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Coexistence of magnetism and superconductivity in CeRh1ÀxIr xIn5
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We report a thermodynamic and transport study of the phase diagram of CeRh12xIrxIn5. Bulk superconduc-
tivity is observed over a broad range of doping, 0.3,x<1, including a substantial range (0.3,x,0.6) over
which it coexists with magnetic order~which is observed for 0<x,0.6!. The anomalous transition to zero
resistance that is observed in CeIrIn5 is robust against Rh substitution: the bulkTc in CeRh0.5Ir0.5In5 is more
than double that of CeIrIn5, whereas the zero-resistance transition temperature is relatively unchanged for
0.5,x,1.
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In conventional superconductors, magnetism and su
conductivity are usually antithetical: an internal magne
field breaks time-reversal symmetry which kills BC
superconductivity.1 In a few cases~e.g., NdRh4B4, TbMo6S8,
DyNi2B2C!, superconductivity and magnetic order coexi
but this rare situation arises from magnetic order among
calized 4f electrons that are uncoupled to itinerant cond
tion electrons which form the superconducting condensa2

In contrast, unconventional superconductivity in heavy f
mion superconductors~HFS’s!, like the high-Tc cuprates, re-
lies on some form of magnetic coupling to produ
superconductivity.3 These HFS’s appear to fall into one o
two classes: those in which ordered magnetism coexists
superconductivity and those in which they compete. M
U-based HFS’s belong to the first category, while the C
based superconductors belong to the second.4 For example,
UPt3, URu2Si2, UNi2Al3, and UPd2Al3 develop supercon
ductivity out of an antiferromagnetically ordered state th
persists toT50. On the other hand, the ground state of t
prototypical HFS CeCu2Si2 can be either magnetic or supe
conducting depending on small~,1%! variations in stoichi-
ometry or the application of small~,5 kbar! applied
pressures.5 CeCu2Ge2, CeRh2Si2, CePd2Si2, and CeIn3 dis-
play antiferromagnetic ground states, but with the appli
tion of pressure, superconductivity can be induced wh
magnetism is suppressed.3 Although small windows of su-
perconductivity can exist before magnetism is complet
suppressed, this is generally attributed to ‘‘real-world’’ e
fects such as pressure and stoichiometric inhomogeneiti6

Here, we report a striking counterexample to the abo
categorization. CeRh12xIrxIn5 (0.3,x,0.6) displays super-
conductivity, with critical temperatureTc;1 K over a wide
range of composition, that develops out of and coexists w
a magnetically ordered state, with Ne´el temperatureTN
;4 K. The broad range of composition over which sup
conductivity is observed (0.3,x<1) is also counter to ex
pectation: Small amounts of chemical disorder in either U-
Ce-based HFS’s are generally sufficient to destroy hea
fermion superconductivity.7

CeRhIn5 is a heavy fermion antiferromagnet~TN53.8 K,
g5400 mJ/mol K2, whereg is the linear-in-T coefficient of
heat capacityC at low temperature! in which superconduc-
tivity can be induced with applied pressure~at critical pres-
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surePc516 kbar,Tc52.1 K, g5400 mJ/mol K2!.8,9 Unlike
the Ce-based materials discussed above, in CeRhIn5 ,TN is
essentially independent of pressure before disappearing,
the transition to superconductivity appears to be first ord
The crystal structure in which CeRhIn5 crystallizes is also
host to two ambient-pressure heavy fermion supercond
ors: CeIrIn5 ~Tc50.4 K, g5720 mJ/mol K2!,10 and CeCoIn5
~Tc52.3 K, g5290 mJ/mol K2!.11 CeIrIn5 displays an addi-
tional feature: it exhibits a zero-resistance transition at 1.2
well above the bulkTc .10 In order to understand the uncon
ventional magnetic behavior of CeRhIn5 and the develop-
ment of zero-resistance and bulk superconductivity
CeIrIn5, we have performed a detailed study of the series
isovalent alloys CeRh12xIrxIn5. Our principal results, sum
marized in Fig. 1, are reported below: antiferromagneti
persists for 0,x,0.6 and is lost rather abruptly as a fun
tion of Ir concentration; superconductivity is observed ove
broad range of doping, 0.3,x<1, i.e., up to 70% of the Ir

