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s-wave pairing in MgCNi3 revealed by point contact tunneling
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Electron-tunneling spectroscopy on MgCNi3 has been studied withN/MgCNi3 point contacts withN
5PtIr and Au. Most of the measured tunneling conductance show an Andreev reflection peak and a pro-
nounced dip structure outside the peak. We introduce a Josephson junction in series with the point contact to
model the tunneling process. By tuning the weights of the point contact quasiparticle voltage and the Josephson
voltage we are able to fit almost all the tunneling data nicely. The results support BCSs-wave pairing in
MgCNi3, and the model explains the sharp dip structure which is seen in point contact tunneling into some
polycrystalline superconductors.
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The discovery of superconductivity in MgCNi3 ~Ref. 1!
seems to be surprising due to the strong ferromagnetic in
bility in this system.2 It is argued that the nonoxide perov
skite superconductor could be a bridge between conventi
superconductors and high-Tc cuprates. So the issue o
whether it is a conventional or an unconventional superc
ductor has attracted considerable interest. On the experim
tal side, the NMR experiment exhibited a clear cohere
peak of the nuclear spin-lattice relaxation rate just bel
Tc ,3 suggesting conventional pairing. Specific-heat meas
ment also showed conventional BCS-like superconducti
in MgCNi3,4 while recent low-temperature London penetr
tion depth measurement reported by Prozorovet al.5 exhib-
ited distinctly non-s-wave behavior, indicating a possibl
nodal order parameter in MgCNi3. Controversial reports also
resulted from tunneling measurements: low-tempera
scanning tunneling spectroscopy study supported B
s-wave weak-coupling superconductivity in MgCNi3,6 while
the point contact tunneling measurements done by M
et al.7 suggested the possibility of non-s-wave strong-
coupling superconductivity based on the observation of sh
zero-bias conductance peaks~ZBCP!. Theoretically, a unique
multibands-wave picture has been predicted to reconcile
parently contradictory experimental observations.8 By con-
sidering a possible magnetic coupling strength due to s
fluctuations,9 Shanet al. have proposed10 that the supercon
ductivity in this system originates from the convention
electron-phonon coupling while it is depressed by
electron-magnon
coupling.

To explore the pairing symmetry in MgCNi3 and to deter-
mine the superconducting gap value, point contact tunne
spectroscopy has been investigated with high quality po
crystalline MgCNi3 samples using PtIr and Au tips. Th
measured tunneling conductance are dominantly of cla
Andreev reflection type, but with an additional dip structu
outside the central peak, which cannot be accounted fo
the Blonder-Tinkham-Klapwijk~BTK! theory.11 We intro-
duce a Josephson junction in series with a normal-me
superconductor (N/S) point contact to model the tunneling
By tuning the weights of the point contact Andreev reflecti
voltage and the Josephson voltage we are able to fit the
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tained tunneling data remarkably well. The results are c
sistent with BCSs-wave pairing in MgCNi3, and the model
explains similar sharp dip feature appeared in data fr
point contact tunneling into polycrystalline superconduc
MgB2.12

The polycrystalline MgCNi3 used in this study was pre
pared by powder metallurgy method. Details of the prepa
tion can be found in Ref. 13. X-ray-diffraction patter
showed that the sample was nearly of single phase, an
susceptibility measurement indicated that the supercond
ing transition temperatureTc was 7 K with a transition width
of 0.5 K.10 The samples were cut into wafers with radius
3 mm and thickness of 0.5–1 mm. Their surfaces were p
ished by fine metallographic grinding papers and then mil
by Ar iron for 20–30 min. Then the samples were clean
with pure ethanol in an ultrasonic bath for 5 min, followe
by being blown dried just before being mounted onto t
point contact insert. The PtIr tips were prepared by elec
chemical etching in CaCl2 solution with Pt0.9Ir0.1 wire with a
diameter of 0.25 mm. The Au tips were fabricated mecha
cally by finely grinding a gold wire with a diameter of 1 mm
Finally, the tips were cleaned with distilled water to elim
nate residuum. The approaching of the tips was controlled
a differential screw. The point contact insert was set in
sample chamber of an Oxford cryogenic system Magl
Typical four-terminal and lock-in techniques were used
measure the differential resistancedV/dI vs V of the point
contacts. Then thedV/dI-V curves were converted into th
dynamical conductancedI/dV-V ~or s-V) curves, and the
normalized conductance curves (s/sN-V) were obtained by
dividing dI/dV-V with one of its high-bias value (sN).

