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Evidence for sswave pairing from measurement of the lower critical field in MgCNiz
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Magnetization measurements in the low-field region have been carefully performed on a well-shaped cylin-
drical and an ellipsoidal sample of superconductor MgCRiata from both samples show almost the same
results. The lower critical fieléH.; and the London penetration depthare thus derived. It is found that the
result of normalized superfluid densit?(0)/\%(T) of MgCNi; can be well described by BCS prediction with
the expectation for an isotropgwave superconductivity.
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I. INTRODUCTION a cylinder with a diameter of 1.1 mm and length of 7.0 mm.

The pairing symmetry is very essential for uncovering theThe demagnetization factor in this situation is almost negli-
mechanism both for conventional and higgsuperconduc- gible since the field has been applied along the axis of the

tivity. The recently discovered intermetallic perovskite cylinder. Another samplédenoted asse) has been polished

. . : to an ellipsoid with semimajor ax&s=3.74 mm and semimi-
MgCNi; superconductdris regarded as a bridge between nor axisb=1.5 mm. The demagnetization factor for the el-

conventional superconductors and hiheuprates, and the {i_psoidal sample isn=(1-1/e2){1-1/2In[(1+e)/(1-e)]}

issue concerning its symmetry of order parameter has at- B ey o
tracted considerable attention. However, pairing symmetry 0.136, withe=y1-b“/a". The magnetic fields have been

about MgCNj remains highly controversial in the literature. apr‘;'lkeedrﬁ:rar‘lneet:;?nt::st)rg%gggﬂrgxrﬁa?r:Ithga?ﬁgjpiaeli on an
NMR,? specific heaf, scanning tunneling measuremefits, 9 y

. . : . Oxford cryogenic MagLab systentiMaglLabl2Exa, with
point contact tunneling spectraand density functional
calculation&” favor thes-wave pairing in MgCNj. On the temperature dc(;wnt_to 1..5t)K':f1nd checl(;edi(by S%ua:ﬂt;msde_
other hand, the theoretical calculatibrsome tunneling sign_superconducting interference devicQ ’

spectrd and the penetration depth measurertfestipport 5.5 ). After zero-field co_olec_(ZFC) from 2.5 Ktoa des”_ed
nons-wave superconductivity. Recently a two-basavave temperat_ure, the magne'qzanon culMeH) is measured with
model has been proposed by Wadteal 1 who try to explain the applied magnetic field swept slowly up to 1000 Oe
the complex behavior observed in MgGNi
In this paper, we derive the thermodynamic parameters @ g Tc=69K
H¢, andA of two MgCNiz samples by careful magnetization 0
measurement. It is found that the normalized superfluid den-
sity A\%(0)/\*(T) can be described by BCS prediction fora _ -1
s-wave pairing symmetry. Therefore, our magnetization data =
support the conventional single basitvave superconductiv- £ 2f
ity in MgCNis, 1,“’
This paper is organized as follows. The samples and ex- o -3f
perimental details are presented in Sec. Il. The data and dis ~

FC

A o »

M (10%emu)

cussions are given in Sec. lll. Section IV gives the summary. ;'4 '

Il. SAMPLES AND EXPERIMENTAL DETAILS
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The polycrystalline MgCNj sample investigated here has 2 4
been prepared by powder metallurgy method, and the detail:
of preparation can be found elsewhét&he superconduct-
ing transition temperature is 6.9 K measured by both mag-
netization[ac susceptibility(f=333 HzH,.=1 O and dc
diamagnetization shown in Fig.(d] and resistivity mea-
surement. ThéVi(T) curves show a sharp transition with the
transition width less than 0.5 K. The x-ray diffractiokRD)
analysis presented in Fig.(d) shows that all diffraction
peaks are from the MgChliphase, which indicates that the  FIG. 1. (a) The ac susceptibility curves of MgCiNineasured by
sample is nearly of single phase. MagLab with ac field 1 Oe and frequency 333 Hz. The inset gives

In order to minimize the demagnetization factor, onethe ZFC and FC dc diamagnetization at 20 Oe measured by
sample(denoted as-c) has been carefully cut and ground to SQUID. (b) XRD patterns of the MgCNi
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FIG. 2. The magnetization curves M (H) for MgCNi;. The 1% , 0 50 100 150
solid line is the “Meissner line” defined in the text. The temperature 0 200 400 600 800 1000
is varied from 1.57 to 6.88 K from bottom to top, with step about H(Oe)
0.2 K(some 0.4 K. Itis found that the initial slope of all the curves
is the same.

