sa slightly revised BCS modeld. The conventionals-wave
superconductivity is further supported by the linear field de-
pendence of specific heat coefficientgsHd and the BCS-like
temperature dependence of upper critical fieldHc2sTd. It is
then concluded that, although electron-magnonsspin fluctua-
tionsd coupling coexists and competes with electron-phonon
coupling effect in MgCNi3, it only acts as pair breakers
while does not induce an exotic superconductivity.

Note added: Most recently, the carbon isotope effect in
superconducting MgCNi3 observed by T. Klimczuk and R. J.
Cava indicates that carbon-based phonons play a critical role
in the presence of superconductivity in this compound.32
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