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Superconductivity in the correlated pyrochlore Cd,Re, O,
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We report the observation of superconductivity in high-quality,”RO, single crystals with room-
temperature pyrochlore structure. Resistivity and ac susceptibility measurements establish an onset transition
temperaturel2"*®=1.47 K with transition widthAT,=0.25 K. In applied magnetic field, the resistive tran-
sition shows a type-Il character, with an approximately linear temperature-dependence of the upper critical
field H,. The bulk nature of the superconductivity is confirmed by the specific heat jump A@h
=37.9 mJ/mol-K. Using they value extracted from normal-state specific heat data, we olX&fyT,.
=1.29, close to the weak coupling BCS value. In the normal state, a negative Hall coefficient below 100 K
suggests electronlike conduction in this material. The resistivity exhibits a qua@irdépendence between 2
and 60 K, i.e.,p=po+AT?, indicative of Fermi-liquid behavior. The values of the Kadowaki-Woods ratio
A/ y? and the Wilson ratio are comparable to that for strongly correlated materials.
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Interest in oxide superconductors has been greatly stimuzd,Re,0; is a correlated Fermi liquid.
lated by the high critical temperature$.j of the cuprates Single crystals of CgRe,O, used in this study were
and the unconventional superconductivity inRu0,. These  grown using a vapor-transport method with details described
materials form in perovskitelike structures, where GU®  g|sewheré. The Cd:Re ratio was confirmed using electron
RuG, layers play important roles in the occurrence of supermjcroprobe analysis, but no attempt was made to determine
conductivity. Oxide superconductors with nonperovskiteyye oxygen content. A previous study on crystals prepared by
structures are rare. In particular, while many oxides crystaline same method claimed an oxygen stoichiometry b fie
lize in a pyrochlore structure with the general formulay_ ray refinement results confirm the pyrochlore structure
A2B,0; (whereA andB are cations no superconductivity ith unit cell parametea=10.2244(6) A at room tempera-
has been reported in the literature. At present, it is not cleare. This value is in agreement with that obtained in Ref. 4.
why the pyrochlore structure is unfavorable for superconducag pointed out in Ref. 7, there is a subtle structure change at
tivity. Previous studies indicate that the pyrochlores, like thgg,,, temperatures.
spinels, are geometrically frustraté@he effect of geometric Figure 1 shows the temperature dependence of the ac sus-
frustration on the physical properties of spinel materials iSceptibiIity from a CdRe,0, single crystal, performed by
drastic, resulting in, for instance, heavy-fermion behavior i”using a mutual inductance technique at an applied field of
LiV ,0,.2 To understand the role of geometrical frustration iNH~1 Oe and a frequency df=1 kHz. The real party’,
pyrochlores, we have investigated transport, magnetic, angyeals a large diamagnetic signal below 1.15 K, marking the
thermodynamic properties of G&,0;, the only known py-  syperconducting transition. Below 0.75 K,is flat, indicat-

rochlore superconductor discovered regefﬁtly. _ ~ing that the superconducting transition is complete. We no-
Although C¢Re,0; was synthesized in 1965ts physi-

cal properties remained almost unstudied except for specific
heat measurements below 20°tCareful measurements of
electrical resistivity, Hall effect, specific heat, and magnetic
susceptibility of CdRe,O; single crystals indicate that there
are at least two phase transitions below room temperature:
one near 200 KRefs. 6 and Yand another around 1.5 K. In
this communication, we focus on the latter one. Both resis-
tivity and ac susceptibility indicate a superconducting transi-
tion at T.=1.47 K. The superconducting critical field, ob-
tained from the resistive transition, reveals an approximately L
linear temperature dependence. Associated with the super- o
conducting transition, the specific heat exhibits a peak with
jump AC=37.9 mJ/mol-K. AboveT., the Hall coefficient L
is negative, reflecting electron dominated conduction. Both 0 1 )
resistivity and Hall angle data exhibit® dependence when T (K)

approachingr, from high temperatures. THE? behavior of

the resistivity and the values of the Kadowaki-Woods ratio FIG. 1. Temperature dependence of the ac susceptilfitigi
A/ y? and the Wilson ratio suggest that the ground state oparp of a CRe,O; single crystal.