In Fig. 1 we present, by open circles, four typical norm
ized conductance (s/sN) of PtIr/MgCNi3 point contacts
measured at 1.7 K. The common features for these four
ures are the following. A central Andreev-reflection-like pe
and two sharp dip structures appeared symmetrically on e
side of it; the only difference between them is the detai
shape of the Andreev-reflection-like peak: with a zero b
dip @Fig. 1~a! and 1~b!#, a sharper peak@Fig. 1~c!#, and a
nearly flat top with a magnitude higher than 2@Fig. 1~d!#.
Disregarding the dip structure, all these curves except for
last one can be well fitted with the generalized BTK theor11

with BCS density of states~DOS!, in which the quasiparticle
©2003 The American Physical Society10-1
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FIG. 1. Some typical experi-
mental normalized conductanc
curves ~open circles! of our
PtIr/MgCNi3 point contacts mea-
sured at 1.7 K.~a!, ~b! and~d! are
obtained from the Ar-ions milled
surface, while~c! corresponds to
the unmilled surface. The dotte
line in ~a! is the fit to the modified
BTK theory. The solid lines repre-
sent the fits to the model propose
in Eq. ~2!.
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energyE is replaced byE1 iG, where G is the smearing
parameter characterizing the finite lifetime of th
quasiparticles.14 According to this theory, the height an
splitting of Andreev reflection peak are dominated by t
barrierZ, its width is dominated by the energy gapD, but all
these characteristics will be smeared by temperature and
introduction ofG. An example of the BTK fit is given in Fig
1~a! by the dotted line. However, before we can conclu
that the order parameter in the MgCNi3 is of BCS s-wave
symmetry, two questions should be answered:~a! What is the
origin of the dip structure in these tunneling spectra and~b!
How to reconcile the magnitude of the central Andree
reflection-like peak which in some cases is greater than 2@as
shown in Fig. 1~d!#. Large ZBC peak, greater than 2, was t
key feature observed by Maoet al.,7 and based on it they
predicted the non-s-wave superconducting gap in th
MgCNi3. We will show that the two abnormal features
fact stem from the same origin.

To show the high quality of the point contacts and
further illustrate the Andreev reflection characteristic of t
obtained tunneling conductance, we present, as an exam
in Fig. 2 the conductance at different temperatures~T! using
one PtIr/MgCNi3 point contact. The curves of differentT are
shifted vertically for clarity. As can be seen both the cent
peak and the dip structure are depressed with increaseT,
and disappear atTc , indicating both structures to be relate
to superconduction. Apart from the dip structure, there is
doubt that the conductance are of the classic Andreev re
tion type. Moreover, these features are reproducible in s
eral successive measurements, implying a quite stable ph
cal mechanism. Then what is the origin of the repeate
appeared dip structure? First, it is not likely caused
strong-coupling effect,15,16 due to the remarkable differenc
of its shape and energy location between various spe
measured at different points on the sample surface. Sec
it is also different from that caused by proximity effect.17 For
very thin normal layer residing in between the tip and t
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MgCNi3 sample, the dip structure is interpreted as the
Gennes bound state, and the position of the minimum of
dip gives the measurement of the superconducting gapD)
of the bulk superconductor.18 If we take the dip’s position as
the gap, the determined (D) of MgCNi3 can be as large a
2.5 meV, which is much larger than the result of specific-h
measurement4 and leads to an unreasonable strong-coupl
parameter 2D/kBTc.8.3. Meanwhile, it is also unreasonab
to assume that the dip structure originates from proxim
effect by very thick normal layer as those predicted by M
Millan and Tomasch, because the dips look sharp and d
and no oscillation has been observed.

FIG. 2. Temperature dependence of the Andreev reflection s
tra for PtIr/MgCNi3 point contact at a fixed point on the samp
surface. All curves except the top curve have been shifted do
wards for clarity.
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In order to find out the origin of the dip structure, we ha
comparatively investigated the tunneling spectroscopy
PtIr/Nb-foil and PtIr/MgB2-polycrystal point contacts. In
Fig. 3~a! and 3~b! we show the typical tunneling spectra
the PtIr/Nb and PtIr/MgB2 point contacts taken at 2 K and
4.2 K, respectively. The qualitative difference between th
two kinds of spectra is apparent. No dip structure can
found in the tunneling spectra of the PtIr/Nb-foil point co
tacts, and the curves can be well fitted to the BTK theo
One of the fitted results is depicted in Fig. 3~a! by solid line.
On the contrary, the dynamic conductance of t
PtIr/MgB2-polycrystal point contact shown in Fig. 3~b! dis-
plays clear dip structure, apart from the typical Andreev
flection peak which is very similar to those shown in Fig.
The comparative study gave a clue to link the dip structure
the polycrystalline nature of the MgB2 sample. In fact the dip
structure is seen in point contact tunneling ofN/MgB2
polycrystal.12,19–22

