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s-wave pairing in MgCNi; revealed by point contact tunneling
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Electron-tunneling spectroscopy on MgGNias been studied wittN/MgCNi; point contacts withN
=Ptlr 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 supportsB@8e pairing in
MgCNisz, 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 MgCN{Ref. 1)  tained tunneling data remarkably well. The results are con-
seems to be surprising due to the strong ferromagnetic inst&istent with BCSs-wave pairing in MgCNj, and the model
bility in this systen? It is argued that the nonoxide perov- explains similar sharp dip feature appeared in data from
skite superconductor could be a bridge between convention&0int contact tunneling into polycrystalline superconductor
superconductors and hidgh: cuprates. So the issue on MgBs,. . ) ) )
whether it is a conventional or an unconventional supercon- 1he polycrystalline MgCNj used in this study was pre-
ductor has attracted considerable interest. On the experimef2red by powder metallurgy method. Details of the prepara-
tal side, the NMR experiment exhibited a clear coherencd/On can be found in Ref. 13. X-ray-diffraction pattern

peak of the nuclear spin-lattice relaxation rate just beIoWShOWed that the sample was nearly of single phase, and ac

3 . . - o susceptibility measurement indicated that the superconduct-
T.,” suggesting conventional pairing. Specific-heat measure-

ment also showed conventional BCS-like superconductivit ing transition temperaturg; was 7 K with a transition width
: 0 Show vent iK€ sup UCIVIDYE 0.5 K19 The samples were cut into wafers with radius of
in MgCNis,” while recent low-temperature London penetra

. 5 . “3 mm and thickness of 0.5—1 mm. Their surfaces were pol-
tion depth measurement reported by Prozoeoal” exhib- isheq py fine metallographic grinding papers and then milled

ited distinctly nons-wave behavior, indicating a possibly by Ar iron for 20-30 min. Then the samples were cleaned
nodal order parameter in MgChiControversial reports also wjth pure ethanol in an ultrasonic bath for 5 min, followed
resulted from tunneling measurements: Iow-temperaturgy being blown dried just before being mounted onto the
scanning tunneling spectroscopy study supported BCS®oint contact insert. The Ptir tips were prepared by electro-
swave weak-coupling superconductivity in MgGNiwhile  chemical etching in CaGlsolution with P§ g ; wire with a

the point contact tunneling measurements done by Madiameter of 0.25 mm. The Au tips were fabricated mechani-
etal” suggested the possibility of namawave strong- cally by finely grinding a gold wire with a diameter of 1 mm.
coupling superconductivity based on the observation of sharpinally, the tips were cleaned with distilled water to elimi-
zero-bias conductance pedd®BCP). Theoretically, a uniqgue nate residuum. The approaching of the tips was controlled by
multibands-wave picture has been predicted to reconcile apa differential screw. The point contact insert was set in the
parently contradictory experimental observatirBy con-  sample chamber of an Oxford cryogenic system Maglab.
sidering a possible magnetic coupling strength due to spiffypical four-terminal and lock-in techniques were used to
fluctuations) Shanet al. have proposéld that the supercon- measure the differential resistand®/d! vs V of the point
ductivity in this system originates from the conventional contacts. Then thdV/dI-V curves were converted into the
electron-phonon coupling while it is depressed by thedynamical conductancdl/dV-V (or o-V) curves, and the

electron-magnon normalized conductance curves/gy-V) were obtained by
coupling. dividing d1/dV-V with one of its high-bias valued).
To explore the pairing symmetry in MgCNand to deter- In Fig. 1 we present, by open circles, four typical normal-

