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Specific heat of CeRhIn5: Pressure-driven evolution of the ground state
from antiferromagnetism to superconductivity
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Resistivity measurements on CeRhIn5 have suggested an unusual ‘‘first-order-like’’ transition from antifer-
romagnetism to superconductivity at a critical pressurePc , ;15 kbar: At pressures belowPc the magnetic
ordering temperature is approximately independent of pressure. AtPc antiferromagnetism disappears abruptly
and is replaced by superconductivity, with a critical temperature that is also approximately independent of
pressure. Here we report measurements of the low-temperature specific heat of CeRhIn5 at pressures to 21
kbar, and for 21 kbar in magnetic fields to 70 kOe. They confirm, by measurement of a bulk thermodynamic
property, the unusual relation between magnetism and superconductivity, and permit an estimate of the dis-
continuity in entropy atPc . They also give insight into the natures of the antiferromagnetic and supercon-
ducting states and their changes with pressure: With increasing pressure the zero-field specific-heat anomaly
changes from one typical of antiferromagnetic ordering at ambient pressure to one more characteristic of the
formation of a Kondo singlet ground state at 21 kbar. The change in general shape of the anomaly is gradual,
but atPc , where the data suggest a weak thermodynamic first-order transition, there is a discontinuous change
from an antiferromagnetic ground state to a superconducting ground state. BelowPc the quasiparticle density
of states increases and the spin-wave stiffness decreases with increasing pressure. AtPc the low-energy
magnetic excitations disappear and are replaced by excitations that are characteristic of superconductivity with
line nodes in the energy gap. The quasiparticle density of states is continuous atPc , but decreases with
increasing pressure, to zero at 21 kbar. These features suggest the possibility of superconductivity withd-wave
pairing and, at intermediate pressures, ‘‘extended gaplessness.’’ At 21 kbar except for the line nodes, the Fermi
surface is fully gapped. The specific-heat data also show the existence of a second-order transition in the
11–12-kbar region, where features in the magnetic susceptibility and resistivity have been observed.
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The occurrence of superconducting~SC! heavy-fermion
~HF! compounds provides a unique opportunity for inves
gating the relation between magnetism and supercondu
ity, particularly the possibility of magnetically mediated pa
ing of the electrons. In magnetic HF compounds there i
competition between magnetic order, driven by t
Ruderman-Kittel-Kasuya-Yosida~RKKY ! interaction, and
the spin-singlet ground state, favored by the Kon
interaction.1 Both interactions are governed by the loca
moment–conduction-electron exchangeuJu, but the depen-
dence onuJu is different, quadratic for the RKKY and expo
nential for the Kondo interaction. Since]uJu/]P.0, the
application of pressure~P! can reduce the magnitude of th
ordered magnetic moments and lower the ordering temp
ture. For appropriate values of the relevant parameters
Néel temperature (TN) of an antiferomagnetic~AF! HF com-
pound, and the Curie temperature (TC) of a ferromagnetic
~FM! HF compound can be driven to zero at a critical pr
sure (Pc). There has been considerable speculation that
perconductivity might appear at that quantum critical po
~QCP! with the electron pairing mediated by strong magne
fluctuations, but the number of likely examples is small, p
sumably because the conditions that must be satisfied
superconductivity to be realized are so restrictive. Th
conditions and the relevant concepts have been summa
in the context of the observed superconductivity in A
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CePd2Si2 and CeIn3 , and a general phase diagra
proposed.2 The properties at AF and FM QCP’s might b
expected to be different, but, although the phase diagram
FM UGe2 differs in detail from those for CePd2Si2 and
CeIn3 ,3 it is remarkably similar in general form. For all thre
of these materials the critical temperature for magnetic
dering approaches zero atPc , and superconductivity appear
in a narrow window ofP with a stronglyP-dependent critical
temperature (Tc), in accord with a model2 in which a ‘‘con-
tinuous’’ transition atPc is a condition for the occurrence o
superconductivity. Antiferromagnetic CeRhIn5 , for which re-
sistivity measurements have shown a phase diagram
very different form,4 presents a striking contrast with thos
materials and with theoretical considerations generally:TN ,
;4 K, is only weakly dependent onP to 14.5 kbar; at the
next higherP, 16.3 kbar, the signature of AF order has d
appeared and superconductivity, with an essentia
P-independentTc of ;2 K, appears. This phase diagram
qualitatively different from that of any other Ce HF com
pound, and, although the thermodynamic nature of the tr
sition cannot be unequivocally determined from transp
properties, the abrupt change atPc suggests a ‘‘first-order-
like transition.’’4

