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Coexistence of superconductivity and antiferromagnetism in CeRh1-xCoxIn5
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Department of Physics and Institute for Pure and Applied Physical Sciences, University of California at San Diego,

La Jolla, California 92093
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Single-crystal specimens of CeRh12xCoxIn5 have been investigated by means of specific heat, electrical
resistivity, and magnetic susceptibility measurements as a function of temperature. The measurements reveal
the occurrence of superconductivity in compounds with 0.4<x<1.0 with superconducting transition tempera-
tures between;1 and 2 K and antiferromagnetic order in compounds with 0.2<x<0.6 with Néel tempera-
tures between;3 and 4 K. Superconductivity and antiferromagnetism appear to coexist for concentrations in
the range 0.4<x<0.6. Specific-heat measurements indicate that the total entropy under the superconducting
and antiferromagnetic transitions is comparable for the samples with 0<x<0.8, which implies that the same
electrons are participating in the two phenomena. Measurements of the ac magnetic susceptibility revealed
superconducting transitions in single-crystal specimens of CeRhIn5 at Tc50.09 K, but the superconductivity
was suppressed when the samples were powdered.
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I. INTRODUCTION

A new class of Ce-based heavy fermion materials with
formula CenTmIn3n12m (T5Co, Rh, Ir; n51,2; m50,1)
has recently been discovered.1 These compounds display
variety of interesting phenomena including superconduc
ity ~SC!, antiferromagnetism~AFM!, and superconductivity
under pressure. The parent compound CeIn3 orders antifer-
romagnetically with a Ne´el temperatureTN;10 K that de-
creases with pressure and exhibits superconductivity wi
maximum superconducting critical temperatureTc;0.2 K
in a narrow range of pressures around the critical pres
whereTN drops to zero.2 Compounds of the family CeTIn5
can be viewed as structural derivatives of the parent c
pound CeIn3 in which layers ofTIn2 and CeIn3 are stacked
along thec axis. The compound CeRhIn5 displays antiferro-
magnetic order belowTN53.8 K, while CeCoIn5 and
CeIrIn5 become superconducting atTc52.3 K and 0.4 K,
respectively.3–5 It is noteworthy that CeCoIn5 has the highes
Tc of any heavy-fermion superconductor yet discovered
the experiments reported herein, we have investigated
interplay between superconductivity and antiferromagnet
in single-crystal samples of CeRh12xCoxIn5. The results re-
veal that SC and AFM coexist at intermediate Co concen
tions betweenx50.4 andx50.6. This system is very simila
to the CeRh12xIrxIn5 system in which coexistence is found6

for 0.3<x<0.6. These two systems are striking in that th
are the first Ce-based compounds to exhibit the coexiste
of SC and magnetism over an extended range of conce
tions. Other Ce-based heavy-fermion compounds such
CeIn3 and CePd2Si2 display the coexistence of AFM and S
only under pressure within a very narrow pressure ran2

The coexistence of SC and AFM has also been seen
U-based heavy-fermion superconductors such as UPd2Al3
and UPt3, but the superconductivity is suppressed rapidly
substitution of impurities.7,8 In the CeRh12xCoxIn5 systems,
the superconductivity not only coexists with antiferroma
netism at zero pressure, but it is relatively insensitive
variations in the concentrations of Co and Rh.
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II. EXPERIMENTAL DETAILS

Single crystals of CeRh12xCoxIn5 were grown using a
molten indium flux technique in alumina crucibles that we
sealed under vacuum in quartz tubes. The crucibles w
heated to;1100 °C for 24 h and then cooled at 1 –5 °C/h
600 °C for the samples with 0<x<0.2 and to 450 °C for the
samples with 0.4<x<1, at which point the molten indium
flux was spun off in a centrifuge. The single crystals form
rectangles with typical dimensions of 13130.5 cm3. For
the samples with high Co concentrations, thec-axis dimen-
sion is typically smaller~0.1 cm!, and the crystals grow in
stacks with alignedc axes.