FIG. 1. Temperature-composition phase diagram
CeRh12xIrxIn5. Tnone indicates the absence of~additional! phase
transitions forT>350 mK, the base temperature for our measu
ments. Lines are guides to the eye.
©2001 The American Physical Society03-1
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ions can be replaced and yet superconductivity is retain
and the separation in temperature between the z
resistance feature and bulk superconductivity decreases
increasing Rh doping, approaching zero separation
CeRh0.5Ir0.5In5.

Single crystals of CeRh12xIrxIn5 were grown from an In
flux.8 Room-temperature x-ray powder diffraction measu
ments revealed that the materials were single phase and
tallized in the primitive tetragonal HoCoGa5 structure.12 In
this structure, CeRh12xIrxIn5 can be viewed as layers o
CeIn3 stacked along thec axis with intervening layers o
‘‘Rh12xIrxIn2.’’ No superlattice peaks at, e.g.,x5 1

2 were ob-
served. Lattice constants of CeRh12xIrxIn5 are shown in Fig.
2. The a lattice constant, which is the nearest-neighb
Ce-Ce spacing in this structure, expands with increasinx,
while the c axis shrinks.12 To the extent that the measure
lattice constants follow Vegard’s law, takingx as the nominal
Rh:Ir ratio of the starting constituents, the nominal compo
tion agrees well with the actual composition. From the
data, we estimate an uncertainty inx of 1/20.05 at a given
composition, a variation consistent with independent e
mates from analysis of high-temperature magnetic susce
bility data and in crystal-to-crystal variations in ground-sta
properties. However, the value ofx in a given crystal is al-
ways well defined; we observe no evidence for concentra
inhomogeneity or phase segregation as judged by the sh
ness of diffraction peaks and the low values for residual
sistivity @r(T→0),10mV cm for all x# that are observed
across the series, as well as the sharpness of the phase
sitions observed in a given crystal.

In Fig. 3 we showC/T and magnetic entropySas a func-
tion of T for representativex. Although the ground state
changes from antiferromagnetic (x,0.3) to superconducting
coexisting with antiferromagnetism (0.3,x,0.6) to super-
conducting (x.0.6), the total magnetic entropy evolved b
6 K is nearly independent ofx. This indicates that the sam
heavy electrons are producing the variety of observed gro
states and, in particular, the coexisting magnetic order

FIG. 2. Tetragonal lattice constantsc ~circles! and a ~squares!
for CeRh12xIrxIn5. The solid line is a linear fit toc/a ~diamonds! as
a function ofx.
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superconductivity where it is observed. In the following, w
discuss each of these ranges in greater detail.

For low x (x,0.3), a single phase transition is observ
in heat capacity whose shape and character is similar to
of stoichiometric CeRhIn5, in which antiferromagnetic orde

with Q5( 1
2 , 1

2 ,0.297) develops belowTN .13,14 The onset of
order is sharp in temperature, although the magnitude of
heat-capacity step decreases with increasingx, and the re-
sidual heat capacity below the transition is low. The indep
dence ofTN on x is anomalous and is reminiscent of th
pressure independence ofTN in CeRhIn5.

8 The relative in-
sensitivity ofTN to ‘‘out-of-plane’’ doping contrasts to ‘‘in-

FIG. 3. Representative heat capacity divided by temperature~a!
and magnetic entropy~b! versus temperature for CeRh12xIrxIn5.