Measurements of the specific heat~C! can give informa-
tion about the thermodynamic nature of the transition a
low-T excitations relevant to an understanding of the relat
between magnetism and superconductivity, information t
©2002 The American Physical Society09-1
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is not obtained from the more usual measurements of re
tivity and magnetization. The measurements reported h
show that the superconductivity is a bulk property, and ch
acterize its nature. They determine the quasiparticle den
of states and the nature of the other low-energy excitatio
thereby identifying the ground states throughout the rang
P. The ground states, AF belowPc and HF/SC above, both
evolve continuously with increasingP, but at Pc there is a
discontinuous change: Long-range AF order disappears
superconductivity appears. Some of the low-T entropy asso-
ciated with magnetic degrees of freedom atP50 appears as
entropy of typical HF-SC excitations atP.Pc . The data
suggest, within the limits of resolution imposed by the d
crete values ofP, the occurrence of a weak thermodynam
first-order transition atPc .

The sample, consisting of small, randomly oriented cr
tals, was contained in a clamped pressure cell with AgC
the pressure-transmitting medium, and Sn and Pb man
eters, one at each end of the sample. The pressure differe
between the two ends of the sample were at most 0.2 kb

Zero-field measurements ofC are shown in Fig. 1 for
representative values ofP. ~In all figures, results associate
with the AF phase are represented by solid symbols, with
SC phase by open symbols.! The lattice heat capacity (Clat),
taken to be the same as that of LaRhIn5 ,4 and shown in Fig.
1, was subtracted fromC to obtain the ‘‘electron’’ contribu-
tion (Ce), shown on an expanded scale in Fig. 2. With
creasingP the ‘‘magnetic’’ specific-heat anomaly, which i
associated with AF ordering at ambient pressure, beco
broadened and reduced in amplitude. A second anomaly
sociated with the transition to the SC state, first appears
small irregularity at 16 kbar~in data that are too close t
those at 16.5 kbar to be included in the figures!. It grows to
a ‘‘shoulder’’ on the magnetic anomaly at 16.5 kbar a
reaches its maximum amplitude at 19 kbar. The data pe
plausible extrapolations toT50, and the entropy (Se) calcu-
lated at 12 K has the same value for allP to within 62%.

Characteristic temperatures derived fromCe and r are
compared in Fig. 3. The temperature of the maximum (Tmax)
of the magnetic anomaly inCe /T tracks theTN deduced

FIG. 1. ~a! The specific heat, for representative values ofP, as
C/T vs T. TheP50 data are from Ref. 4. The insets showCe in the
low-T limit: ~b! for P.Pc , and Ce5gT1B2T2; and ~c! for P
,Pc , andCe5gT1BAFSWT3.
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from r ~including the small increase at lowP! for P
<10 kbar, but then shifts to lowerT. ~At 12 kbarTN , deter-
mined by nuclear quadrupole resonance~NQR!
measurements,5 is close toTmax.! For P>Pc , Tmax is close
to the unidentified feature4 in r at T? . ~Evidently measure-
ments ofr detect two features in the 9–15-kbar region th
are not resolved in measurements ofCe .! Values of Tc ,
taken as the midpoints of entropy-conserving constructi
on Ce /T ~see, e.g., Fig. 4!, are in good agreement with th
values determined fromr, which correspond to the onset o
superconductivity.

For P521 kbar andH50, 50, and 70 kOe, the specifi
heat is shown in Fig. 4. The values ofTc(H) obtained from
the data do not extend to sufficiently high values ofH to
establish unambiguously the form ofHc2(T) over a wide
interval in T, but with the assumption of a parabolicT de-
pendence they extrapolate toHc2(0)5159 kOe~see Fig. 5!
with a statistical uncertainty of;20 kOe. This value, which
is in satisfactory agreement with the 152 kOe estimated fr
resistivity data,4 far exceeds the Pauli limit,6 HP(0)
'39 kOe. ForT,Tc(H), Ce(H)5g(H)T1B2(H)T2, and
extrapolations to 0 K give the sameSe , 0.99 mJ K21 mol21,
at Tc(0), 2.12 K, to within61%. This dependence ofCe on
T andH is characteristic of a certain group of heavy-fermi
superconductors that includes, e.g., URu2Si2 ~Ref. 7! and

FIG. 2. Ce for PÞ0. Data for 16 kbar are omitted for clarity.