x' (arb. unit)
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FIG. 2. Temperature dependence of the resistivity ofZ50,. lines are the linear fit to experimgn@LZ(T). The inset shows the
The superconducting transition is indicated. The inset shows thifmperature dependence of resistivityte-0, 0.1, 0.2, 0.3, 0.4,

resistivity curve between 2 and 64 K plotted @s's T2. The solid and 0.5 T.

line is a fit to experimental data between 2 and 60 K ugirgp,

+AT =10%, 0.57 T forp=50%, and 0.84 T fop=90%. Note

ticed thaty’ was not saturated down to 0.3 K in polycrystal- that at lower _tempera_lturelslcz(T) no longer follows the
line Cd,Re,0,. WHH expression, particularly fgp=10 and 50 %. This sug-

Using a standard four-probe method, the dc electrical regests that the actuéd,(0) is larger tharHg,""(0). To find
sistivity of Cd,Re,0; has been investigated. Shown in Fig. 2 out whetherH ,(T) continuously increases in a linear fash-
is the temperature dependence of the electrical resistivity 10N or eventually saturates, resistivity measurements at lower
between 0.3 and 10 K at zero magnetic field. Associated witemperatures and higher magnetic fields are in progress.
the diamagnetic transitionp also departs from high- Nevertheless, assuming.,(0)=H""(0), we may esti-
temperature behavior at 1.5 K and decreases abruptly to zernate the superconducting coherence lendiy using
at 1.15 K, corresponding to the onset of diamagnetism. Th&inzburg-Landau formul&g, = (®/2mH )2, where ®,
resistivity varies from 10 to 90 % of the normal-state value=2.07x10"" Oe cn?. This results in the zero-temperature
pn over a range of approximately 0.25 K. coherence lengtlig, (0)=263 A for p=10%, 240 A for

Both resistivity and ac susceptibility measurements estaby— 5005, and 198 A fop=90%.
lish a superconducting transition with the onset transition |g CdRe,0, indeed a dirty superconductor? To address
temperatureTc"**=1.47 K and a transition widthAT; s jssue, we need to compare the mean-free patith
=Tc(90%)-T(10%)=0.25 K for our CdR&O; single  pinnarg coherence lenga=7uvr/wA(0), wherev is the
crystals, confirming the recent discovénps illustrated in Fermi velocity and the zero-temperature energy g4p)
the inset of Fig. 3, by applying a magnetic figitiperpen- =1.764 kgT. according to the BCS theory. Information

dicular to the current (HL1I), the resistive transition shlft_s about| and & may be obtained from Drude relation

to lower temperatures. The transition width becomes wider” N 1/3 513 0 2 \1/3
o : I - =1(372) VIe2pon?® and éq=12(3m?n) VI1.764rmks T,

with increasingH, a characteristic of type-Il superconductiv- . X : )

. : N 2. wheremis the electron rest massjs the carrier density, and

ity. We may define a resistive transition temperatiligéH)

which satisfies the condition tha{T.,H) equals to a fixed Pois the residua! resis'ti.vityta) K at WhiCh the scattering is
percentage p of the normal-state \;aM@ for each fieldH. essentially from impurities. In analyzing the data abdye

The values off(H) for p=10, 50, and 90 % are shown in we found that the resistivity exhibits a quadratic temperature

the main frame of Fig. 3, represented by the upper criticafjeloendence over a wide temperature regime. Shown in the

. . inset of Fig. 2 is the plot op vs T? between 2 and 64 K.
field Heo(T). In all cases, we find thad .,(T) depends more . . . "
or less linearly ol with no sign of saturation down to 0.3 K Note thatp varies approximately linearly witfi" below 60