FIG. 3. The difference between the “Meissner line” and the
M(H) curves.AM is shown in logarithmic scale. The inset shows

L the enlargedAM (between 7. 10* and 1.4x 1073 emu.
(>Hq). It is important to note that the magnet has been

degaussed &t=25 K in order to eliminate the remanentfield Ginzhurg-Landau parameter. We takas constant since it is
before each measurement. It is essential to do degaussiRgyeakly temperature-dependent parameter.
since otherwise even 5 Oe residual field may cause signifi- The values of nominaH, and A seem to be criterion

cant effect on the result of magnetization. dependent in this method, however, temperature dependence
of H.; and\(T) are found to be weakly criterion dependent if
the data are normalized by the zero temperature vdkess
N2(0)/A(T) in Fig. 5]. In addition,AM drops sharply with

In this section, the processes to obtain the superconductiecreasing magnetic field, the use of lowvl value in our
ing parameters by magnetization measurement have been wfiterion will not result in a much differerttl;,(T) curve. If
ported in detail for two MgCNi samples, one is a cylinder not specially mentioned, the discussion is based on the data
and another is an ellipsoid. using the criterion of 7.8 10™* emu hereinafter. At the tem-
peratures below 2.8 K<0.4T,), the values oH4(T) and
N\(T) are almost constant despite the lack of the data below
1.5 K. This may imply the conventionatwave nature in

The curves of dc magnetization are shown in Fig. 2. TheMigCNis, because the finite energy gap manifests itself with
temperature varies between 1.57 and 6.88 K with steps 0.2 in exponentially activated temperature dependence of ther-
(some 0.4 K. All curves clearly show the common linear modynamic parameters. This can be further confirmed in the
dependence of the magnetization on field caused by Meisgellowing discussion on superfluid density. It is worth noting
ner effect at low fields, and this extrapolated common line ighat it is very difficult to distinguish a slight difference Hf;
the so-called “Meissner line(ML). The optimal ML(solid  (or 1/A?) in the low-temperature region between different
line in Fig. 2 is achieved by doing linear fi(H) of the  pairing symmetries, for example, for an idsalvave, an ex-
lowest temperaturél.57 K) at low fields, which represents ponential dependence is anticipated, for a dittyvave, a
the magnetization curve of Meissner state. The valuelgf — quadratic formpg(T)=p40)-aT? is expected. Here we use
is determined by examining the point of departure from lin-
earity on the initial slope of the magnetization curihL )
with a certain criterion. The results of subtracting this ML 150}
from magnetization curves are plotted in Fig. 3 and Ah\é .
between 7. 104 and 1.4< 10°2 emu are shown in the in- ® 100f —a7.0x10%
set with an enlarged view. All curves show a fast drop to the 9, —— 1110
resolution of device when the reHl, is approached, so the - 50|
value ofH, is easily obtained by choosing a proper criterion
of AM. The H,(T) acquired by using criteria cAM=7.0 1 A5 6
X 10 and 1.1x 103 emu are shown in Fig. 4. Then the 1 2 3 4 5 6 7
penetration depti(T) can be achieved froral,(T) by T (K)