mine the superconducting gap value, point contact tunnelingzed conductance of o) of Ptir/MgCNi; point contacts
spectroscopy has been investigated with high quality polymeasured at 1.7 K. The common features for these four fig-
crystalline MgCNi samples using Ptlr and Au tips. The ures are the following. A central Andreev-reflection-like peak
measured tunneling conductance are dominantly of classiand two sharp dip structures appeared symmetrically on each
Andreev reflection type, but with an additional dip structureside of it; the only difference between them is the detailed
outside the central peak, which cannot be accounted for bghape of the Andreev-reflection-like peak: with a zero bias
the Blonder-Tinkham-Klapwijk(BTK) theory* We intro-  dip [Fig. 1@ and Xb)], a sharper peakFig. 1(c)], and a
duce a Josephson junction in series with a normal-metaliearly flat top with a magnitude higher than[Rig. 1(d)].
superconductorN/S) point contact to model the tunneling. Disregarding the dip structure, all these curves except for the
By tuning the weights of the point contact Andreev reflectionlast one can be well fitted with the generalized BTK thébry
voltage and the Josephson voltage we are able to fit the olwith BCS density of statedOS), in which the quasiparticle
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energyE is replaced byE+il’, wherel" is the smearing MgCNi; sample, the dip structure is interpreted as the de
parameter characterizing the finite lifetime of the Gennes bound state, and the position of the minimum of the
quasiparticles® According to this theory, the height and dip gives the measurement of the superconducting @gp (
splitting of Andreev reflection peak are dominated by theof the bulk superconductd?.If we take the dip’s position as
barrierZ, its width is dominated by the energy gap butall  the gap, the determined\j of MgCNi; can be as large as
these characteristics will be smeared by temperature and tige5 meV, which is much larger than the result of specific-heat
introduction ofl". An example of the BTK fit is given in Fig. measuremeftand leads to an unreasonable strong-coupling
1(a) by the dotted line. However, before we can concludeparameter A/kgT.>8.3. Meanwhile, it is also unreasonable
that the order parameter in the MgGNs of BCSswave  to assume that the dip structure originates from proximity
symmetry, two questions should be answefefWhat is the  effect by very thick normal layer as those predicted by Mc-
origin of the dip structure in these tunneling spectra @)d  Millan and Tomasch, because the dips look sharp and deep,
How to reconcile the magnitude of the central Andreev-and no oscillation has been observed.

reflection-like peak which in some cases is greater thgas2

shown in Fig. 1d)]. Large ZBC peak, greater than 2, was the
key feature observed by Maet al,” and based on it they s
predicted the nois-wave superconducting gap in the
MgCNi;. We will show that the two abnormal features in 1.0 1.9K
fact stem from the same origin. - 2.0K
To show the high quality of the point contacts and to m 2 98K
further illustrate the Andreev reflection characteristic of the = oSt 25K
obtained tunneling conductance, we present, as an example, _g : 3.0K
in Fig. 2 the conductance at different temperatufi@susing 8 o0 3.5K
one PtIr/MgCNj point contact. The curves of differeftare 3 %4.%
shifted vertically for clarity. As can be seen both the central ) 4.5K
peak and the dip structure are depressed with increa3e of 05 -\/\_Z__S-OK
and disappear &k, indicating both structures to be related \/\’_5_5,(
to superconduction. Apart from the dip structure, there is no 10 N\ 6.0K
doubt that the conductance are of the classic Andreev reflec- A 6.2K
tion type. Moreover, these features are reproducible in sev- 6.35K
eral successive measurements, implying a quite stable physi- 15 s'sK
cal mechanism. Then what is the origin of the repeatedly T SEee——

appeared dip structure? First, it is not likely caused by 6 -\2/o|t:qe (;V) 4 6 8

strong-coupling effect>'® due to the remarkable difference

of its shape and energy location between various spectra F|G. 2. Temperature dependence of the Andreev reflection spec-
measured at different points on the sample surface. Secongla for Ptir/MgCNi; point contact at a fixed point on the sample

it is also different from that caused by proximity effééEor  surface. All curves except the top curve have been shifted down-
very thin normal layer residing in between the tip and thewards for clarity.
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1.3 [ Modied BTK e o ductor Bi2212!%24%5where the effect of point contact is al-
| A=195mev: | most completely covered up by the Josephson junction.
12| Z=076; According to above discussions, the intergrain Josephson
I ;‘2’%5"13"‘ effect IGJE) has to be taken into account in order to quan-
& 11F titatively describe the measured tunneling spectra. Consider-
o I ing a real junction between a metal tip and a polycrystalline
10F sample, point contact is formed by the tip apex and a single
0.9 [ grain which contacts the bulk sample with an intergrain Jo-
9k (a) . . . .
NN AP I IV S N TR sephson junction. That is, in our experiments, the measured
20-15-10 -5 0 5 10 15 20 voltage includes two contributions coming from the series-
———————————————T connected point contact and Josephson junction, respectively.
15T Modified BTK fit: ¥ () ] Under the condition that a small capacitai@and the ther-
14} ;fg-gg‘_e"; {1 . mal noise are present, the contribution of IGJE can be simu-
13 r=o46mev: | | ] lated by the modified resistively shunted junctiéRSJ
12 i1 1 model given by Leé&®
s
© 1.1 2 expmya)—1 T
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FIG. 3. The typical Andreev reflection spectra of Ptlr/Nb point 2m P ) 0%
contact measured at 2 K) and that of Ptlr/MgB point contact Tp= o de 5'”5'1 ysiny eXF{_(E)‘P : (10

measured at 4.2 KRef. 12 (b). The experimental data are denoted
by open circles. The solid lines represent the fits to the modifiedvhere (Vgs) is the average voltage corresponding to the
BTK theory. measurable dc valug, is the maximum Josephson current,
Ry is the normal-state resistances=1/1. is the normalized