FIG. 3. Phase diagram for CeRhIn5 constructed fromC data and
r data from Ref. 4~see the text!.
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SPECIFIC HEAT OF CeRhIn5 : PRESSURE-DRIVEN . . . PHYSICAL REVIEW B 65 224509
UPt3 .8 TheB2(0)T2 term is associated with line nodes in th
energy gap and an ‘‘unconventional’’ order parameter.9 Al-
though line nodes can arise from extendeds-wave pairing,
they are commonly attributed to ad-wave order parameter in
HF compounds.9 The corresponding power-lawT depen-
dence for nuclear-spin-relaxation times9 has been seen6,10 in
NQR measurements. For this pressure, and to within the
perimental uncertainty,11 g(0)50 andCe in the supercon-
ducting state (Ces) is Ces5B2(0)T2. The value ofg~0!
shows that the Fermi surface~except for the line nodes! is
fully gapped. ForT<Tc(H), Ce(H) andSe(H) conform to
expectations for superconducting material, and any a
tional contributions toCe must be negligible. By that crite
rion, the superconductivity at 21 kbar is complete as wel
bulk.

Ce in the normal state (Cen) is defined to within narrow
limits at 21 kbar~see Fig. 4!: For T.Tc(H), Cen is inde-
pendent ofH and determined by the 70-kOe data to 1.7 K.
Fig. 6~b! it is shown thatg(H) is approximately proportiona
to H, and extrapolation to Hc2(0) gives g
5382 mJ K22 mol21 for the normal-state value, the 0-K in
tercept ofCen /T in Fig. 4. ~For internal consistency the va

FIG. 4. Ce(H) at 21 kbar Normal-, mixed-, and
superconducting-state data forCe(H), with an extrapolation of the
normal-state data to 0 K that is consistent with the superconductin
state entropy atTc and the normal-stateg, g(Hc2) or g8(0). The
insets showCe(H) for 50 and 70 kOe.

FIG. 5. Hc2(T) vs T for P521 kbar. The curve represents
parabolic fit to the data~see the text!.
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ues ofg and some other parameters are given to more
nificant figures than warranted by the data.! The interpolation
between 1.7 and 0 K must give the sameSe(Tc) as that given
by the data forH50, 50, and 70 kOe. The curve in Fig. 5
a smooth, plausible interpolation that satisfies this condit
on the area under the curve. It is almost unique among s
possibilities in the sense that any curve that is free of irre
lar peaks and dips and satisfies this constraint would hav
be very similar. Its shape is similar to that of the Kond
singlet-ground-state ordering in some other HF compoun
e.g., URu2Si2 ~Ref. 7! and CeAl3 ,12 and conspicuously dif-
ferent from that characteristic of AF ordering. ItsH indepen-
dence also suggests that the ‘‘magnetic’’ anomaly inCe is
not associated with AF ordering at this pressure.

The discontinuity in Ce at Tc is relatively small: b
[DCe(Tc)/Cen(Tc)5@Ces(Tc)2Cen(Tc)#/Cen(Tc) is 1.43
for a BCS superconductor and;1 to 1.5 for a number of HF
superconductors, but only 0.36 for CeRhIn5 . However, the
small value is a direct consequence of theT dependence of
Cen , the T dependence ofCes, and the thermodynamic re
quirement that the entropies of the superconducting and
mal states be equal atTc : Ses(Tc)5Sen(Tc)5Se(Tc). This
requires no independent microscopic interpretation. IfCes
5B2(0)T2 and Cen5gT, with g constant, the equality o
entropies atTc requires thatb51. For CeRhIn5 , as for many
other HF superconductors,Cen does not correspond to a con
stant density of quasiparticle states, and must be represe
by a T-dependentg8, defined byCen(T)[g8(T)T. In this
case,b5B2(0)Tc /g8(Tc)21, which is 0.36 for CeRhIn5 ,
as observed. The value ofg8(0) was determined indepen
dently, and the interpolation to the value ofCen /T to 1.7 K
in Fig. 4 was drawn to satisfy the requirement thatSen(Tc)
5Ses(Tc). However, the thermodynamic argument can
turned around to show that the small value ofb supports the
derived value ofg8(0) and the interpolation: The area und
the curve forCen /T has to be that shown in Fig. 4. CeRhIn5
is evidently a somewhat extreme case in whichg8 is still
stronglyT dependent atTc , but it is not qualitatively differ-
ent from, e.g., URu2Si2 for which the deviation ofg8(T)
from g8 (Tc) is less precipitous and only 20% at 0 K, an
b;0.9.7