The magnetizationM was measured as a function of tem
peratureT by using a commercial superconducting quantu
interference device magnetometer in an applied magn
field of 1 kOe. The magnetic susceptibility in thea-b plane
and along thec axis was measured by orienting the appli
magnetic field perpendicular and parallel to thec axis of the
crystals, respectively. The ac magnetic susceptibilityxac(T)
was measured in a3He-4He dilution refrigerator for tempera
tures in the range 50 mK<T<2.5 K in an applied magnetic
field of 0.05 Oe at a frequency of 12 Hz. Measurements
the electrical resistivityr(T) were performed using a stan
dard 4-wire technique at temperatures in the range 1.2
<T<300 K in a 4He cryostat with excitation currents o
1–10 mA at frequencies of 16 Hz. Gold leads were attac
to the samples with silver epoxy~Epotek H20E!. The specific
heatC was measured as a function of temperature betw
0.6 and 70 K in a3He semiadiabatic calorimeter by using
standard heat pulse technique. One or two single crys
with a total mass between 40 and 250 mg were attached
sapphire platform with Apiezon N grease.

III. RESULTS

A. Lattice parameters

X-ray powder diffraction measurements reveal that
crystals form in the tetragonal HoCoGa5 structure, which can
be viewed as alternating planes of CeIn3 and Rh12xCoxIn2
©2001 The American Physical Society06-1
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stacked along thec axis. The tetragonal lattice parametersa
andc of the CeRh12xCoxIn5 single crystals determined from
x-ray diffraction are plotted vsx in Fig. 1. The lines in this
figure are linear fits to the data, indicating that the latt

FIG. 1. Tetragonal lattice parametersa andc vs Co concentra-
tion x for the CeRh12xCoxIn5 system. The straight lines are fits t
the data.
01450
parameters follow Vegard’s law witha decreasing andc in-
creasing with Co concentrationx. The volume of the unit cell

FIG. 3. Superconducting transitions in the ac magnetic susc
tibility xac(T) ~left axis! and electrical resistivityr(T) ~right axis!
for the sample of CeRh12xCoxIn5 with x50.6. The transition in
xac(T) is normalized such that the value in the superconduct
state is21.
FIG. 2. Specific heatC divided by temperatureT vs T for samples of CeRh12xCoxIn5 with 0.2<x<1.
6-2
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TABLE I. Magnetic and superconducting parameters for samples of CeRh12xCoxIn5. The superconduct-
ing transition temperatureTc , and Néel temperatureTN have been determined from specific-heat data.DC is
the jump in C(T) at Tc , g is the estimated electronic-specific-heat coefficient, andn is the power law
exponent ofC(T)/T belowTc . The effective magnetic momentmeff and Curie-Weiss temperatureuCW have
been determined from fits of a Curie-Weiss law to the in-plane magnetic susceptibilityxa-b(T).

C(T) xa-b

x Tc ~K! DC ~mJ/mol K! g (mJ/mol K2) DC/gTc n TN ~K! meff (mB) uCW ~K!

0 2.2 -60
0.2 340 3.7
0.4 1.5 340 320 0.7 1.6 3.6 2.0 -50
0.5 1.4 580 580 0.7 1.6 3.2 2.2 -60
0.6 1.43 1560 620 1.8 1.6 2.9
0.7 1.42 1540 820 1.3 1.6 2.4 -70
0.8 1.57 1720 720 1.5 2.0 2.2 -60
1.0 2.27 3890 350 4.9~4.5!a 2.3

aPetrovicet al. ~Ref. 5!.
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V5a2c contracts withx as the smaller Co ion is substitute
onto the Rh site.

