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Superconductivity in heavy-fermion CeRhSi,

R. Movshovich, T. Graf, D. Mandrus’ J. D. Thompson, J. L. Smith, and Z. Fisk
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(Received 21 September 1995

We report the discovery of a superconducting transition in the heavy-fermion compoung $igeRhder
hydrostatic pressure. Superconductivity appears at pressures above about 9 kbar, near the critical pressure
required to suppress antiferromagnetic orfi€g(P=0)=36 K]. Onset of superconductivity occurs at a
temperature of=350 mK. Resistivity measurements as a function of field at constant temperature allow us to
build anH*-T phase diagram for the onset of superconductivity. A Ginzburg-Landau analysis of the initial
slope of the critical field leads to an effective massygf/my~ 200, supporting the heavy-fermion nature of
superconductivity in CeR}8i,. Magnetic ac susceptibilityk(ag) shows a diamagnetic response corresponding
to about 1% of perfect diamagnetism. The size of the featumaciralso is strongly peaked at a pressure of
~9 kbar.

INTRODUCTION ducting ground state appeared. Very recently another antifer-
romagnetic member of the @,X, series(whereM stands
Unconventional superconductivity is a very active area offor transition metal, an is either Si or Gg CePdSi,,
research, both in cuprate and heavy-fermion compoundsgvas also found to undergo a superconducting transition be-
These two classes of materials hold the possibility that théow T.=500 mK upon application of hydrostatic pressure of
attractive interaction between charge carriers originates ndpore than 25 kbdt.This transition was identified as a drop
from electron-phonon interaction, as in conventional superin resistance of the sample below the detection limit. It is not
conductors, but rather from the magnetic fluctuations preserbvious from existing dafathat the same systematics of
in these systems. In heavy-fermion compounds these fluctud€rmopower apply to CeR8&i,, and certainly not to
tions are thought to arise primarily from Kondo coupling of C€Rh:Si2, whose ambient pressure thermopower and cell

partially filled 4f (for Ce) or 5f (for U) shells to conduction V0lume would indicate that it should not become supercon-
electrons. ducting at smaller cell volume. In our investigation of

The first discovery of heavy-fermion superconductivity C;ﬁ%?f,\}ea;?a&i?hemg :fsttg?ng%)\(/;r?ae'glc?nss?; Er?em_ro i
was in CeCySi, (Ref. 1) with a transition temperature P ; y brop

) . rties of these materials that may be a more reliable prognos-
T.=0.5 K at zero pressure. By measuring the magnitude oﬁ y prog

e cators of superconductivity.
the heat capacity jump di;, the authors demonstrated con- 1o glectrical resistivity of CeRISi, as a function of
vincingly that the phase transition developed out of a band oﬂ

N L drostatic pressure was studied eaflier a temperature
heavy quasiparticles. Subsequently, superconductivity hq%nge above 1.2 K as a part of an investigation o&Ngan-

been discovered in a small number of 3U—based hfavyéitions in the CM,Si, series, withVl = Ag, Au, Pd, and Rh.
fermion compounds, namely, URE UBeys,® URW,Si,, " rpet.p phase diagram for CeRBi, obtained indicated a

UNi Al 3, UPd,Al 3. In some of these compounds, SUper- girqng nonlinear decrease Ty, as a function of hydrostatic
conductivity coexists with a magnetically ordered state, withyressre, which suppresses the magnetic order below detect-
Neel temperatureTy about an order of magnitude higher gpje |imits at a pressure of about 8.5 kbar. This raises the
thanT,. possibility of recovering a superconducting ground state

Until recently, CeCySi, represented the only example of |, ich maybe suppressed by magnetic order at lower pres-
a Ce-based heavy-fermion superconductor. However, Jaccag es.