X . - K. By fitting the resistivity data between 2 and 60 K using a
(see the solid lings The slope dHc,/dTlr_r = formula p=py+AT?, we obtain the residual resistivity,
—0.56 T/K for p=10%,-0.62 T/K for p=50%, and  —17 4,0 cm and constanf=0.024 Q cm/K2 As il-
—0.83 T/K for p=90%. In the conventional BCS picture, |ystrated in the inset of Fig. 2 by the solid line, the above
Hc, is linear inT nearT, and saturatesiiO K limit. Devia-  formula fits the experimental data very well. This indicates
tion may occur in the presence of strong impurity scatteting. the importance of the Umklapp process of the electron-
In this case, the Werthamer-Helfand-Hohenbe&WyHH)  glectron scattering at low temperatures and is consistent with
formula'® is often used to describe the temperature depenge formation of a Fermi-liquid state. The extrapolated re-
dence of H, with Hcp(0)=—0.693 Te(dHc,/dT)|r-1.  sidual resistivity of our crystals is approximately 235 times
The dashed lines in Fig. 3 are the results of fittig,(T) to  lower than that for polycrystafreflecting a much lower
the WHH formula, yielding HY'"(0)=0.48 T for p  level of impurities in our single crystals. Interestingly, there
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FIG. 5. Temperature dependence of the specific heat of

Cd,Re,0; between 0.3 and 2.0 K. The dash line is the fit of experi-
mental data taC=ae~ T+ BT? using B value extracted from the

The solid line is the linear fit of experimental data between 2 and 4®ormal-state specific heat data. The inset shows specific Geat
versus temperature aboilg plotted asC/T againstT2. The solid
lines (in both the inset and main panelre the fit of experimental
is little difference inT.. We recall that the superconductivity data toC=yT+BT® between 1.2 and 6.2 K.

in SrLRUQ, is completely suppressed ag, exceeds
~1 pQ cmM This suggests that the impurity effect on su- denda has been carefully subtracted. Figure 5 shows the tem-
perconductivity in CgReO; is much weaker than in perature dependence of specific heat between 0.4 and 2.0 K.
Sr,RUQ,. To assess the carrier densitywe have performed Note that the specific heat reveals a pronounced peak asso-
Hall effect measurements. Using the standard four-poingjated with the superconducting transition, confirming the
technique, the Hall component was derived from the antiy, ik nature of the superconductivity. At the midpoint of the

K.

symmetric part of the transverse resistivity under magneti
field reversal at a given temperature. As displayed in Fig.
the Hall coefficientRy is T dependent and has negative sign:
below 100 K. This suggests that the Fermi surface o
Cd,Re,0; may contain several sheets and electrons domi
nate the electrical conduction. Nevertheless, TRdehavior

of the Hall angle coby (see the inset of Fig.)at low tem-

fransition TM9=0.99 K, we determine the specific heat
jump AC=37.9 mJ/mol-K. In the weak coupling limiC

{fs expected to approach 148, wherey is the Sommer-

feld coefficient and can be obtained from the normal-state
Specific heat. An expression of the for@®= T+ BT3 is
usually used to describe the specific heat data at temperatures
well below the Debye temperatufgy, i.e., T<0®y, where

peratures suggest that both longitudinal and transverse tran = N(12/5)7*RO5°, R=8.314 J/mol-K andN=11 for

port properties are controlled by the same scattering, unlik
the highT, cuprate material¥* Using the simple Drude re-
lation, we estimaten=—1/eRy~7x10?* cm™3 for T
=5 K. (We are aware that the simple Drude relation may
not hold if the Fermi surface of GRe,O; consists of multi-
bands) Inserting the estimated and p,, we obtain |
~204 A andé, ~6365 A. Since&, is much larger tham,

Cd,Re,0; is in the dirty limit.