B. Specific heat

The specific heat divided by temperatureC/T vs tempera-
tureT is shown in Fig. 2 for samples of CeRh12xCoxIn5 with
Co concentrations in the range 0.2<x<1.0. In all of the data
sets, either one or two sharp features are present. Since
end member CeRhIn5 is an antiferromagnet3 with TN
53.8 K, we associate the peaks inC(T)/T at T;3 K for
the samples with 0.2<x<0.6 with an antiferromagnetic tran
sition where the Ne´el temperature decreases as Co is sub
tuted onto the Rh site. There is a very small feature in
C(T) data of the sample withx50.7 atT52.2 K. This fea-
ture could be due to an antiferromagnetic transition. Ho
ever, the possibility of a superconducting transition in a ve
small amount of impurity phase of CeCoIn5 cannot be ruled
out.

FIG. 4. EntropyScalculated from theC(T)/T data vs tempera-
tureT for samples of CeRh12xCoxIn5 with 0.2<x<1. The entropy
S is plotted in units of mJ/mol K on the left axis and as a fraction
R ln 2 on the right axis.
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For the samples with 0.4<x<1.0, sharp peaks are seen
C(T)/T at 1–2 K. These peaks can be attributed to the on
of superconductivity since these samples also exhibit d
magnetic transitions in the ac magnetic susceptibilityxac(T)
and abrupt drops to zero in electrical resistivityr(T) at ap-
proximately the same temperatures. For example, the su
conducting transitions inxac(T) and r(T) for the sample
with x50.6 are shown in Fig. 3. The onset of supercond
tivity in r(T) occurs at a temperature 0.2 K higher than t
bulk transition manifested inxac(T) andC(T).

The superconducting critical temperatureTc and the jump
DC were determined from the specific-heat data by assum
an idealized, entropy-conserving superconducting transit
The superconducting transition temperatureTc decreases
from 2.3 K for the sample withx51.0 to 1.6 K for the
sample withx50.8, and then remains roughly constant f
other concentrations in which superconductivity is observ
The sample withx50.4 shows a double-peak atT;1.7 K,
which could be indicative of two slightly different concen
trations of Co. The magnitude ofDC decreases fromx51 to
x50.8, remains roughly constant for 0.8<x<0.6, and then

f

FIG. 5. Electrical resistivityr normalized to its value at 300 K
r/r(300 K), vs temperatureT for CeRh12xCoxIn5 with 0<x
<1.0. The inset showsdr/dT vs T for the samples with 0<x
<0.4. The arrows indicate the Ne´el temperatureTN which is de-
fined as the midpoint of the jump indr/dT.
6-3
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decreases monotonically withx until the superconductivity
vanishes belowx50.4. TheTc andDC values are listed in
Table I.

The temperature dependence ofC(T) below Tc is not
exponential as is expected for a conventional BCS super
ductor. For all of the samples exhibiting superconductiv
C(T)/T can be fit by a power-law temperature depende
C/T5A1BTn, yielding values ofn between 2.3 and 1.6~see
Table I!. The power-law temperature dependence descr
the data between 0.6 K, the lowest temperature measu
and 80–100 % ofTc .

The electronic specific heat coefficientg for the
CeRh12xCoxIn5 compounds exhibiting superconductivi
was estimated to be the value ofC/T above the supercon
ducting transition, yielding values ofg ranging from
340 mJ/mol K2 to 820 mJ/mol K2 ~results listed in Table
I!. For the compounds with 0.4<x<0.6, which exhibit a
second peak in the specific heat due to an antiferromagn
transition, the value ofg is probably overestimated due t
the antiferromagnetic contributions to the specific heat ab
Tc . Thus these values ofg can be thought of as an uppe
limit, and the corresponding calculations ofDC/gTc repre-
sent a lower limit.DC/gTc for CeCoIn5 was found to be 4.9
~slightly larger than the literature value of 4.5!,5 which is
much larger than the BCS strong-coupling value
DC/gTc51.6. For the remaining compounds with 0.4<x
<0.8, DC/gTc was comparable to or smaller than 1.6. F
the sample withx50.2 which is an antiferromagnet,g was
estimated by assuming that the entropy in the normal sta
the same as that in the ordered state and thatg is constant,
such that the entropy at the Ne´el temperature isS(TN)
5gTN , yielding a value ofg of 340 mJ/mol K2.