In order to find out the origin of the dip structure, we havecurrent,y=hl./(eksT,) in which T, is the effective noise
comparatively investigated the tunneling spectroscopy ofemperatureQ)=(2el.C/#%)*?Ry, andlq(x) andl(x) are
Ptir/Nb-foil and Ptlr/MgB-polycrystal point contacts. In the modified Bessel functions. Meanwhile, the voltage con-
Fig. 3(a and 3b) we show the typical tunneling spectra of tribution of point contact {Ypc) can be simulated by the
the Ptir/Nb and Ptlr/MgB point contacts takent® K and  modified BTK theory. Thus we can calculate the current-
4.2 K, respectively. The qualitative difference between thesgoltage (I-V) characteristic or the differential conductance
two kinds of spectra is apparent. No dip structure can ber(V) by using the following relations:
found in the tunneling spectra of the Ptlr/Nb-foil point con-

tacts, and the curves can be well fitted to the BTK theory. V(1) =Vpc(l)+Vigse(l), (29

One of the fitted results is depicted in FigaBby solid line.

On the contrary, the dynamic conductance of the o(V)=dl/dV=(dVpc/dI+dVge/d) "t (2b)
Ptir/MgB,-polycrystal point contact shown in Fig(t8 dis- It should be emphasized that not all the measured curves

plays clear dip structure, apart from the typical Andreev recan be fitted in terms of this model which is in the limit of
flection peak which is very similar to those shown in Fig. 1.small capacitance. In order to elucidate this issue and visu-
The comparative study gave a clue to link the dip structure t@lize our model, we show our fitting process in Fig. 4, the
the polycrystalline nature of the MgBample. In fact the dip raw data are the same as that in Figh)11t can be seen in
structure is seen in point contact tunneling WfMgB,  Fig. 4 that the total voltage includes two parts as discussed
polycrystalt?19-22 above. When the current is lower than the critical current of
We speculate that the intergrain weak-coupling effect oflGJE, V,g;~0 and hencé/p¢ is the main contribution to
the polycrystalline samples plays a role in the tunneling prothe total voltage, therefore the characteristics of the point
cess for the metal/MgBandN/MgCNi5 point-contact junc- contact dominate the low bias spectrum. However, with the
tions, namely, there is &/1/S or S/N/S Josephson junction increase of bias voltage, a remarkable enhancemewgE
that is connected with the point contact in series. A familiarwill occur when the current is around the critical current of
appearance of such effect is a ZBC peak in the high barrieflGJE, which produces a dip in the spectrfon o(V) curvel.
tunneling spectrd®?3 which has been ascribed to the exis- Above this region, the spectrum is dominated by eittige
tence of Josephson effect due to the loosely connected singte Vg ;e according to the magnitude of their normal-state
grains. And the appearance of the Josephson voltage, large @sistance. From Fig. 4, we can estimate the normal-state
small, is responsible for the observed dip structure in theesistance of point contact and IGJE Rs:-=0.6 () and
tunneling conductance. The point contact has been intentiorR,5;:=0.26 (), respectively. Therefore, in this case, both
ally used as a method to reali®l/S break junction for the the point contact and IGJE are crucial to the measured spec-
studies of tunneling spectroscopy of the highsupercon- tral shape. According to the above discussion, the fitting pa-
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FIG. 4. Detailed process of fitting the data shown in Fith)1 _g
Inset: the original -V curve (open circley and theoretical simula- ©
tion (solid line). ‘b’
rameters of the modified BTK theory and the modified RSJ -10 —_—
model are dominated by the central Andreev reflection peak 4 3 2 4 0 1 2 3 4

and the dip structure, respectively. Moreover, the modified
RSJ model is based on the case of small capacitance, in Voltage (mV)
which the voltage change is mild around the critical current g1 5. () current-voltage characteristics of the Au/MgGNi
and hence the dips in the spectra are not very deep. Howevejgint contact at different temperatures. Inset shows the details at
for the case of large capacitance, the voltage change is VeRyw bias.(b) Temperature dependence of the tunneling conductance
sharp at the critical current and hence the dips are very de&falculated from the curves ifa) by differential, all curves except
even to zero as shown in Fig(d). In this case, the modified the top curve have been shifted downwards for clarity. The tempera-
RSJ model is not appropriate and there is no analytical extures(K) from top to bottom are 1.9, 2, 3, 4, 5, 5.5, 6, 6.25, 6.5,
pression to describe the measured curves; we will try t@®.75, 7, respectively. Note that the disconnection of the spectra in
clarify this problem by numerical calculation elsewhere. (b) is due to the abrupt voltage jump around critical current as
The typical fits to the differential conductance with Eq. shown in(a).
(2) are presented in Fig. 1 by solid lines. The determined
values of superconducting gapvary from 0.7 meV to 1.3 temperature dependence of th&/ characteristics and the
meV, depending on the quality of various sample surfaces adifferential conductance of the Au/MgCNitontact, which
different points on the same surface. The larger gAps indeed exhibits the combination of a nearly normal resis-
>1 meV are readily obtained from the Ar-ions milled sur- tance and a typical Josephson junction. Therefore, the fol-
faces, while for the unmilled surfaces, most of thevalues  lowing relation should be a reasonable approach:
are smaller than 1 meV. Therefore, considering the degrada-