Given the values dfand&,, we may also estimate the GL
coherence lengthtg (0) using &g (0)~0.855(,)Y? for
dirty superconductorSs This relation yields &g, (0)
~927 A, a few times larger than that obtained from

WHH
Hez

crepancy. One possibility is that the sloplelczldT|T=TC is
unexpectedly large, which results in larg¢;'(0) and con-

result.

In

&b,Re,0;. The T term comes from the electronic contribu-
tion (C,) and theT? term arises from the lattice contribution
(C)). By plotting our specific heat data &/T vs T? as
shown in the inset of Fig. 5, a linearity is clearly seen below
~6.2 K. We fit the data between 1.2 and 6.2 K using the
above formula and obtainy=29.6 mJ/mol-K and Op
=397 K, slightly higher than those given in Ref. 5. This
leads that\C/yT™=1.29, close to the weak coupling BCS

the framework of the BCS theory, the

superconducting-state electronic specific h@g{(T) is ex-
pected to decay exponentially wiffy i.e., C.c—=ae T (a
-andb areT independent constant#\s can be seen in Fig. 5,
(0). There could be several reasons to cause the di he BCS formula(dashed ling describes our experimental
data very well down to 0.4 K witta=0.307 J/mol-K and

b=1.52 K. However, in the absence of the data at lower

sequently smal€g (0). As mentioned in Ref. 3, the large temperatures 1<0.3 K), it is not clear whether or not

value ofd chldT|T=TC may imply that the Cooper pairs are Cd,Re,O, is a BCS-type superconductor.

composed of heavy quasiparticles since it is proportional to In comparison with other pyrochlorés?!®the y value

the effective massn*.'® Given the fact that the effective for Cd,Re,0; is large. A large electronic specific heat at low

electron mass is significantly enhanced due to geometritemperatures is usually observed in strongly correlated

frustration in LiV,0,,? it is not surprising that such effect Fermi-liquid systems like heavy-fermion materfal®*8and

also plays a similar role in GRe,O. Further evidence for  Sr,,;Ru,03,- 1 seried®?°due to an effective mass enhance-

heavy guasiparticles can be found from specific heat data. ment. It is known that for such systems, the Kadowaki-
The specific heat of G&Re,O; was measured using a re- Woods ratio A/y? is expected to approach the universal

laxation calorimeter, where the contribution from the ad-value
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For CdRe0;, we obtain A/y?>=2.7x10 °uQlcm/  the weak coupling BCS value. However, the almost linear
(mJ/mol-KY, very close to that found for the heavy fermion temperature dependence of resistive critical field cannot be
compound UBg;. The consistency oA/y? value with the  described by the WHH formula for a dirty superconductor.

universal description suggests that the electrons are stronglhe T? dependence of the resistivity, the large values of

correlated in CeRe,O;. In such a system, the Wilson ratio dchldT|T:TC and the Wilson ratio, and the value of #4,

Rw= kg xspi/315y is expected to be greater than one, all suggest that the electrons in £Rb,0; are strongly cor-
where xspin denotes the spin susceptibilityg is the Boltz-  related with the enhanced effective mass, resulting possibly
mann’s constant andg is the Bohr magneton. According to from geometric frustration.

our dc susceptibility data presented in Ref. 7, we estimate
that xgpin=4.6X 10"% emu/mol at low temperatures. This
gives thatRy,~ 1.3, well exceeding the unity value for a free

electron system. We would like to thank Dr. J. E. Crow for arranging the

In summary, from transport and ac magnetic susceptibilityjow-temperature experiments and fruitful discussions. We are
measurements, we confirm the superconducting transitiolso grateful to Dr. B. C. Sales for useful discussions and
with T2"**=1.47 K in CgRe,0; single crystals. The bulk comments. Oak Ridge National Laboratory is managed by
nature of the superconductivity has been confirmed by th&T-Battelle, LLC, for the U.S. Department of Energy under
specific heat jump acrodg,. The ratioAC/yT™?is close to  Contract No. DE-AC05-000R22725.
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