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Unconventional heavy-fermion superconductor CeColg:
dc magnetization study at temperatures down to 50 mK
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dc magnetization measurements on CeGabveal a first-order phase transitiontat, for both H|ja andc
axes in the isothermal magnetizatidh(H) below 0.7 K, indicating a strong Pauli paramagnetic suppression
in the even-parity pairingM (T) in the normal state abovd, exhibits non-Fermi-liquid behavior down to
150 mK, implying the existence of antiferromagnetic fluctuations behind the unconventional superconductivity.
We observed an unusual peak effectitic in fields 5—30 kOe below 150 mKk{0.06T ), whose anomalous
temperature dependence cannot be simply explained by ordinary mechanisms.
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Since in 1979, HF superconductivity has been attracting H., becomes a significant fraction of the superconducting
interest in the field of strongly correlated electron systemscondensation enerd{:'!It was theoretically pointed out that
Recent experimental and theoretical progress indicates that second-order transition &t., changes into a first-order
most of the HF superconductors are likely to be of an unconene below~0.56 T for the singlet pairing, provided that
ventional type. Until recently, to our best knowledge, the normal-state spin susceptibility is large enotfgh.Sub-
CeCuySi, was the only Ce-based HF superconductor at amsequent theoretical studies predicted that in the case of a
bient pressure. The superconductivity in CgSiy, however, clean limit (>¢,) a first-order transition from the mixed
is rather difficult to understand because of the complicatedtate to the Fulde-Ferrell-Ovchinnikov-LarkiFFLO) state
magnetic phase diagram. occurd*~" pefore the system turns into the normal state.

Quite recently, two tetragonal Ce-based HF compoundsiowever, to our best knowledge no system has been found to
have been discovered by Petroeical. to become supercon- show a first-order transition dt.,, and experimental evi-
ducting at ambient pressure: Xas [ X=Ir (Ref. 3 and Co  dence for the existence of the FFLO state is still controver-
(Ref. 4]. To our best knowledge, CeCaglas the highest sial. Ce-based HF superconductors would provide a good
T.(=2.3 K) among the HF superconductors known atopportunity to study these issues since Kramers degeneracy
present. The specific hehthermal conductivitf,and NMR  of the f-electron configuration (#) ensures a substantial
relaxation ratBof CeColn, show power-law temperature de- spin contribution in the susceptibility. In fact, very recently it
pendencies beloW ., suggesting an unconventional super-has been claimed as a result of torfueand
conductivity with anisotropic energy gap. Very recently, thethermal-conductivity measurements that a first-order phase
NMR Knight-shift measuremeht has revealed even-parity transition (FOPT) occurs atH., in CeColn, although the
pairing in the superconducting state, and the angle-dependephase diagram is not known well.
thermal-conductivity measureménhas identified that the We have performed high-resolution dc magnetization
gap symmetry iski—kf,, pointing to the fact that the pairing measurements on high-quality single crystals of Cegain
interaction is mediated by magnetic fluctuations. An interesttemperatures down to 50 mK and in fields up to 125 kOe, in
ing observation with respect to this point is the non-Fermi-order to examine the superconducting phase diagram in de-
liguid (NFL) behavior in the specific heat divided by tem- tail. A clear FOPT is observed &t., for botha andc direc-
peratureC/T, showing a remarkable upturn on cooling whentions, with features in the superconducting phase diagrams
the superconductivity is suppressed by magnetic figldlo  and magnetic properties of this unconventional supercon-
our best knowledge the origin of the NFL behavior has notductor.
been clarified yet. Two high-quality single crystals of CeCgJnused in the