FIG. 4. Electrical resistivity, ac susceptibility, and heat capac
as a function of temperature for CeRh12xIrxIn5. The solid line is
C50.3 T11.05 T2, a temperature dependence similar to that o
served in CeIrIn5 ~Ref. 16!.
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plane’’ doping with La in Ce12yLayRhIn5, where TN de-
creases smoothly with increasingx and vanishes for
x;0.4.15

For 0.3,x,0.6, TN varies more dramatically withx, the
magnetic transition broadens, and a second heat-cap
transition is observed in the vicinity of 1 K. CeRh0.5Ir0.5In5 is
the most heavily studied representative of this doping ran
and heat capacity, ac susceptibility, and resistivity data
shown in Fig. 4. ac susceptibility measurements reveal
the 0.8-K transition in CeRh0.5Ir0.5In5 is to a superconducting
state~with 100% of full-shielding diamagnetism observed
the transition—as estimated based on measurements
comparably sized and shaped sample of Sn!. The jump in
heat capacity at the transitionDC/gTc is of order 1, a value
comparable to that observed in stoichiometric CeIrIn5.

10 The
temperature dependence ofC belowTc is also similar to that
observed in CeIrIn5,

16 suggesting that the nature of the u
conventional superconducting gap is unchanged by the c
isting magnetic state. Preliminary muon spin rotation m
surements on CeRh0.5Ir0.5In5 reveal a static contribution to
the magnetization developing below 3.8 K that is similar
that observed in CeRhIn5 and persists to 100 mK.17 These
observations strongly suggest that superconductivity coex
microscopically with the ordered magnetic state. As will
discussed in more detail below, zero resistivity is observe
the vicinity of the diamagnetic transition but at a higher te
perature~for x50.5, Tp5051 K!. In contrast to CeIrIn5, in
which there is no pronounced ac-susceptibility signat
when the resistivity vanishes, a weak diamagnetic respo
is observed inxac at Tr50 in CeRh0.5Ir0.5In5 ~Fig. 4!.

For x.0.6, ordered magnetism is completely suppres
and only a superconducting ground state is observed. Vi
ing this part of the phase diagram from the perspective
Rh-doping CeIrIn5 reveals several remarkable features.
low Rh concentrations,Tc appears to decrease with increa
ing Rh concentration, which is the conventional expectati
but then, in the vicinity ofx;0.9,Tc recovers and increase
with increasing Rh concentration. This feature inTc versusx
for x;0.9 is reminiscent of what is observed for the press
dependence ofTc in superconducting CeRhIn5.

18 In addition
to the bulk phase transition observed by heat capacity, a t
sition to zero resistance persists over a wide range of dop
Tr50 is relatively independent of doping so thatTc ap-
proachesTr50 in the vicinity of x50.5, resulting in a value
of Tc that is more than double that of stoichiometric CeIrIn5.
The upper critical field deduced from heat capacity meas
ments also increases significantly forx;0.5 ~Hc253 T com-
pared with 0.5 T for CeIrIn5!, approaching values compa
rable to those required to produce a finite resistivity~5 T! in
CeIrIn5.

10

The remarkably rich phase diagram of CeRh12xIrxIn5 re-
flects the inherent ‘‘tunability’’ of ground states allowed b
alternating CeIn3:MIn2 layers in CeMIn5.

11 This behavior is
not limited to CeRh12xIrxIn5. Both CeRh12xCoxIn5 and
CeCo12xInxIn5, although studied in less detail, show a sim
lar multiplicity of phase transitions.19 In the case of CeRhIn5,
the evolution from antiferromagnetic to superconduct
ground state with pressure could be understood semiqu
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tatively by considering the RhIn2 layer as a source of chem
cal pressure on the CeIn3 layer.8 The similarity of theT-P
phase diagram of CeRhIn5 to the x dependence ofTN in
CeRh12xIrxIn5 suggests that the addition of Ir may act as
applied pressure. However, the in-plane lattice cons
~which shrinks as a function of pressure! actually increases
with increasing Ir concentration. Thus, ‘‘hydrostatic chem
cal pressure’’ would appear to be an inadequate explana
of the observed similarities. On the other hand, ‘‘uniax
chemical pressure’’ appears to play a significant role
CeRh12xIrxIn5. If one considers the two ambient-pressu
stoichiometric superconductors in this family of compoun
CeIrIn5 ~Ref. 10! and CeCoIn5,

