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Evolution of pressure-induced heavy fermion state and superconductivity in CeRhIn5:
A high-pressure Fermi surface study

H. Shishido,1 R. Settai,1 S. Araki,1 T. Ueda,1 Y. Inada,1 T. C. Kobayashi,2 T. Muramatsu,2 Y. Haga,3 and Y. Ōnuki1,3
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Evolution of the pressure-induced heavy fermion state and superconductivity in CeRhIn5 have been estab-
lished by high-pressure Fermi surface studies using dHvA technique. The effective mass of the conduction
electrons named branchb2 increases from 5.5m0 at ambient pressure to 20m0 at 1.6 GPa where supercon-
ductivity sets in. This heavy electron mass continues to increase steeply up to 2.1 GPa, 45m0 at 2.1 GPa, with
a concomitant increase of the superconducting transition temperature. However, the underlying Fermi surface
remains approximately same even at 2.1 GPa, strongly suggesting that antiferromagnetic fluctuations of Ce
moments do not contribute to the volume of the Fermi surface, but enhance the cyclotron mass of the con-
duction electrons.
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INTRODUCTION

The f electrons of cerium and uranium compounds exh
a variety of phenomena including spin and valence fluct
tions, heavy fermions, and anisotropic superconductivity
these compounds, both the Ruderman-Kittel-Kasuya-Yos
~RKKY ! interaction and the Kondo effect compete with ea
other.1 The former leads to long-range magnetic order,
which f electrons with magnetic moments are treated as
calized electrons and the indirectf -f interaction mediated by
the conduction electrons plays a predominant role. On
other hand, the latter quenches the magnetic moments o
localized electrons via spin polarization of conduction el
trons, consequently producing a singlet state with a bind
energykBTK , whereTK is the Kondo temperature. Compe
tition between the RKKY interaction and the Kondo effe
was discussed by Doniach2 as a function ofuJc fuD(«F),
whereuJc fu is the magnitude of the magnetic exchange int
action andD(«F) is the electronic density of states at th
Fermi energy«F .

Recent studies3,4 indicate that many interesting phas
transitions occur inf-electron compounds under pressu
When pressurep is applied to thef-electron compounds with
antiferromagnetic order, the Ne´el temperatureTN decreases
and a magnetic quantum critical point corresponding to
limit TN→0 is reached atp5pc . Here, uJc fuD(«F) in the
Doniach model can be replaced by pressure. Surprisin
superconductivity and non-Fermi-liquid behavior appe
aroundpc . The crossover from the antiferromagnetic state
the nonmagnetic state under pressure is one of the mos
teresting issues in strongly correlatedf-electron systems. The
purpose of the present study is to report a pressure-indu
electronic state in the superconducting phase of CeRhIn5 by
probing the Fermi surface using the de Haas–van Alp
~dHvA! experiment on a high-quality crystal of CeRhIn5.

CeRhIn5 as well as related compounds CeCoIn5 and
CeIrIn5 crystallize in the tetragonal structure with alternati
layers of CeIn3 and RhIn2, stacked sequentially along th
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@001# direction (c axis!. Heggeret al. found that CeRhIn5
orders antiferromagnetically belowTN53.8 K, but reveals
an antiferromagnetic to superconducting transitions at a r
tively low pressurep* 51.63 GPa.5 The superconducting
transition temperatureTsc52.2 K at 2.5 GPa is the highes
value in the pressure-induced superconductors, as show
Fig. 1 ~Refs. 6–8!. The superconducting phase is domina
in a wide pressure region from 1.6 to 5 GPa. On the ot
hand, CeCoIn5 and CeIrIn5 mentioned above are superco
ductors at ambient pressure, withTsc52.3 and 0.4 K,
respectively.9

The topology of main Fermi surfaces in the antiferroma
net CeRhIn5 is nearly cylindrical, and is found to be in goo
agreement with that of a reference non-4f compound
LaRhIn5, indicating that the 4f electrons in CeRhIn5 are
localized and do not contribute to the volume of the Fer
surface.10,11A magnetic moment of 0.374mB /Ce in CeRhIn5
resides on the Ce ion, and forms a helical spin structure12

Many cerium compounds show local moment magneti

FIG. 1. Pressure dependence of the Ne´el temperatureTN and the
superconducting transition temperatureTsc, obtained from the the
resistivity data (n) ~Ref. 6! and the NMR and ac-susceptibility dat
(s, h) ~Ref. 7,8!.
©2002 The American Physical Society10-1
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where the Fermi surface is quite similar to the non-4f lan-
thanum compound. For example, the topology of the Fe
surface in CeAl2 and CeB6 is similar to that in LaAl2 and
LaB6, respectively, although the cyclotron mass of CeA2
and CeB6 is one to two orders of magnitude larger than th
of LaAl2 and LaB6.13,14The cyclotron masses of main Ferm
surfaces in CeRhIn5 are seven to nine times larger than t
corresponding cyclotron masses in LaRhIn5.10,11This is con-
sistent with an electronic specific heat coefficientg: g
.50 mJ/K2 mol in CeRhIn5 and 5.7 mJ/K2 mol in LaRhIn5.
The degree of mass enhancement depends on the degr
competition between the RKKY interaction and the Kon
effect, which in turn depends on the degree of hybridizat
of the 4f electrons with the conduction electrons.