In Fig. 4, the entropyS vs T is shown for samples o
CeRh12xCoxIn5 with 0.2<x<1.0. The entropy below 0.6 K
was calculated by extrapolating the power law fits to
specific heat toT50 K. The entropy under the antiferromag
netic peaks is much less thanR ln 2, suggesting that the or
dered moment is being screened by the Kondo effect.
total entropy at;7 K is very similar for all of the samples
with the exception of the CeCoIn5 end member, indicating
that the same heavy electrons are involved in both the su
conductivity and antiferromagnetism.

FIG. 6. Anisotropic magnetic susceptibilitiesxc ~filled symbols!
and xa-b ~open symbols! vs temperatureT of single crystals of
CeRh12xCoxIn5 in an applied magnetic field of 1 kOe.
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C. Electrical resistivity

The normalized electrical resistivityr/r(300 K) vs T of
various CeRh12xCoxIn5 compounds is shown in Fig. 5. Th
shapes of ther(T) curves are typical of many heavy-fermio
materials with a weak temperature dependence ofr(T) for
temperatures above;100 K followed by a rapid decrease i
r(T) with decreasingT due to the onset of coherence in th
Ce ion sublattice. The end member compound CeRhIn5 does
not exhibit a maximum in the resistivity~although a maxi-
mum atTmax;30 K is present when the phonon contrib
tion to r of LaRhIn5 is subtracted!,3 while a pronounced
maximum is present in CeCoIn5 at Tmax;50 K. The
CeRh12xCoxIn5 compounds exhibit behavior that is interm
diate between the two end members CeRhIn5 and CeCoIn5,
with the r(T) curves forx<0.4 similar to that of CeRhIn5
and ther(T) curves forx>0.5 resembling that of CeCoIn5.
The value of the room temperature resistivityr(300 K) var-
ies between 20 and 40mV cm.

A change of slope in ther(T) data at ;3.7 K for
CeRhIn5 corresponds to the onset of antiferromagnetic ord
as observed in previous measurements.3 A similar change in
slope is seen for the samples with 0.2<x<0.5. In the inset to
Fig. 5, the derivative ofr(T) with respect toT is plotted vs
T for the samples with 0<x<0.4. The Ne´el temperatureTN ,
taken to be the midpoint of the jump indr/dT, remains
constant at;3.7 K for samples with 0<x<0.4. For the
samples withx>0.5, the transition inr(T) broadens and can
no longer be clearly distinguished. The values ofTN ex-
tracted from thedr/dT vs T data are in reasonable agre
ment with those inferred from the specific heat.

Superconducting transitions are observed in ther(T) data
of CeRh12xCoxIn5 samples with 0.4<x<1. The samples
with x50.4 andx50.8 appear to contain tiny amounts o
different concentrations of CeRh12xCoxIn5, which cause
small jumps in the resistivity. These impurities are not d
tected in the x-ray diffraction, specific heat, or magnetic s
ceptibility measurements. The samples withx51.0 andx
50.6 show a single transition atTc52.3 K and 1.8 K, re-
spectively, and no superconductivity is observed in
sample withx50.2 down to 1.3 K.

D. Magnetic susceptibility

The magnetic susceptibility of the CeRh12xCoxIn5 single
crystals displays anisotropy between the magnetic field
plied in the a-b plane xa-b and along thec axis xc . As
shown in Fig. 6,xc is typically about twice as large asxa-b
at the lowest temperatures.

Both xc(T) and xa-b(T) show broad peaks for the
samples with low Co concentrationx. The peaks inxc(T) are
rapidly suppressed with increasing Co concentration betw
x50 and x50.4, whereas the peaks inxa-b(T) are sup-
pressed only gradually withx in this range. The peaks in
xc(T) vanish atx50.5, corresponding roughly to the ons
of superconductivity. A small peak is still observed
xa-b(T) for the sample withx50.6, and the peaks inxa-b(T)
vanish for the samples withx>0.7.