FIG. 6. ~a! Zero-field values ofg vs P. ~b! g(H) vs H for P
521 kbar. In~a! and ~b! the open square is the 21-kbar, norma
state value ofg obtained by the extrapolation of the 0-, 50-, an
70-kOe values toHc2(0)5159 kOe, represented in~b!.
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Although the magnetic anomaly inCe evolves with in-
creasingP without a discernable discontinuity in its gener
shape, theT dependence ofCe at low T is discontinuous at
Pc , as is apparent in Figs. 1~a! and 2, whereCe /T shows a
positive curvature forP,Pc , but a zero curvature forP
.Pc as T→0. For all P, the lowest-order term inCe is
g(H)T. For P,Pc , the second term isBAFSW(H)T3 @Fig.
1~c!#, which corresponds to the spin-wave~SW! contribution
expected for an antiferromagnet; forP.Pc , it is B2(H)T2

@Fig. 1~b!#, which is characteristic of certain heavy-fermio
superconductors. With increasingP, BAFSW(0) increases
monotonically through the AF region, corresponding to
linear-in-P decrease in the spin-wave stiffness, which is p
portional to the product of the moment and the excha
interaction. The decrease in spin-wave stiffness, represe
in Fig. 7 as (1/BAFSW)1/3 vs P, amounts to 30% at 13.2 kba
At Pc , BAFSW(0)T3 is replaced by the superconductivity
related termB2(0)T2, the coefficient of which then increase
monotonically to an approximately constant value at
kbar.11 The four points in Fig. 8 do not characterize defin
tively the behavior ofB2(0) over the range ofP of interest,
and their representation by two straight-line segments
somewhat arbitrary. TheP dependence ofg~0! is displayed
in Fig. 6~a!: The experimental AF values are interpolated

FIG. 7. The coefficient of the AF spin-wave term inCe , BAFSW,
plotted as (1/BAFSW)1/3 vs P to demonstrate the linear-in-P decrease
in the AF spin-wave stiffness~see the text!.

FIG. 8. B2(P) vs P. Above 19 kbarB2(P) is constant to within
experimental uncertainty. The straight lines are arbitrary interp
tions and extrapolations.
22450
-
e
ed

9

is

the 21-kbar normal-state value, which was derived from
mixed-state data; the experimental SC values are extra
lated to the AF curve at 15 kbar, the approximate value ofPc
deduced from resistivity measurements.4 The resulting
curves represent a normal-stateg, which measures the den
sity of low-energy quasiparticle excitations, that increas
monotonically from ambient pressure to 21 kbar. In ze
field andP>Pc , there is a transition to the superconducti
state, but it leaves a ‘‘residual’’g~0! that varies between the
full normal-state value atPc and zero at 21 kbar.

On the SC side of the phase boundary atPc , g~0! is the
same in the SC and normal states andDCe(Tc)50. With
increasingP, g(0)→0 andDCe(Tc) increases, but with es
sentially no increase inTc . The extended gapless regions o
the Fermi surface of superconductors withdx22y2 pairing13

suggest a possible basis for understanding this behavior:
low a critical value of the pairing potential the gap vanish
and there is a finite density of low-energy quasiparti
states,g(0)Þ0. With increases in the pairing potential th
gap appears and increases in amplitude, and the quasipa
density of states decreases. For sufficiently high gap am
tudes the quasiparticle density of states approaches zero
observed relation betweenDCe(Tc) and g~0! would corre-
spond to an increase in the gap amplitude and pairing po
tial with increasingP.