I1l. EXPERIMENTAL DATA AND DISCUSSIONS

A. The cylindrical sample (S-c)

o 14x10°
o 7.0:10%

_ Dy FIG. 4. The temperature dependence of the nontihaland
He = 4\2 In x 1) (insed. Hey(T) is obtained by using criterion cAM=7.0x 1074
(open circlesand 1.1x 1072 emu(solid circles, respectively. Error
and they are displayed in the inset of Fig. 4. Hebg  bars are given for determining the nomirtd; and \. Lines are
=hc/2e=~2x 107 G cn? is the flux quantum and is the  guides to the eyes.
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FIG. 5. The temperature dependence Xf(0)/\(T) for 0 200 400 600 800 1000
MgCNi; and MgB,. The values ofA%(0)/\%(T) are obtained by H (Oe)

He(T) using criteria ofAM equal to 7.0< 107# (open circles and
1.1x10°3 emu (solid circles for MgCNiz and 1.0< 104 emu for FIG. 6. The magnetization curves df(H) for the ellipsoidal
MgB; (solid). The prediction by two-fluid modébotted and BCS  pmgCNi, sample. The solid line is the “Meissner line.” The tempera-

s-wave (dashed are also shown. The data of open and solid tri- yye is varied from 1.59 to 6.90 Krrom bottom to top, with steps
angles are the experimental measurement by microwave resonatgf apout 0.1 K.

method and radio frequency technique for MgBespectively

from Refs. 18 and .
(from Refs and 19 MgB, were found to be close to that determined by more

. . . o , elegant microwave meth&tl and radio frequency tech-
an alternative way, i.e., to fit the data in intermediate andniquelg which can be seen from Fig. 5. This indicates that

high-temperature region to extract useful message for pairingha same magnetization method used in MgOiigetHy,

symmetry. ) o ) and\ is reliable, and the corresponding results are plausible.
A_SZWG know,zthe toztal superfluid densipyis proportional One may argue whether tii&, obtained here is the lower

to A"4(T), and\“(0)/A\*(T) represents the normalized super- yitica| field of grains because of the polycrystalline nature of

fluid density. In Fig. 5, we display the temperature depenyyr sample. In our magnetization experiment, the nominal
dence ofA*(0)/A*(T) of MgCNiz with A(0) as a fit param- 1 (0) of our sample is about 145.1 Oe. Combined with
eter. The predictions of BCSwave (dashegl and two-fluid  ( () (1.18x 10° Oe) determined from our previous mea-
model(dotted are also shown. According to the BCS theory g,rement of specific he8we can reach that the value ef

for clean superconductotd!* the normalized superfluid 5 39 andH.(0) equals to 2165 Oe by Eqe3) and (4). The
density\*(0)/X*(T) is expressed as follows: value of coherence length is 5.3 nm obtained by @4

\%(0) r < af(E))
=1-2 - —— |D(E)dE, (2 1 1
NA(T) am I : Hey(T) = TEHC(T); In «, 3
\

where A(T) is the BCS superconducting energy gdfE)
=1/[exp(—E/kgT) + 1] is the Fermi distribution function, and =
D(E)=E/[E2-A%T)]“2is the quasiparticle density of states. Hea(T) = V2Hc(Tk, (4)
The most appropriate superconducting ¢gdp)=1.86gT, is
chosen in our BCS calculation with,=6.9 K, and this value £(0) = VDy/27mH,(0). (5)