We speculate that the intergrain weak-coupling effect
the polycrystalline samples plays a role in the tunneling p
cess for the metal/MgB2 andN/MgCNi3 point-contact junc-
tions, namely, there is aS/I /S or S/N/S Josephson junction
that is connected with the point contact in series. A famil
appearance of such effect is a ZBC peak in the high bar
tunneling spectra,19,23 which has been ascribed to the ex
tence of Josephson effect due to the loosely connected s
grains. And the appearance of the Josephson voltage, lar
small, is responsible for the observed dip structure in
tunneling conductance. The point contact has been intent
ally used as a method to realizeS/I /S break junction for the
studies of tunneling spectroscopy of the high-Tc supercon-

FIG. 3. The typical Andreev reflection spectra of PtIr/Nb po
contact measured at 2 K~a! and that of PtIr/MgB2 point contact
measured at 4.2 K~Ref. 12! ~b!. The experimental data are denote
by open circles. The solid lines represent the fits to the modi
BTK theory.
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ductor Bi2212,16,24,25where the effect of point contact is a
most completely covered up by the Josephson junction.

According to above discussions, the intergrain Joseph
effect ~IGJE! has to be taken into account in order to qua
titatively describe the measured tunneling spectra. Consi
ing a real junction between a metal tip and a polycrystall
sample, point contact is formed by the tip apex and a sin
grain which contacts the bulk sample with an intergrain
sephson junction. That is, in our experiments, the measu
voltage includes two contributions coming from the serie
connected point contact and Josephson junction, respecti
Under the condition that a small capacitanceC and the ther-
mal noise are present, the contribution of IGJE can be sim
lated by the modified resistively shunted junction~RSJ!
model given by Lee:26

^VIGJE&5
2

g
RNI c

exp~pga!21

exp~pga!
T1

21S 11V2
T2

T1
D , ~1a!

T15E
0

2p

dwI 0S g sin
w

2 DexpF2S g

2Dw G , ~1b!

T25E
0

2p

dw sin
w

2
I 1S g sin

w

2 DexpF2S g

2DwG , ~1c!

where ^VRSJ& is the average voltage corresponding to t
measurable dc value,I c is the maximum Josephson curren
RN is the normal-state resistance,a5I /I c is the normalized
current,g5hIc /(ekBTn) in which Tn is the effective noise
temperature,V5(2eIcC/\)1/2RN , and I 0(x) and I 1(x) are
the modified Bessel functions. Meanwhile, the voltage c
tribution of point contact (VPC) can be simulated by the
modified BTK theory. Thus we can calculate the curre
voltage ~I-V ! characteristic or the differential conductan
s(V) by using the following relations:

V~ I !5VPC~ I !1VIGJE~ I !, ~2a!

s~V!5dI/dV5~dVPC /dI1dVIGJE /dI !21. ~2b!

It should be emphasized that not all the measured cu
can be fitted in terms of this model which is in the limit o
small capacitance. In order to elucidate this issue and v
alize our model, we show our fitting process in Fig. 4, t
raw data are the same as that in Fig. 1~b!. It can be seen in
Fig. 4 that the total voltage includes two parts as discus
above. When the current is lower than the critical current
IGJE, VIGJE'0 and henceVPC is the main contribution to
the total voltage, therefore the characteristics of the po
contact dominate the low bias spectrum. However, with
increase of bias voltage, a remarkable enhancement ofVIGJE
will occur when the current is around the critical current
IGJE, which produces a dip in the spectrum@or s(V) curve#.
Above this region, the spectrum is dominated by eitherVPC
or VIGJE according to the magnitude of their normal-sta
resistance. From Fig. 4, we can estimate the normal-s
resistance of point contact and IGJE asRPC50.6 V and
RIGJE50.26 V, respectively. Therefore, in this case, bo
the point contact and IGJE are crucial to the measured s
tral shape. According to the above discussion, the fitting

d
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rameters of the modified BTK theory and the modified R
model are dominated by the central Andreev reflection p
and the dip structure, respectively. Moreover, the modifi
RSJ model is based on the case of small capacitance
which the voltage change is mild around the critical curr
and hence the dips in the spectra are not very deep. How
for the case of large capacitance, the voltage change is
sharp at the critical current and hence the dips are very d
even to zero as shown in Fig. 1~d!. In this case, the modified
RSJ model is not appropriate and there is no analytical
pression to describe the measured curves; we will try
clarify this problem by numerical calculation elsewhere.