et al” have discovered that isostructural CeGe, also su-
perconducts belowwl;=0.6 K at pressures above 70 kbar.
Investigation of this compound was prompted by the system-
atic variation of the thermopower of compounds of the CeRh,Si,, as most other members of KX, series,
CeM X, series as a function of the unit-cell volume. At low forms in the ThCgSi, body-centered tetragonal structure.
temperatures CeGie, has negative thermopower, as doesThe samples were prepared by arc-melting stoichiometric
superconducting CeG®i,, and a unit-cell volume slightly quantities of the elements on a water-cooled Cu hearth in an
larger than that for CeCibi,. Applying hydrostatic pres- argon atmosphere. All of the elements were melted together
sure was expectetand observedto further decrease the during the first melt. The samples were melted and turned
thermopower along a smooth curve passing through the dataore than 10 times, removed from the melter, and crushed,
points for the C#1,X, series towards CeGSi,. At the and then remelted and turned at least 10 more times. The
same time, the N& temperature of CeGGe, was sup- samples were about 20 g in mass. A vacuum was pumped
pressed by hydrostatic pressure frag=4.1 K at ambient quickly on the large buttons after the last melt to promote
pressure to zero, near the pressure at which the supercoslow cooling, in lieu of a post-melting anneal. Pieces for

EXPERIMENTAL RESULTS
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= 4L 06— FIG. 2. Magnetic field at the onset of suppression of resistivity
t’t) ' ' (H*, solid squares; solid line is a guide to the egad the midpoint
zf . T®) of the transition H, O) as a function of temperature at a pressure
i (b) of 11.0+ 0.3 kbar. Error bars represent systematic uncertainty in our
method of determining the onset and midpoints of the supercon-

0.0 L —a— ! ducting transitions. Inset, superconducting transition displayed in
resistivity data at 11.00.3 kbar.
Pressure (kbar)

in the main part of Fig. (b). Similarity in the pressure de-

FIG. 1. (@ Relative resistivity decrease of one Ceh,  Pendence of_ andp, in particular the peaking of the rela-
sample as function of pressure; peak isPat 8 kbar. Inset, resis- tive change at @1 kbar, indicates that features in bc;(/t}C

tivity normalized to its value above the transition; solid line, 6 kbar, and p are due to the same phase transition, namely, super-
dotted line, 8 kbar.(b) Relative susceptibility drop for another conductivity ' '

CeRh,Si, sample as a function of pressure; maximum value is for Figure 2 gives resistivity data on a third CefSi,

P=9.5 kbar. Inset, relative susceptibility change as a function Ofsample at a pressure of 1%0.3 kbar. The inset shows data
temperature at a pressure Bf 9.5 kbar.