The a-b-plane magnetic susceptibilityxa-b of the
CeRh12xCoxIn5 compounds follows a Curie-Weiss law
6-4
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COEXISTENCE OF SUPERCONDUCTIVITY AND . . . PHYSICAL REVIEW B65 014506
aboveT;20 K. A least-squares fit to the data of the expre
sionxa-b(T)5NAmeff

2 /3kB(T2uCW) whereNA is Avogadro’s
number, kB is Boltzmann’s constant,meff is the effective
magnetic moment, anduCW is the Curie-Weiss temperature
yields negative Curie-Weiss temperatures, typically in
range260 K to 250 K. The values ofmeff and uCW are
listed in Table I. Such large negative Curie-Weiss tempe
tures presumably reflect the combined influence of crys
line electric field~CEF! splitting of the Ce31 J55/2 multip-
let, Kondo screening of the Ce magnetic moments,
antiferromagnetic coupling between the Ce magnetic m
ments. The effective momentsmeff of 2 –2.4mB are some-
what less than the free ion value for Ce31 of meff52.54mB
for all of the CeRh12xCoxIn5 samples, also suggesting th
influence of the Kondo effect and the CEF. Thec-axis mag-
netic susceptibilityxc could not be described by a Curie
Weiss law belowT5300 K.

Both components of the magnetic susceptibility at lo
temperatures of the samples with 0<x<0.5 exhibit a change
in slope associated with the antiferromagnetic transition. T
Néel temperature is taken to be the midpoint of the jump
dx/dT, similar to the procedure used to obtainTN from
dr/dT. TN determined fromx(T) is slightly higher than
those derived from theC(T) or ther(T) data. The values o
TN obtained fromC(T), r(T), andx(T) are plotted in the
phase diagram in Fig. 8.

E. Superconductivity in CeRhIn5

Measurements of the ac susceptibility of two differe
single crystals of CeRhIn5 reveal a diamagnetic transition a
T50.09 K. In order to obtain information about the supe
conducting volume fraction, a sample of aluminum with t
same volume as one of the CeRhIn5 samples was measure
in the same coil. The magnitude of the CeRhIn5 transition at
T50.09 K was found to be roughly half that of the alum
num superconducting transition (Tc51.2 K). Thus the dia-
magnetic transition in CeRhIn5 can be attributed to super
conductivity in roughly half the volume of the CeRhIn5
single crystals. However, a powdered sample of CeRh5
showed no transition in the ac susceptibility down to 80 m
the lowest temperature achieved in that experiment. The
magnetic susceptibility is shown as a function of temperat

FIG. 7. ac magnetic susceptibilityxac vs temperatureT for a
bulk single crystal~solid symbols! and a powdered single crysta
~open symbols! of CeRhIn5.
01450
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for the bulk and powdered samples in Fig. 7. The data
consistent with two scenarios. First, it is possible that
diamagnetic transition in the unpowdered sample of CeRh5

is due to filamentary impurities that screen the entire sam
powdering the sample could interrupt the zero resista
screening paths and suppress the diamagnetic signal inxac .
Second, the superconductivity could be a bulk phenomen
powdering the sample could create defects in the cry
structure that suppressTc to below 80 mK. Specific-hea
measurements at low temperatures are required
ascertain whether the superconductivity in CeRhIn5 is a bulk
phenomenon.

F. Phase diagram

The phase diagram of the CeRh12xCoxIn5 system is
shown in Fig. 8. The Ne´el temperaturesTN and supercon-
ducting transition temperaturesTc determined from measure
ments ofC(T), r(T), andx(T) are plotted as a function o
Co concentrationx. The Néel temperature remains roughl
constant at;3.7 K for 0<x<0.4. The values ofTN deter-
mined fromr(T) andC(T) are in good agreement, while th
values determined fromx(T) are 0.2–0.4 K higher. For
concentrations in the range 0.4<x<0.6, the Ne´el tempera-
ture determined fromC(T) drops from 3.7 K to 2.9 K. The
resistive transition becomes too broad to be distinguished
samples withx.0.4, and the transitions inx(T) can no
longer be distinguished forx.0.5. Superconductivity is ob
served inx(T), r(T), and C(T) for samples with 0.4<x
<1.0. The superconducting transition temperatureTc re-
mains roughly constant for concentrations in the range
<x<0.6, and superconductivity appears to coexist with
antiferromagnetic order in this range. Betweenx50.8 and
x51, Tc increases from 1.6 K to 2.3 K.

