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Anisotropy of the superconducting gap in CeCg
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We find extraordinary superconducting characteristics in the low-temperature specific heat of high quality
CeCao single crystals, suggesting that the superconducting gap is highly anisotropic. The electronic specific-
heat jump at the superconducting transition temperaflige=1.5 K) is AC./yT.=0.85, which is reduced
compared to the BCS value of 1.43. At low temperatu@43<T/T.<1), C, varies approximately as?,
indicating a possibility of lines of nodes in the gap. A possible correlation of the gap anisotropy with the
ferromagnetic spin fluctuation is discussgf0163-182607)10105-9

Among the superconductors containing valence-fluc-100 and 150, respectively. The mass of the samples is 88 mg
tuating Ce ions, the cubic C15 Laves-phdsgCu,-type)  for sample 1 and 640 mg for sample 2, and the measurement
compound CeCp (T.=1.5 K) has attracted growing accuracy is higher for sample(®wer than 5%. The sample
interest! One interesting feature of Cegis the ferromag- 1 is the same as used for the dHVA measurements in Ref. 8.
netic spin fluctuation(paramagnon excitationcoexisting  In the measurements, the quasiadiabatic heat pulse method
with the superconductivity. The ferromagnetic spin fluct-was used using a dilution refrigerator.

-uation can be seen as the Stoner-enhanced Pauli susceptibil- The specific hea€ and the electrical resistivity around

ity in the normal state. The isostructural compounds ¥,Co T are shown in Fig. 1 as a function of temperature. The
ScCg, and LuCg are well known such examples. For YCo values of T, determined fromC are 1.43 and 1.48 K for
and LuCg, clear metamagnetic transitions have been obsamples 1 and 2, respectively. The sample 2 with the larger
served in the magnetization curves at high fields around 7&RR value has a highér, and a narrower transition width
T.2 According to the band structure calculatiohthe sharp AT.=0.03 K. For both samples, an antiferromagnetic transi-
density-of-states peak near the Fermi energy mainly due tdon anomaly at 5.9 K due to precipitated phase,

the Co 3 band plays a key role in the metamagnetic transiwhich was inevitably detected in early studreswas not
tions. In fact,RCo, (R=magnetic rare-earth elemeptare  observed.

ferro or ferrimagnets depending on whetlRris light (Pr, In the normal state, the temperature dependence of the
Nd, and Sm or heavy(Gd and Tm rare-earth elementfs. specific heat can be described BYT= y+ BT* below 4 K

Recently, an anomalous peak effect has been observed (gee Fig. 2 in Ref. h from which the electronic specific heat
the magnetic fields just belo#, in CeCg (Refs. 1 and 5  coefficient y and the Debye temperatur®, were
which is similar to that reported for CeRu(Ref. 6. This
anomaly has been discussed as a possible realization of a

Fulde-Ferrel-Larkin-Ovchinikov(FFLO) modulated super- 1.2 -~ - - T - 1 ]

conducting state, where the large Pauli susceptibility was 1.0 0000550006000 090 00 3]

proposed to play a key role. o8l y #1 RRR=100 1
These facts confirm that Cegés an ideal candidate to § o6l §°

study the competition between the superconductivity and the C:i -t ¢ #2 RRR=150

ferromagnetic spin fluctuation. There have been no investi- = 04 g ]

gations using high quality single crystals so far, since GeCo 0.2

is an incongruent intermetallic compound. Recently, we suc- 0.0 h

ceeded in the preparation of CeCsingle crystals,and re- o [

ported the de Haas—van AlphgdHvA) effect measure- L

ments® The observed dHvA branches are well reproduced by 5

the band structure calculation based on the itinerdngldc- St

trons of Ce. The calculation indicates that the contribution S

from Co 3d, Ce 4f, and Ce 9 states to the density of states o° 1

at Fermi energyEg are 45, 31, and 7%, respectivélylo r .

investigate the character of the superconductivity in GeCo 0.5F CeCo,

we measured the low-temperature specific heat of GeCo i ]

single crystals. oL .
Single crystals of CeGoawere grown by the zone melting 12 14 T(K) 16 18

method in an induction furnace with a cold crucible under a

high vacuum of 10° Torr. To check the sample dependence  FIG. 1. Superconducting transition in the electrical resistivity
of the superconducting properties, we have prepared twand the specific heat for two samples with different residual resis-
samples, 1 and 2, with the residual resistivity ralRRR) of tivity ratio (RRR).
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FIG. 2. T/T, dependence of electronic specific h&tdivided FIG. 4. Low-temperature expansion 6¢/yT vs T/T, plot. In-
by yT. Theoretical curves for the isotropic-gap BCS and the polarset shows the energy dependences of the quasiparticle density of
state are drawn. states for the polar state and that with the introduced minimum gap
of Ay 10.