for a temperature sweep in zero magnetic field. The resistiv-
ity drops to zero within instrumental resolution around 200
measurements were cut from the center of the button. PownK, whereas the onset of the drop in resistivity occurs at 350
der x-ray diffraction showed no other crystallographic mK, with the midpoint afT=260 mK. In the main part of
phases. Both resistivity and ac magnetic susceptibility meaFig. 2 we plot the magnetic-field—temperature phase diagram
surements were performed in a self-clamping Be-Cu pressurfer CeRh,Si, at 11 kbar. Solid squares indicate the onset of
cell,'° with fluorinert as a pressure-transmitting medium. Athe resistance decreasé®, T) points, whereas open circles
superconducting lead manometer was used to measure hyive (H,T) coordinates of the midpoint of the transition. The
drostatic pressure in the cell. slope of theH* vs T data neaif,, SH*/&T, together with
The inset of Fig. 1a) shows results of resistivity measure- values of Sommerfeld coefficient, T., and resistivityp,
ments as a function of temperature between 50 mK and 1.2boveT,, allows us to estimate superconducting and normal
K on the first sample of CeRi8i,. The two curves corre- state properties within the framework of Ginzburg-Landau
spond to pressures of#80.5 and 11-0.5 kbar. This particu-  theory, as has been done ar15 superconductotsas well
lar sample did not become completely superconducting a&s CeCySi,.'? As input parameters we uskl* data
any of the four pressures studied. The pressure dependenmézng*/gT: —14 kG/K) and measured values of
of the maximum suppression of resistivity, shown in the,=80 mJ/mol K2,*® T.,=0.35 K, and resistivity po=2
main part of Fig. 1a) as a function of pressure, is, however, ;,() cm. CeRRSi, at 11 kbar appears to be close to the
instructive in that it shows a strong peak in the tendencyjean limit, with the “dirty limit’ term accounting for
toward superconductivity at a pressure~e8 kbar, a value royghly 10% ofH.,. Au analysis following that done for
near the cri_tical_pressure required to suppress antiferromagteCuZSi2 (Ref. 13 provides estimates for the superconduct-
netic order in this compound. _ .. ing part of the Fermi surface&=3.1x10?° m~2, BCS co-
Figure Xb) displays results of ac magnetic sus_ce_ptlbnny herence lengthé,=370 A, total elastic mean free path
X,, Measurements on another nominally st0|ch|ometr|c/tr:2300 A, and Fermi velocityr=9.5x 10° m/s; these
sample of CeRpSi,. The inset shows the magnetic re- can be compared t8;=13x10°° m~2, £,=89 A, /,=20
sponse to a temperature sweep at a pressure of 9.5 kbar. The andvg=4.5x 10° m/s for CquSiz.lz Using the room-
magnitude of the “diamagnetic” feature ig__is less than  temperature resistivity to estimate the Fermi momentum,
1%, estimated by comparing it to the magnitude of a signaflong the argument of Ref. 12, we obtaia=21.8x 10'°
from a similar-size piece of lead. The pressure dependence of ! and from the ratick /v an estimate of the effective
the magpnitude of the suppression of the signal is shown ~massm*/my=220 [kg=1.5x10" m~* and m*/m,=380
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for CeCu,Si, (Ref. 12]. A variation on the expression for
the effective mass given in Ref. 12alid in a clean limij,

m*/mO= \'T_Czklz,
Cc

shows that the large effective mass is a consequence of a

low-T, and a steepi*-T phase boundary nedr, .'* Taking

the slope of the midpoint of the transition with respect to

magnetic field instead ofH* /ST (see Fig. 2 results in an

effective mass ratio smaller by 30%. Likewise, taking the

value of the Fermi momentum for isostructural CeSip,

instead of the estimate from the room-temperature resistivity

obtained above, would result in lowering of the effective

mass estimate by=20%. A factor of 2—3 difference im*

between CeCuSi, and CeRBSi,, in spite of the order of P (kbar)

magnitude difference iry [for CeCw,Si, y=0.7 J/K?> mol . ,

(Ref. 12], suggests that heavy quasiparticles may be created F!G- 3. P-T phase diagram of CeRBi,. Open symbols repre-

on similar parts of the Fermi surface in the two Compounds§ent the anlft_arromagnetlc ordering tra}nsm"b,q(P_)_. Solid sy_mbols

but the fraction of the Fermi surface that is involved in that2"® Te(P) points of the superconducting transitions obtained from
rocess is much smaller for CeRdi,. The value the onset of suppression of resistivity for several samples that are

P . . . . 2 ._represented by different symbols. The error bars are on the order of

m*/mo~200 obtained fro.m this Ginzburg-Landau ar!a.IySI.Sthe size of the symbols and therefore omitted. Notice the different

supports the heavy-fermion nature of superconductivity Nemperature scales for the two phase transitions.

CeRh,Si,.