The typical fits to the differential conductance with E
~2! are presented in Fig. 1 by solid lines. The determin
values of superconducting gapD vary from 0.7 meV to 1.3
meV, depending on the quality of various sample surface
different points on the same surface. The larger gapsD
.1 meV are readily obtained from the Ar-ions milled su
faces, while for the unmilled surfaces, most of theD values
are smaller than 1 meV. Therefore, considering the degra
tion of the sample surface, the gap determined here shou
smaller than the bulk superconducting gap. Nonetheless
taking the maximum gap of 1.3 meV as the bulk gap,
obtain the coupling parameter 2D/kBTc54.3, which is in
good agreement with the results of specific-heat meas
ments reported by Linet al.4 and Mao et al.7 (2D/kBTc
54.0 and 4.4, respectively!.

Up to now, we have ascribed the dip structure observe
Andreev reflection spectra to the IGJE. In order to get m
convincing evidence for this explanation, we have rem
sured the tunneling spectra on a Au/MgCNi3 point contact.
Because Au is much softer than PtIr alloy, we can get a
metallic contact between Au tip and the MgCNi3 grain by
tightly pressing the tip to the sample surface. As a con
quence, the tip apex is not sharp any longer and the p
contact should become a plane contact. Therefore, the s
tral characteristics of Andreev reflection effect become m
weaker than that of the fine point contact. In this case,
IGJE should dominate the spectrum regardless of the e
spectral shape of the point contact. In Fig. 5, we present

FIG. 4. Detailed process of fitting the data shown in Fig. 1~b!.
Inset: the originalI -V curve ~open circles! and theoretical simula-
tion ~solid line!.
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temperature dependence of theI -V characteristics and the
differential conductance of the Au/MgCNi3 contact, which
indeed exhibits the combination of a nearly normal res
tance and a typical Josephson junction. Therefore, the
lowing relation should be a reasonable approach:

V5IRPC1VIGJE , ~3a!

s~V!5~RPC1dVIGJE /dI !21. ~3b!

Here, we should also emphasize that the modified R
model cannot describe theVIGJE in Fig. 5 due to the abrup
voltage jump when critical current is achieved. Similar to t
foregoing discussions, this should be due to the large cap
tance. Fitting such typical Josephoson-type curves ne
more onerous numerical calculations, we thus leave this
sue to a future work. Nonetheless, from these data, it is ea
understood that why the ZBCP observed in the normali
conductances/sN can be higher than 2~the maximum value
expected for the conventional Andreev reflection! as reported
in Ref. 7. It is well known that, for a pure Josephson jun
tion, the height of ZBCP can be very high. However, for t
case in this work, the resistance of point contact may ba
depress the height of ZBCP. Hence, the actual height
ZBCP is determined by not only the property of IGJE b
also the magnitude of resistance of point contact. One sho
be very careful to distinguishs and so other unconventiona

FIG. 5. ~a! Current-voltage characteristics of the Au/MgCN3

point contact at different temperatures. Inset shows the detai
low bias.~b! Temperature dependence of the tunneling conducta
calculated from the curves in~a! by differential, all curves excep
the top curve have been shifted downwards for clarity. The temp
tures ~K! from top to bottom are 1.9, 2, 3, 4, 5, 5.5, 6, 6.25, 6
6.75, 7, respectively. Note that the disconnection of the spectr
~b! is due to the abrupt voltage jump around critical current
shown in~a!.
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s-WAVE PAIRING IN MgCNi3 REVEALED BY POINT . . . PHYSICAL REVIEW B 68, 144510 ~2003!
pairing symmetry by tunneling measurement when the IG
cannot be neglected. In order to quantitatively clarify th
problem, we try to fit a typical ZBCP obtained at anoth
point on the sample surface in terms of the above model
shown in Fig. 6, the good agreement of the experimental d
with this simple model indicates the remarkable influence
the IGJE on the tunneling spectra~especially for the Andreev
reflection! measurement for those loose polycrystalli
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samples. Since the junction resistance reported by Maoet al.
is quite small (RJ,0.1 V), the IGJE may be a reasonab
explanation for the surprising ZBCP presented in th
work.7 In order to give an intuitive illustration, we quantita
tively simulate in the inset of Fig. 6 the temperature dep
dence of the tunneling spectra presented in Ref. 7.

In summary, we have performed Andreev reflection m
surements on the metal/MgCNi3 point contacts in detail. The
clear Andreev reflection spectra can be well fitted in t
frame of BTK theory, providing compelling evidence for th
conventionals-wave superconductivity in MgCNi3. A dip
structure, which has also been repeatedly observed in
spectra, was proved to be caused by the intergrain Josep
effect. Such a Josephson effect becomes prominent when
point contact resistance is heavily reduced, leading to a h
conductance peak at zero bias. This should be responsibl
the inconsistency between the previously reported tunne
measurements and other experiments such as NMR
specific-heat measurements.
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