obtained: y=33.5 mJ/K¥ mol and®,=222 K for sample 1,
and y=36.4 mJ/¥ mol and®,=200 K for sample 2. In this temperature range, the nuclear contribution of spe-
The estimated electronic specific h&atis shown in Fig.  cific heat is negligibly small; the electronic quadrupole split-
2 as a function ofT/T,. Two important features are identi- ting of 9Co estimated by preliminary nuclear quadrupole
fied. First, the value of the specific heat jump &  resonancéNQR) experiments gives a 0.2% correction to
(ACJ/yT,) is 0.85-0.05, which is anomalously diminished C. at 0.2 K. These anomalous features in the superconduct-
compared with 1.43 expected for the isotropic-gap BCS suing state are reproducibly observed almost independent on
perconductors. Secondl\G, at low temperatures, which the samples with different RRR as shown in Figs. 2 and 3.
gives the information on the density of states for the low- To examine whether a nonzero residGal yT would ex-
energy quasiparticle excitations in the superconducting statégt or not atT=0 K, we applied the condition of the entropy
shows an anomalous temperature dependence. For th@lance which helps to predi@.(T) for T/T,<0.13. The
isotropic-gap BCS modeC . exponentially approaches zero value of AS/yT., which is obtained by integrating the
with decreasing temperature due to the gap in the quasipagurve in Fig. 2 using
ticle excitations. In contrast, for CegoC./yT decreases
more slowly than that expected for the BCS model. In an ASe: fT=T° & d(l
Arrhenius’ plot shown in Fig. 3, the data for CeCaeviate YTe Jo YT \Te
{;%:?O;iz?ga?)x%ogght;? Iwéerggrirpaatgéeit (3,;5? ?ggngiw;?—rlaw Eé\hould be one when the entropy is balanced. We tested two

. - different cases of the temperature dependenceCoffor
variations ofT, the temperature dependence@y is rather . > &
close toT? below 0.5 K as shown in the inset. These two ;L/Tcd<(t)-13- First, twe als\:,uanﬁﬁeocT Iort;/Tc<'O..1$, 'l':ef" 5
facts indicate that the superconducting gap in CeiSan- € dala were extrapolated linearly to the origin in Fig. z.

isotropic, i.e., the magnitude of the gap varies over the I:ermThe calculated value oAS/yT, was 1‘0.3' Secondly, we
surface. assumed an extreme case wheég/yT is constant for

T/T.<0.13,i.e., CdyT]1=0=0.2. ThenAS,/ yT. becomes
1.05, which further deviates from one. Therefore, even if the
residual [C/yT]1-q exists, it should be much lower than
0.2.

A T2 dependence of, was reported in the case of UPt
(Ref. 12 and URySIi, (Refs. 13 and 14 For these com-
pounds, this is taken as an indication of rewave super-
conductivity with gapless lines on the Fermi surface. The
simplest anisotropic-gap state exhibiting the power law
C.~T? is the polar state, which has a line of zeros. As
shown in Fig. 2, theC./yT vs T/T, curve for the polar state
shows a jump of 0.79 &k, and its temperature dependence
agrees roughly with the experimental data of CeGeer the
entire temperature range. This indicates a possibility of lines

| S T S . of nodes in the gap. If we tentatively introduced a finite
0.0 4 2 3 4 5 6 7 8 minimum gapA,,,,/10 in the quasiparticle excitation of the
TJT polar state as shown in Fig. 4, whete,,, represents the
maximum value of the gap, a consequent decrea€x idue

FIG. 3. Arrhenius’ plot of electronic specific he@,. Inset  to the finite gap was not detected distinguishably in the
shows the log-log plot of the electronic specific h€atas a func-  present experiment since it starts only below 0.15 K
tion of temperature. (T/T.<0.1). Although we cannot conclude whether a line of
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FIG. 5. Deviation functiorD, which represents the deviation of

H. from the parabolic temperature dependence. Isotropic gap BC

curve and the data for Al and Pb are plotted.

zeros in the gap really exists or not at the moment, however,
these facts indicate that the superconducting gap is strongly

anisotropic and at leag\,/Ana—0.1. Such strong anisot-
ropy has not been reported for cubic compounds before.
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FIG. 6. Temperature dependence of the magnetic susceptibility.

Fitting the results oD (T/T;) using the Clem’s theoretical
urve,(a® is estimated to be 0.11. The fitted curve, drawn in
ig. 5, reproduces well the data beldvy. In terms of(a?),

the specific heat jump is described as

AC./yT,=1.431—4(a?)). (6)

The evaluated value ofAC./yT.=0.8 by substituting
(a®=0.11 into Eq.(6) is close to the measured value of 0.85.

‘The temperature dependence of the thermodynamical The temperature dependence of the magnetic susceptibil-
critical field H, of CeCqg, which provides the characteristics ity (T) for CeCg is shown in Fig. 6(Ref. 17. Stoner-

perimental data.(T) in the superconducting state using

Te Co(T")— yT"

1 To
AG=—MOVH§(T):J J — T dTdT,
2 T ! T

)

t
whereV represents the volume per mole molecule. The zero

temperature valukl.(0) is obtained to be 340 Oe. Substitut-
ing this value ofH.(0) into

L VvH20)= = [ 21 a(0y2 3

5 VHE0) =5 | 5 2z |A(0)% 3
the energy gapA(0) is estimated to be A0)/kgT,.=3.1,
which is smaller than the isotropic BCS value of 3.5. An
additional distinctive feature of the superconductivity in
CeCag is found in the temperature dependenceief which
can be demonstrated using the deviation funcfiof¥/T.)
(Ref. 15 defined by