FIG. 8. TemperatureT vs Co concentrationx phase diagram for
CeRh12xCoxIn5. The Néel temperatureTN and superconducting
critical temperatureTc determined from specific heatC(T), electri-
cal resistivity r(T), and magnetic susceptibilityx(T) measure-
ments are displayed. The upper and lower bars on theTc data points
determined fromr(T) correspond to the 90% and 10% values
the superconducting transitions, and the bars on theTN data points
determined fromr(T) indicate the width of the transitions. Th
lines are guides to the eye.
6-5
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IV. DISCUSSION

A. Superconductivity

The superconductivity in CeRh12xCoxIn5 with 0.4<x
<1.0 appears to be non-s-wave in nature, which is typica
for heavy-fermion superconductors.10 Below Tc , C(T)/T
varies as a power lawC/T5A1BTn with n;2 for all of the
samples in which superconductivity is observed. This pow
law behavior provides evidence for a superconducting
that vanishes at lines on the Fermi surface.11 A power law
dependence ofC(T)/T below Tc has been observe
previously5 in CeCoIn5 with n;2. In the superconductor
CeIrIn5 and CeCoIn5 at ambient pressure, and CeRhIn5 un-
der 27 kbar of pressure, there is additional evidence fo
non-s-wave order parameter from115In nuclear quadrupole
resonance measurements.12,13 These measurements reveal
power lawT dependence of 1/T1 belowTc with a power law
exponentn;3, and the absence of a Hebel-Slichter coh
ence peak belowTc . These results suggest that the superc
ducting order parameter has even parity, and is there
probablyd wave in nature.

B. Coexistence of superconductivity and antiferromagnetism

For the samples with 0.4<x<0.6, antiferromagnetism
and superconductivity coexist, as evidenced by the prese
of two transitions in the specific heat. The question arise
to whether the specific-heat data can be accounted fo
samples contain macroscopic quantities of both CeCoIn5 and
CeRhIn5 in varying amounts. This scenario can be ruled o
for two reasons. First, the lattice parameters of CeCoIn5 and
CeRhIn5 are sufficiently different that these two phases
distinguishable in the x-ray diffraction data. All of th
samples consist of a single phase, with lattice parameters
are a linear function of Co concentration. Second,Tc andTN
vary with Co concentration to an extent that implies a shift
the electronic structure of these materials as a result of
chemical substitution.

It is interesting that in those CeRh12xCoxIn5 compounds
that display the coexistence of SC and AFM,Tc remains
roughly constant whileTN decreases with increasing Co co
centration. This is evidence that the superconducting ga
not changed by the presence of antiferromagnetism.
C(T) measurements also reveal that the total entropy un
the superconducting and antiferromagnetic peaks is ne
constant for concentrations with 0.2<x<0.8, which implies
that the same heavy electrons are participating in both
superconductivity and the antiferromagnetism.

The rapid decrease ofTN abovex;0.4 suggests the exis
tence of an antiferromagnetic quantum critical point~QCP!
in the vicinity of xc;0.8. The weak dependence ofTc on x
over a wide range ofx values spanning the antiferromagne
QCP in the CeRh12xCoxIn5 samples contrasts sharply wit
the narrow peak inTc in the vicinity of the antiferromagnetic
QCP atPc;28 kbar in the parent compound CeIn3.