tion of the sample surface, the gap determined here should be V=IRpc*+VicsE, (33
smaller than the bulk superconducting gap. Nonetheless, by

taking the maximum gap of 1.3 meV as the bulk gap, we o(V)=(RpctdVgye/dl) . (3b)
obtain the coupling parameterA2kgT.=4.3, which is in Here, we should also emphasize that the modified RSJ

good agreement with the results of specific-heat measurenodel cannot describe thég ;e in Fig. 5 due to the abrupt
ments reported by Liret al* and Maoet al!” (2A/kgT, voltage jump when critical current is achieved. Similar to the
=4.0 and 4.4, respectively foregoing discussions, this should be due to the large capaci-
Up to now, we have ascribed the dip structure observed imance. Fitting such typical Josephoson-type curves needs
Andreev reflection spectra to the IGJE. In order to get morenore onerous numerical calculations, we thus leave this is-
convincing evidence for this explanation, we have remeasue to a future work. Nonetheless, from these data, it is easily
sured the tunneling spectra on a Au/MgGloint contact. understood that why the ZBCP observed in the normalized
Because Au is much softer than Ptlir alloy, we can get a fine€onductancer/ oy can be higher than @he maximum value
metallic contact between Au tip and the MgGNjrain by  expected for the conventional Andreev reflecjian reported
tightly pressing the tip to the sample surface. As a consein Ref. 7. It is well known that, for a pure Josephson junc-
guence, the tip apex is not sharp any longer and the poirtton, the height of ZBCP can be very high. However, for the
contact should become a plane contact. Therefore, the specase in this work, the resistance of point contact may badly
tral characteristics of Andreev reflection effect become muchiepress the height of ZBCP. Hence, the actual height of
weaker than that of the fine point contact. In this case, th&BCP is determined by not only the property of IGJE but
IGJE should dominate the spectrum regardless of the exaelso the magnitude of resistance of point contact. One should
spectral shape of the point contact. In Fig. 5, we present thbe very careful to distinguisk and so other unconventional
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20k Irr=3:5K]I ' ] _samples. Since the junction resistance reported by &iadb.
isl Pc+|el1E- o ] is quite §mal| R;<0.1Q), Fhe IGJE may be a reas_onablg
"1 R =093 (ohm) e explanation for the surprising ZBCP presented in their
181 5;:81_28 1 /\ 7 work.” In order to give an intuitive illustration, we quantita-
& 14L R I,=085mV A\ _ tively simulate in the inset of Fig. 6 the temperature depen-
® 13l g e dence of the tunneling spectra presented in Ref. 7.
Voltage (V) In summary, we have performed Andreev reflection mea-
10 _ T surements on the metal/MgCNpoint contacts in detail. The
08} 1 clear Andreev reflection spectra can be well fitted in the
B3 6 4 2 0 2 4 6 8 1012 frame of BTK theory, providing compelling evidence for the
Voltage (mV) conventionals-wave superconductivity in MgCRhi A dip

) . structure, which has also been repeatedly observed in the
FIG. 6. A random tun_nel!ng spectra of AU/MQWO'M Conf spectra, was proved to be caused by the intergrain Josephson
tact (open circles The solid line represents the fit to E®). Inset: .
numerical simulations to the temperature-dependent tunneling speg-ﬁ?Ct' Such a Jo§ephson effect.becomes promlr!ent When. the
tra reported in Ref. 7. point contact resistance is heawly .reduced, leading to a high
conductance peak at zero bias. This should be responsible for
the inconsistency between the previously reported tunneling
easurements and other experiments such as NMR and
specific-heat measurements.

pairing symmetry by tunneling measurement when the 1GJ
cannot be neglected. In order to quantitatively clarify this
problem, we try to fit a typical ZBCP obtained at another
point on the sample surface in terms of the above model. As This work was supported by the National Science Foun-
shown in Fig. 6, the good agreement of the experimental datdation of China, the Ministry of Science and Technology of
with this simple model indicates the remarkable influence ofChina (Project No. NKBRSF-G19990646§)2and Chinese
the IGJE on the tunneling spect@specially for the Andreev Academy of Sciences with the Knowledge Innovation
reflection measurement for those loose polycrystallineProject.
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