One of the features of the HF superconductors is that thpresent experiment, were grown by an In self-flux method as
orbital limiting field is relatively high despite loW., be- described in Ref. 20. The crystal has a tetragonal
cause of the small Fermi velocity of the carriers. In addition,HoCoGa-type structure witta=4.612 A andc=7.549 A.
the HF superconductors possess quite large normal-stafiehe weight of the samples is 6.9 nigample #) and 18.7
paramagnetic susceptibility at sufficiently low temperature mg (sample #2 Both samples showed the saifieof 2.3 K.
reflecting the high density of states. These facts lead to ahow-field magnetization data as well as x-ray diffraction in-
interesting situation in which the paramagnetic energy neadicated an inclusion of a small amount of a pure cobalt phase
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small but distinct hysteresis is found in the transition for both
directions; the width of the hysteresis is 150 Oefdjic and

750 Oe forH||a (the lower inset Accordingly, the observed
transition atH., is considered to be of first order at this
temperature. The superconducting condensation energy,
H§/87r, can be estimated by integrating the magnetization
curve:M — x,H, wherey,, is the magnetic susceptibility for
the normal state. We obtaiZ/87~ 1.3x 10°erg/cn¥, which

is extraordinarily large compared to the other HF supercon-
ductors.

Interestingly, a remarkable peak effect is observed for
Hl/c; a sharp hysteresis peak can be seen at 2.3 T well below
Hc,. In addition, a small but appreciable peak is found at
. . . . . . around 0.9 T as well. Surprisingly, temperature dependence
0 2 4 6 8 10 12 of the peak effect is extremely strong as shown in the inset of

H (10kOe) Fig. 1; as the temperature increases slightly, the higher-field
peak rapidly shifts to the lower-field side, whereas the lower
peak moves to the higher-field side. It seems that both peaks
merge at~1.6 T and at 150 mK, and disappear at higher
T. It should be noted that the similar peak effect, though less
E,gronounced, was also observed in sample 2, implying that

M (emu/g)

CeColng
50 mK

FIG. 1. Isothermal dc magnetization curvie{H) of a single
crystal of CeColg at base temperature of 50 mK in fields applied
along the tetragonal anda axes with the enlarged plot around the
upper critical field(lower insej. The upper inset shows the low-
field part around the peak effect at several temperatures below 1
mK. The temperature for each curve is 50, 70, 90, 110, 120, an
150 mK in order from the outside.

e observed peak effect is an intrinsic phenomefidne
will come back to this point later.

In order to show the temperature dependence of the tran-
in sample 2, whereas no foreign phase was found in sampgition atH.,, we display the magnetization curvib(H) at
1 within an experimental sensitivity. Since sample 1 is con-several selected temperatures between 0.45 K and 1.8 K in
sidered to be of higher quality, we mainly present the result§ig. 2. Arrows indicate the position dfi., defined by the
for sample 1 in this paper, although the magnetization resul@@nomaly in theM(H) curves, which decreases monoto-
were qualitatively the same for the two samples except fonously with increasing temperature. In the datatd (the
the low-field part. From the de Haas—van Alphen experimentipper part of Fig. 2 the discontinuity of the magnetization
nearH,,>?*the electron mean free pattiof the sample was is still discernible in the data at 0.61 K, whereas at 0.84 K no
estimated to be in excess of 2000 A, well in the clean limitclear feature of a first-order transition is seerHgj. There-
I>¢, (<100 A)2! The dc magnetization measurements infore, a critical point is likely to exist &= 0.7=0.1 K. The
the temperature range 50 mK—2 K have been carried out byl (H) results forH||c (the lower part of Fig. shows simi-
a capacitive Faraday magnetométen all measurements, a lar temperature variation, witfi,=0.7-0.1 K.
field gradient of 800 Oe/cm was applied to the sample in Temperature dependencies of the dc magnetizati¢m)
addition to uniform magnetic fields. By detecting only the at several fixed fields are shown in Fig. 3. The data below 2.5
magnetic force proportional to the field gradient, we couldK were collected by warming the sample gradually after
obtain the true magnetization of the sample. Due to a smakero-field coolingZFC), and subsequently cooling under the
dimension of the sample, field distribution inside the sampldield (FC). The difference between the ZFC and FC data is
was less than 100 Oe. A superconducting quantum interferather small. The magnetization significantly decreases for
ence device magnetomet@viPMS, Quantum Designwas  both directions when the superconducting state sets in. Such
also utilized to measure the dc magnetization in temperaturdsehavior can be seen even néby,(0). Theobservation is
abow 2 K and in fields below 7 T. consistent with the appearance of the FOPTHaj in the