Because both complete and incomplete superconductin
transitions were observed in nominally stoichiometric
CeRh,Si, samples, we also have prepared several off
stoichiometric samples, including geRh,Si, and
CeRhZ-.ZS'Z’ as well as QeR§S|2, Wh'Ch. was identified as a dergo a superconducting phase transition once antiferromag-
trace impurity phase in heat-capacity measurements Of,

. . tic order is suppressed by the application of hydrostatic
13
CeRh,Si,. ™ None of these samples show any sign of supe.r'pressure. There exists a qualitative correlation between the

Yinit-cell volume of these compoung@®able ) and the pres-

:n (rj]omlntally St?'%h'(:rr?ettr'c sampldes tW_‘?S_ observ_edt. Jh'_? ure necessary to drive them superconducting: The larger the
eads us 1o conclude that superconauctivity 1S assoclated With | yolume, the greater the required pressure. This suggests

st0|c_h|o|:nettr|g EGRE'?;- In fact, ddlf_fe(;_entt behflwors Of that there is a favorable cell volume of 168 A3 in this
?O.T":a y stoic _|t<_)me ”ﬁ com?mﬁ?ds n t'_Ca ? ex remetsetns'éeries at which superconductivity chooses to appear. One
Ivity to composition, where Siight deviation from exact sto- g then expect other members of the series to become

ichiometry leads to suppression of superconductivity. This‘superconducting at pressures on the order of a few hundred
behavior is reminiscent of that found in early studies of bar

CeCuw,Si,.! We have recently learned that an attempt has
been made to repeat the measurements on §2iPd® and
superconductivity was not observed. Whether important cri- SUMMARY
teria for good superconducting samples are precise stoichi-
ometry, low residual resistivity, or perhaps some other prop
erty is an important question posed by d@nd othery
recent results, an answer to which may shed light on th
mechanism of the superconductivity in these materials.

CeRh,Si,

Ty, T, 10

10 15 20

Qetism, which suggests that spin fluctuations may be impor-
tant for pairing. Further investigations of other members of
the CéM,X, series may clarify this question.

It appears now that three members ofMC&, series un-

We have observed a reduction of resistivitpoth com-
plete and incomplejeand diamagnetic response Qgc in
£eRh,Si, under hydrostatic pressure. Based on the pressure
dependence of the magnitude of these effects, we conclude
that they represent signatures of the same phenomenon, that

DISCUSSION TABLE |. Properties of superconducting MeX, compounds.

Figure 3 shows the resulting-T phase diagram for

i 3ya obs b calc 3
CeRh,Si,. The superconducting phase appears in the vicinMaterial Te () V(A9 PS® (kbap® VT (A%)*
ity of where hydrost_ati_c pressure suppresses magnetic ordefecy,si, 0.64 167.4 0 167.4
below detectable limits. This is a common feature ofcerpsi, 0.35 169.8 a1 168.3

pressure-induced superconductivity in CeGe, and cepyg;, 0.50 1770  2%2 (Ref. § 172.2
CePd,Si,, both of which order magnetically at ambient

pressure. The question remains whether magnetism and oo 1Ge: 060 177.7 TE2(Ret. 7 164.0
perconductivity coexist in the same crystallographic phaseiAmbient pressure unit-cell volume from Ref. 17.

which appears not to be the case in Cg8iy.'® An impor-  bCritical pressure required to induce superconductivity.

tant criterion for the observation of superconductivity in Unit-cell volume at the critical pressure, assuming a bulk modulus
CeM,X, compounds appears to be their proximity to mag- of 1 Mbar.
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of a superconducting phase transition. Several similaritiesomposition. We believe that the stoichiometric phase is re-
are drawn among CeRBi, and other superconducting com- sponsible for superconductivity, and slight deviations from it
pounds of the Od,X, series. It appears that in these com-result in suppression of the superconducting state. Further
pounds the antiferromagnetic order must be suppressed aprk is required to clarify these questions.

least partially if not completely before superconductivity is
observed. It remains to be answered whether G&Rrhis

like most of the U-based heavy-fermion superconductors, in
which superconductivity and magnetic order coexist. The su- Work at Los Alamos was performed under the auspices of
perconductivity in CeRpSi, is very sensitive to precise the U.S. Department of Energy.
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