11 one observes not only a
substantial difference inTc ~0.4 K vs 2.3 K! but also a sig-
nificant difference inc/a, the ratio of the tetragonal lattice
constants~1.610 vs 1.637!. To the extent that a largerc/a
implies greater anisotropy, largerTc for largerc/a is consis-
tent with recent theories of magnetically mediat
superconductivity.20 The remarkable observation for th
present CeRh12xIrxIn5 results is that theTc in CeRh0.5Ir0.5In5
can be ‘‘predicted’’ based on the difference inc/a between
CeRh0.5Ir0.5In5 and CeIrIn5 and the slope given by CeCoIn5
and CeIrIn5 ~i.e., 0.8 K50.4 K10.006$1.9 K/0.027%!.

The variation inc/a with Ir content, which to some exten
must reflect changes inf-ligand hybridization, also produce
trends in the magnetic susceptibility that correlate with
ground state configuration. Figure 5 shows the anisotro
magnetic susceptibility for 2 K,T,25 K for representative
x in CeRh12xIrxIn5. xc , the susceptibility for field applied
along thec axis, andxa , the susceptibility for field applied
along thea axis, each reveal characteristic evolutions inT
dependence that coincide with different regions of thex-T
phase diagram. With increasingx, the maximum inxc near 7
K, which can be associated with two-dimensional~2D! mag-
netic fluctuations~and occurs aboveTN!,8 is suppressed and
evolves into a Curie-like increase. The maximum inxc(T)
disappears@i.e.,xc(7 K);xc(2 K)# for x;0.4, near the con-
centration at which superconductivity is first observed. T
magnitude ofxc(7 K! also reaches a maximum in this rang
Thus, it appears that the spin environment/fluctuation sp

FIG. 5. Anisotropic magnetic susceptibility for representativex
in CeRh12xIrxIn5. The upper~lower! cluster of curves are forHic
(Hia).
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trum that influencesxc in these materials is coupled to s
perconductivity and is reminiscent of a broader trend
served in other CeMIn5 compounds.11 Accompanying these
changes inxc is a corresponding evolution inxa(T): the loss
of a maximum and subsequent drop in magnitude of sus
tibility is centered aroundx;0.6, the concentration at whic
magnetic order is lost. The greater sensitivity ofxa(T) to
magnetic order is consistent with thea axis being the easy
magnetic direction.13,14 Thus, even at temperatures grea
than the respective phase transitions,xc(T) signals the onse
of superconductivity; whereasxa(T) reveals the loss of mag
netism.

As discussed above, the coexistence of magnetism
superconductivity, rather than their competition, appears
be the rule and not the exception for U-based heavy ferm
superconductors. CeRh12xIrxIn5 clearly shares this feature
Preliminary photoemission data suggest another U-like c
acteristic of these materials.21 Despite the observed large va
ues of g, no suggestion of a ‘‘Kondo resonance’’ near t
Fermi surface is observed in these materials. Furtherm
local-density-approximation band structure calculations
which neglect many-body correlation effects—do a surp
ingly good job of describing the electronic properties
CeMIn5.

22,23 It would appear, then, that the releva
f-spectral weight may be more bandlike than localized, a
tte

d
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perhaps such a situation is more susceptible to the coe
ence of magnetism and superconductivity. Unfortunate
much of our present intuition derives from the localiz
limit.24 Thus, the CeMIn5 materials and CeRh12xIrxIn5 in
particular may provide an opportunity to bridge our und
standing of U-based and Ce-based heavy fermion super
ductivity.

In summary, we have presented a phase diagram
CeRh12xIrxIn5 that reveals several remarkable features. S
perconductivity is observed over a very broad range of d
ing, 0.3,x<1, including a substantial range (0.3,x,0.6)
over which it coexists with long-range magnetic order. T
zero-resistance transition observed in stoichiometric CeI5
is robust against Rh substitution. In fact, the bulkTc more
than doubles by CeRh0.5Ir0.5In5, approaching the relatively
unchanged zero-resistance transition temperature.
ground state evolution with Ir substitution appears to
‘‘controlled’’ by changes inc/a, reflective of variations in
f-ligand hybridization.
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