Figure 1 shows the isothermal magnetization curves oM(H) curve.
CeColn; at the base temperature of 50 mK in fields up to 125 We next move on to th®1(T) data in the normal state. As
kOe applied along tha andc axes. These data were taken can be seen in Fig. 3, the magnetization is anisotropic in the
by slowly scanning the field after zero-field cooling the whole temperature range. The magnetization behavior above
sample from a temperature well abdle. The irreversibility 100 K is well reproduced by assuming a localizeld elec-
of the magnetization due to flux pinning is very small, dem-tron (4f') under the crystal fieldCF) with an antiferromag-
onstrating the high quality of our sample. The magnetizatiometic molecular field® Temperature dependence of the mag-
curves show a clear discontinuous jump at 49 kOeHc netization, especially foH||c, turns to saturate below 50 K,
and at 116 kOe foH|ja. Since the irreversibility in the suggesting a Kondo screening, as usually observed in the HF
M(H) curve completely disappears after the jump and nccompounds. Surprisingly, the magnetization in CeGoln
further anomaly is found at higher fields, we may regard thestarts to increase again upon cooling below 26 ¢ontrary
position of the jump as the upper critical fightl.,. The ob-  to the ordinary HF’'s which remain in a Fermi-liquid state
tainedH ., coincides well with the previous one determined with T-independent susceptibility &— 0. Whether this un-
by ac susceptibility and specific-heat measurem&fits?®>A  usual increase df1(T) is intrinsic or not would be a matter
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FIG. 3. Thermal variation of the magnetizatid(T) for botha
andc directions. Both the zero-field cooled and field-cooled data is
plotted. The data abev2 K wasobtained at the field of 10 kOe.
Arrows indicate the position of .. Thin solid line is a fit to the
function y= xo+ C/(T+ag), with x,=7.6x1078, C=2x10"5,
anday,=8 for H||la, and yo=7.6x10" %, C=1x10"%, anda,=8
for Hi|c.

M (emu/g)

are presumably responsible for the occurrence of the uncon-
f ventional superconductivity.
25 3 3.5 4 4.5 5 Figure 4 shows the superconducting phase diagrams of
H (10kOe) CeColn determined from the present results. The isothermal
M(H) curves revealed that the transition ldt, becomes
FIG. 2. Isothermal magnetization curdé(H) at several se- first order belowT,~0.7 K for both directions. From the
lected temperatures above 0.45 K. The upper part is the results feiH ., /dT|,,_, value, one can roughly estimate the orbital
Hlla, and the lower one foH||c. Arrows indicate the position of |imiting field HY, as 350 kO&150 kOg for H||a (c), respec-
Hco. The data points were taken up to 125 kOe, not all of which are[ively. Those values are in good agreement with the ones
shown for clarity. determined by the recent specific heat measurenieiftsr
both directions, therefore, the actil, is suppressed at low
presumably due to the spin paramagnetic effect by nearly a

of interest. We found that1(T) obtained in the present ex-
periment shows a continuous increase at relatively high field
(=70 kOe) and sufficiently low temperatures down to 0.15

K, indicating that the upturn itM(T) is an intrinsic effect, 12§

and is not due to magnetic impurities. In fact, our data of 18
M/H can be well expressed by the forg= yo+C/(T¢ 101