C. Lattice parameters

The lattice parameters of the CeTIn5 compounds (T5Ir,
Rh, Co!, and the atomic radii of theT atoms are summarize
01450
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in Fig. 9, using data from this work and from Pagliusoet al.6

As the size of theT atom increases from the smaller Co io
~atomic radius of 125 a.u.! to the larger Ir ion~atomic radius
of 136 a.u.!, a expands by about 1%. Since theT atoms are
spaced closely together in thea-b plane, it makes sense fora
to vary with the size of theT atom. However, thec lattice
parameter decreases as the radius of theT atom increases
This effect has been observed14,15 in other tetragonal sys
tems, such as Th12xUxCu2Si2 andU(Rh12xRux)2Si2, and is
presumably due to a shift in the orbital bonding arrangeme

The critical temperaturesTN andTc of the CeTIn5 com-
pounds are also indicated in Fig. 9. The CeIrIn5 and CeCoIn5
compounds are ambient-pressure superconductors withTc
50.4 and 2.3 K, respectively, whereas CeRhIn5 has lattice
parameters that are intermediate between the other two c
pounds and is an antiferromagnet withTN53.8 K. In effect,
the CeTIn5 system oscillates between superconductivity a
antiferromagnetic order as the ratioc/a increases from
CeIrIn5 to CeRhIn5 to CeCoIn5. Although the ground state
of the CeTIn5 systems are not a simple function of the latti
parameters, there nevertheless appears to be a correl
between the superconducting critical temperature and the
tice volume. TheTc of CeRhIn5 at 16.3 kbar (Tc52 K)3 is
similar to that of CeCoIn5 at ambient pressure (Tc52.3 K),
and both compounds have similar lattice volumes. The u
cell volume of CeRhIn5 at ambient pressure is 163.
60.3 Å3. Under 16.3 kbar of pressure, the unit-cell volum
can be estimated as;160 Å3 assuming isotropic compres
sion and a bulk modulus of 650 kbar similar to CeIn3.9 This
value is close to the unit-cell volume of CeCoIn5 at ambient
pressure (160.960.4 Å3). Thus the lattice compression o
CeRhIn5 both due to 16.3 kbar of pressure and due to
substitution result in similar unit-cell volumes, as well as t
appearance of superconductivity at similar temperatures.
critical difference between Co substitution and hydrosta
pressure is that Co substitution results in an anisotropic
tortion of the lattice.

It is interesting to note that the phase diagrams of
CeRh12xIrxIn5 and CeRh12xCoxIn5 systems are very simila
even though their lattice parameters are moving in oppo
directions. In CeRh12xIrxIn5 the unit-cell volume increase

FIG. 9. Tetragonal lattice parametersa ~left axis! and c ~right
axis! for the compounds CeTIn5 (T5Ir, Rh, or Co! vs atomic ra-
dius of the transition metalT. The lattice parameters of CeIrIn5 are
taken from Ref. 6.
6-6



is

e

-

io

a

-
m-

lec-
the

n-
a-

25.
alu-

COEXISTENCE OF SUPERCONDUCTIVITY AND . . . PHYSICAL REVIEW B65 014506
with x, while in CeRh12xCoxIn5 the unit-cell volume de-
creases withx. Yet in both systems, antiferromagnetism
observed for high Rh concentrations, superconductivity
observed for low Rh concentrations, and the two phenom
coexist over an appreciable range of concentrations.

V. SUMMARY

The measurements ofC(T), r(T), and x(T) on single-
crystal samples of CeRh12xCoxIn5 reveal superconductivity
for Co concentrations 0.4<x<1.0 and antiferromagnetic or
der for Co concentrations 0<x<0.6. Coexistence of the two
phenomena is observed for the intermediate concentrat
0.4<x<0.6. The superconducting critical temperatureTc re-
mains roughly constant in this coexistence regime
;1.6 K, and then increases toTc52.3 K for CeCoIn5. The
ro
.
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.
re

L

F
y

L

n-

A

01450
is
na

ns

t

Néel temperature remains constant for 0<x<0.4 but is sup-
pressed toTN52.9 K by x50.6. The superconductivity ap
pears to be unconventional in nature, with a power-law te
perature dependence ofC(T)/T below Tc with an exponent
n;2. Entropy calculations indicate that the same heavy e
trons are participating in both the superconductivity and
antiferromagnetism.
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