D(T/Te)=H(T)/Hc(0)~[1=(T/Te)?1, 4)

a large value ofy in the normal state. The gradual decrease
in x with increasing temperature is possibly due to a strong
energy dependence of thieband density of states & .
The experimental value f.,,;=(1.0—1.3x10"° emu/mol is
mainly ascribed to the conduction-electron Pauli suscep-
ibility. 1

UsingN(Eg) =154 states/Ry ceflwe deduce the Stoner
enhancement factoiS= ye,f(43N(Eg))=5-7, which is
smaller thanS=20 calculated by Erikssoet al1® Note that
S=6 for Pd andS=2-2.5 for A-15 compounds$® For
more detailed discussion, the separation of the orbital and
spin contributions is necessary although the orbital contribu-
tion is expected to be one order of magnitude smaller than
the spin contribution in a Cg system'®

For a system with an enhanceg.,,; the upper critical
field H82 could be suppressed by the strong Pauli limiting
effect? The Pauli limiting fieldH, including the effect of
the Stoner enhancement can be described
Hp=A0/1g(2S) 12 Using the experimental dathl,, is esti-
mated to be 0.9 T. This value &f, is, however, still larger
than the experimental value ¢f.,=0.2 T indicating that

by

as shown in Fig. 5. For comparison, two typical examples are¢{ , is not limited by the Pauli limiting effect.

also shown: Pb as a strong-coupling superconductor and Al The

vy value is generally expressed by

as a weak-coupling superconductor which can be explaineg, =(1+\e-pntNspin) Yoang @SSUMING N0 Kondo mass en-

by the weak-coupling isotropic BCS curve. TBecurve for
CeCgq further deviates negatively from that for the weak-
coupling case. This anomalous deviationDbftan be attrib-
uted also to the anisotropic gap in CeCd\ccording to

hancement, where\ , and A, are the electron-mass
renormalization factor due to the electron-phonon interaction
and paramagnon spin fluctuations, respectively. Using the

value of y,,,=13.3 mJ/Kmol from the band-structure

Clem's calculatiof® based on the weak-coupling BCS calculationf (1+\e.pn+Aepi) iS stimated to be 2.63. As-
theory, the temperature dependenceDotan be related to  suming the electron-phonon interaction as the origin of the
the square-averaged deviation of the gap parameter from itfuperconductivity in CeGpa rough extimation based on the

average value, defined as

(@2)=((Ap=(Ap)an) Da/ (Ap)ar (5)

McMillan equation including\ ¢pin [EQ. (6) in Ref. 21] yields
Ne-pn=1.2 andA ¢,;=0.43. If we substitute ;=0 into the
McMillan equation to examine the effect of the spin fluctua-
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tion, the value ofT, becomes 15 K, which is one order of pairing superconductivity based on the paramagnon ex-
magnitude larger than the experimental. This indicates change mechanism can be possible as theoretically proposed
that T, is largely suppressed by the strong spin fluctuationsby Appel and Fa$ and Anderso’® Experiments to deter-

We discuss two possible origins for the anisotropic gap inmine the superconducting symmetry in Ce@desired.
CeCq: (1) the Ce Kondo-lattice effect an@) the Stoner- In summary, we have measured the low-temperature spe-
enhanced Pauli paramagnetism. For the Kondo lattice sygific heat of high-quality CeCpsingle crystals and found
tem, Miyakeet a|_22- and Ohkaweet ?"-23 discussed the pos- clear evidence of the anisotropic superconducting gap; the
sibility of an anisotropic-gap singlet-pairing supercon- gjectronic specific-heat jump af, is reduced (AC./
ductivity, and pointed out that the low-lying excitations can 1 ~0.89 and C, varies approximately a%2 at low tem-
be gapless for appropriate values of parameters characterigércatures of O.1§eT/TC<1. We propose that the paramag-

Lna?;:sems?gg‘jhn dg(;:i?](gﬁrt:ri Cni 'ggsa:irlfo': di S,:g:_g g::ﬁ:géerlon excitation, which is related to the Stoner-enhanced Pauli
ment in y value and the itineracy of the f4 electron susceptibility, is possibly the origin for the gap anisotropy in

confirmed by the dHVA measurements. Therefore, it is ex—ceCQ'

pected that the Stoner-enhanced Pauli paramagnetism plays The authors would like to acknowledge Professor K. Miy-
a more important role in the anisotropic gap in CeCo e, Professor Y. Kitaoka, Dr. K. Ishida, and Dr. M. Higuchi
than the Kondo-lattice effect. The paramagnon excitationy,; pejpful discussions. They also thank O. Inoue for his
may cause strong pair breaking effect arouped and, as @ gcpnical support. This work was partly supported by a

result, leads to a]-dgpg_ndent superc'onduct.mg 9ap. Grant-in-Aid for Scientific Research from the Ministry of
As another possibility for an anisotropic-gap SUPErcon-c,\~+ion. Science and Culture
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