Isotherms, Se(P) vs P, obtained by integration of
Ce(T)/T to obtainSe(T) and interpolation to fixedT’s, are
shown in Fig. 9. They are related to the volume therm
expansion~a!, which is proportional to (]Se /]P)T in mag-
nitude but opposite in sign. Although the isotherms show t
a is negative in most of the range ofP andT they are con-
sistent with the positive values reported14 at ambient pressure
and temperatures above 1 K. The isotherms reveal interes
features near 12 and 15 kbar, which are emphasized in F
by three straight-line segments that connect data point
limited intervals of pressure. The straight lines represent
continuities, in (]Se /]P)T near 12 kbar and inSe at 15 kbar,
which correspond, respectively, to second- and first-or
thermodynamic transitions. For any one isotherm the f
tures at 12 and 15 kbar, represented by the straight lines
comparable in magnitude to the deviations of the points fr
-

FIG. 9. Isotherms ofSe(P) vs P showing features at 12 and 1
kbar which are emphasized by the straight-line approximations~see
the text!.
9-4
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a smooth curve that might be drawn as an approximate fi
all the points. However, both their systematic variations fr
one isotherm to the next, which are shown in Fig. 10, a
their relation to other properties~see below! attest the reality
of structure at least qualitatively similar to that represen
by the lines. Furthermore, both discontinuities extrapolate
zero atT50, as required by the third law of thermodynam
ics, and both tend to small numerical values at temperat
above that of the magnetic ordering, as might be expecte
they were associated with the magnetic ordering. The st
ing similarity of the temperature dependence ofD(]Se /]P)T
to that of DSe suggests a more direct relation between
two transitions than might be expected for a common ori
in the magnetic properties alone, but there is no obvi
independent evidence of that.

The feature near 12 kbar, the better defined of the two
a discontinuity in (]Se /]P)T , which corresponds to a dis
continuous increase in the magnitude ofa, which is negative,
and a second-order transition. The phase boundary, re
sented by the nearly vertical solid line in Fig. 9, is defined
the intersections of the straight-line segments of the
therms, which occur at 12.0 and 11.2 kbar at 0.5 and 4.5
respectively. This is a region of the phase diagram in wh
features in the resistivity and susceptibility have be
observed,4 and also whereTmax starts to deviate from its
low-P value~see Fig. 3!. With the slope of the phase bound
ary and the Ehrenfest relation, the maximum value

FIG. 10. TheT dependence of the features represented by
straight-line approximations to the isotherms in Fig. 9.~a!
D@(]S/]P)T# vs P in the 11–12-kbar region, which corresponds
a second-order transition.~b! DSe vs P at Pc515 kbar which cor-
responds to a weak first-order transition from the AF state to the
state.
d
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D(]Se /]P)T gives a maximum discontinuity inC of ;50
mJ K21 mol21. The experimental data do not permit a mea
ingful quantitative comparison, but they are not inconsist
with that value.

The feature at 15 kbar is less well defined, but the poi
above and below 15 kbar cannot be connected by smo
curves without a change in sign of the curvature. The vert
dashed line in Fig. 9 represents a phase boundary aPc
515 kbar, as defined by the construction in Fig. 6, and ta
to be independent ofT. The straight-line representations o
the isotherms then correspond to a finiteDSe at Pc , and a
first-order transition from a low-P phase, which must have
the larger volume, to a high-P phase that has a lowerSe . The
values of 2DSe reach a maximum,;0.13 J K21 mol21

50.022R ln 2, near 3 K, and extrapolate to zero near 4.5
At 1 K and below, they correspond, to within a factor 2,
the extrapolations toPc of the low-T terms inCe depicted in
Figs. 6, 7, and 8. The vertical phase boundary drawn in F
3 would imply a zero change in volume atPc ; a slope of 2
K kbar21 would correspond to a maximum fractional chan
in volume of;331025. This interpretation of the isotherm
corresponds to a transition from the AF state to the SC s
that includes a small first-order component, which termina
at a critical point in the vicinity of the magnetic orderin
temperature. This is supported by its consistency with ot
properties of the system, as well as by the systematic va
tion with T of the values ofDSe obtained by the straight-line
constructions in Fig. 9. The plausibility of this interpretatio
of the isotherms notwithstanding, it must be recognized t
the points on the isotherms are not sufficiently closely spa
in P to define precisely the interval in whichDSe occurs. The
data do not distinguish between a ‘‘sharp’’ transition th
takes place in a few tenths of a kilobar, a width that might
attributed to sample and pressure inhomogeneities, an
broader feature inSe that is not a thermodynamic phase tra
sition. In the latter case the values ofDSe would be measures
of the discrepancies between the values ofSe at Pc obtained
by extrapolations from higher and lower pressures. Howe
as such, they would still be relevant to understanding
‘‘transition.’’ Furthermore, they would put an upper limit t
the entropy discontinuity accompanying any ‘‘real’’ firs
order transition.
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