is reasonable for MgCNibecause the generally reported re-
sults are larger than the conventional BCS valug8T,).  The value ofA(0) is about 200.1 nm. All these values of
It is found thatA?(0)/\*(T) of MgCNi; can be well de- parameters are in the range of the reported results of MgCNi
scribed by thesswave BCS theory with a single gap, but the by other techniquegsee collected parameters in Ref.).11
two-fluid model shows a substantial deviation. This suggest3his manifests that.; measured here reflects the bulk prop-
the sswave nature of superconductivity in MgC\ivhich is  erty. In addition, the value of for MgCNijz is quite large, so
consistent with our previous conclusion reached by pointthat the influence of the grain boundary is weak.
contact tunneling.Later on we will show that our results are  Another argument is that the nominkl,, relation ob-
not compatible with any other pairing symmetry with nodestained in our experiment may not reflect the tiig but the
on the gap function which normally contributes a power lawflux entry field because of the Bean-Livingston surface bar-
dependence to the temperature dependegce rier and effects of sample corners geometrical barriers. How-
For the sake of comparison, the temperature dependenever, we would argue that the influence of surface barrier is
of the normalized superfluid density in MgBbtained by  not important to our cylindrical sample, since the magnetiza-
exactly the same magnetization methois also shown in  tion hysteresis loops are very symmetric in the temperature
Fig. 5, with\(0) as a fit parameter. Clearly the data cannotand field regimes we measured. In order to further verify the
be understood in isotropiswave BCS theory or two-fluid validity of this method to obtairH.,, we have repeated the
model because of the two-gap characteristic of Mg’ same measurement for an ellipsoidal sample. The data and
The data obtained from this simple magnetization method othe discussion are presented below.
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FIG. 7. The difference between the “Meissner line” and the

M(H) curves.AM is shown in logarithmic scale. FIG. 9. The temperature dependence\df0)/\%(T) for ellip-

soidal MgCNi sample. The values 0f?(0)/\%(T) are obtained by
Hc1(T) using criteria ofAM equal to 3. 107 (open circley and
1.0x 102 emu (solid circleg. The prediction by two-fluid model

o L dotted, BCS s-wave (solid) and pured-wave (dashegl are also
The curves of dc magnetization are shown in Fig. 6 andipown.

the temperature varies between 1.59 and 6.90 K with steps
about 0.1 K. The optimal “Meissner ling$olid line in Fig. \2(0)
6) has been determined in the same way as for the cylindrical =
sample. Subtracting this ML from the magnetization data NA(T)

yields_ theAM curves plotted in Fig. 7. Thel.,(T) acquired with f(E)=1/[exp-E/ksT)+1], A(T,6)=Ay(T)cos 2 and

by using criteria 0fAM=3.2X 10" and 1.0 1U.3 emuare  pE)=g/[E2-AXT, )] The calculated-wave results are
shown in Fig. 8, and_the demagnetization factor __shown in Fig. 9 with dashed line. Fax-wave symmetry
(=0.136 has been takgn into account. Then the penet.ratlowth A(T, 6)=Ao(T)sin 6, we found that the calculated tem-
depthA(T) can be achieved from Eql) and they are dis- peratyre dependence af(0)/\X(T) is close to that of a
played in the |r;set 0; Fig. 8. The normalized temperaturey.\aye, and far from our experiment data. The predictions of
dependence ok“(0)/A%(T) of MgCNiz is shown in Fig. 9. g\ave BCS(solid) and two-fluid model(dotted are also
One can clearly see that the data from the ellipsoidal samplgnown in Fig. 9. It is found that our data can only be well
are almost identical to that for the cylindrical sample, show-gescribed by the-wave model. Together with the results for
ing a trivial influence of either the geometrical or surfaceine cylindrical sample, we conclude that MgGN$ most

barrier in our present samples. _ _ likely an isotropics-wave superconductor.
In addition, we have calculated the superfluid density as-

suming a nodal gap witb-wave symmetry. Under the frame
of the BCS theory, if the gap hasdawave-like node, the IV. SUMMARY
normalized superfluid density?(0)/\?(T) is written as

B. The ellipsoidal sample(S-e)

1 (% (” of(E
1——] J B el (6)
mlo Jame OE

To summarize, we have measured MeH curves of two
MgCNi; samples with cylindrical and ellipsoidal shapes and
obtained their lower critical fieléH.,(T) andX\(T). The tem-

280 perature dependence of normalized superfluid density is con-
200} sistent with thes-wave BCS theory. All these indicate that
MgCNi; may possess an isotropgewave gap, which is in
—~ 150 sharp contrast to MgB
8 Note addedThe recent report of carbon isotope effect in
< 100 MgCNi; by T. Klimczuk and R. J. Cava indicates that
° carbon-based phonons play an essential role in the supercon-
T Sof ducting mechanisrt
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