+ag),(a=0.8~1) for nearly two decades in temperature, as __ N 14 —
shown by thin solid lines for the cage=1 in Fig. 3. Neither 8 8
the CF nor the Kondo effects can explain such behavior. It 2 1 3 S
should be noticed that similar Curie-Weiss-like NFL behav- — %%51-;) A
ior of M(T) has also been pointed out in CeCyAu, near I 4t I t 12 T
the vicinity of a quantum critical point=0.1) of the anti- -

ferromagnetic long-range ord&r?® Our observation there- 2t 1 j 11
fore suggests that CeCaglis very close to the antiferromag-

netic criticality. In fact, by further increasing magnetic field, 00 05 1 15 2 0 05 1 15 2 2_g

the NFL behavior becomes weaker and the magnetization T (K) T (K)

tends to recover Fermi-liquid behavior. Further indication of

the critical behavior has also been found in a logarithmic Fig. 4. H-T phase diagram of CeCajnCircles and squares
increase of the normal state/T in magnetic field and a denoteHCz determined by thM(H) and theM (T) data, respec-
T-linear dependence of the resistivigfT).*> Recent high-  tively. Open circles indicate the first-order transition. Inverse tri-
pressure experiments also show that Cegddnin the prox-  angles indicate the position of the hysteresis peaks observed in the
imity of antiferromagnetism® These facts indicate the im- M(H) data at various temperaturetenoted ag ) below 150 mK.
portance of antiferromagnetic fluctuations in CeGolmhich  For clarity, T, is magnified by a factor of 5.
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factor of 0.3. Interestingly, by comparing the two plots in
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Finally, we briefly discuss the peak effect féf|c. In

Fig. 4, one can see that th,, curves for both directions type-ll superconductors, a peak effect is often observed just
can be scaled to each other, except for a slight enhancemepelowH_,. It mostly originates from a synchronization effect

of H, for H|ja belowT,,. Combining with the anisotropy in

in which softening of the shear modulus of the vortex lattice

HY,, this observation implies that the spin part of the suscep@s H approached., enhances the pinning efficiency; its

tibility for Hlc is larger than that foH||a. AssumingH.,

~Hp=H_/\4mxs We roughly estimate the spin part of the
susceptibility xs to be 1.3<10 °emu/g for H|c and 2.4

jump for H|c at H,(T) is larger than that foH|a. The

observedT.(~0.3 T;) is lower than what is predicted by

the theory of the strong Pauli limit (0.58 ), %***possibly

because the orbital current effect is not negligitile.

temperature dependence of the peak position approximately
follows theH,(T) curve, and is very weak at low. Other
mechanisms for the peak effect also give a weak temperature
variation at lowT where the thermal variation of the super-
conducting gap is small. On the contrary, temperature depen-

O%ence of the peak effect observed fdijc is extremely

strong; it disappears dt~0.06 T, as shown in Fig. 4. Evi-
dently, the peak effect in CeCaqJns of an unconventional
type, and requires an explanation. The anomalous tempera-
ture dependence suggests a phase transition in the supercon-

In the case of a strong Pauli paramagnetic effect and thgcting state, although a possibility of certain anomalous

system is very clean, it has been predicted by a number gf
theoretical works that the FFLO state, in which the gap am-

ortex dynamics effects should not be excluded.
In conclusion, the present magnetization data clearly re-

plitude is spatially modulated, appears between the mixedeaqis a FOPT at,, below T,~0.3 T.. While no other

state and the normal state on cooling belew.56T, .24~

We examined the magnetization data very carefully, ho
ever, we could not find any phase boundary branching fro

phase boundary seems to branch off frogpn, the anomalous

Wr'geak effect found at very low temperatufes0.06 T sug-

ests an ordered phase in the superconducting state. The

the Heo(T) curves; it seems that the FFLO state is absent if\ig| pehavior observed at fields aboie, indicates the im-

CeColny despite the strong paramagnetic effect. Although

the sample is considered to be clean 2000 A>§a,c)- de-

portance of magnetic fluctuations behind the unconventional
superconductivity.

termining whether the FFLO state survives the residual weak
scattering or not would be an interesting issue. Further ex-
perimental and theoretical studies are needed to resolve this We thank Y. Matsuda, K. Machida, and K. Maki for valu-

point.

able discussions.
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