On the other hand, main Fermi surfaces in nonmagn
compounds CeCoIn5 and CeIrIn5 are also nearly cylindrica
but are identified by the 4f -itinerant band model.11,15,16The
topology of two kinds of cylindrical Fermi surfaces o
CeCoIn5 is similar to that of CeRhIn5, but the volume of the
Fermi surfaces of CeCoIn5 is larger than that of CeRhIn5
because one 4f electron in each Ce site becomes a ba
electron in CeCoIn5. The detected cyclotron masses of 5–
m0 in CeCoIn5 are extremely large, and correspond to a la
g value of 1000 mJ/K2 mol. A large cyclotron mass over 10
m0 was also detected in CeRu2Si2 and UPt3.17–19 These
compounds including CeCoIn5 are called heavy fermion
compounds since they have a largeg value g.104/TK
(mJ/K2 mol), where TK is the Kondo temperature. Thi
means that the Kondo singlet state in each cerium~uranium!
site forms anf-derived heavy band at low temperatures.1,19

Previous dHvA works were mainly carried out for ma
netic and nonmagneticf-electron compounds and were com
pared to the results of the corresponding non-4f lanthanum
compounds and/or energy band calculations. In order to
cidate the nature of the electronic state in the press
induced superconductor CeRhIn5, the present dHvA work
was carried out from ambient pressure to 2.1 GPa in m
netic fields up to 170 kOe and at low temperatures down
80 mK.

EXPERIMENT

Single crystals were grown by the self-flux method.11 The
residual resistivityr0 and residual resistivity ratiorRT/r0
were 0.18mV cm and 330, respectively, indicating a hig
quality sample. The dHvA experiment was done by the st
dard field modulation method with a modulation frequen
of 5 Hz and a modulation field of 80 Oe. Pressure was
plied by utilizing a MP35N piston-cylinder cell with a 1:
mixture of commercial Daphne oil~7373! and kerosene.

EXPERIMENTAL RESULTS AND ANALYSES

Figure 2 shows the dHvA oscillation at 1.3 GPa and
corresponding fast Fourier transformation~FFT! spectrum,
together with the FFT spectra under 1.8 and 2.0 GPa in
magnetic field along@001#. Here, the detected dHvA signa
Vosc for the fieldH is simply written as follows:1
21451
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Vosc5A sinS 2pF

H
1f D , ~1!

A}J2~x!TH21/2

expS 2amc*
TD

H D
sinhS amc*

T

H D , ~2!

a5
2p2ckB

e\
, ~3!

and

x5
2pFh

H2 , ~4!

where the dHvA frequencyF (5\cSF/2pe) in the horizon-
tal scale in Fig. 2~b!, which is expressed as a unit of ma
netic field, corresponds to the extremal~maximum or mini-
mum! cross-sectional area of the Fermi surfaceSF , J2(x) is
the Bessel function, possessing a maximum at 3.1,h is the
modulation field,mc* is the cyclotron effective mass, an
TD@5(\/2pkB)(1/t)# is the Dingle temperature which i
inversely proportional to the scattering lifetime of the co
duction electront.

The main three branches nameda1 , a2,3, andb2 in Figs.
2~b!–2~d! are due to a band 15-electron Fermi surface (a i)
and a band 14-electron Fermi surface (b2), respectively.
Both Fermi surfaces are corrugated but cylindrical alo

FIG. 2. ~a! dHvA oscillation at 1.3 GPa and~b! its FFT spec-
trum, ~c! and ~d! are FFT spectra at 1.8 and 2.0 GPa, respectiv
0-2
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@001# as shown in Fig. 3. For these Fermi surfaces, it
enough to study the dHvA experiment under pressure o
for Hi@001#. The other branches including branchu are
most likely produced by antiferromagnetic ordering. Detai
identification of each branch is described in Ref. 11. The F
spectrum atp51.3 GPa is almost the same as that at amb
pressure.

With increasing pressure, the dHvA amplitude is stron
reduced. The FFT spectra atp51.8 and 2.0 GPa in Figs. 2~c!
and 2~d! are enlarged by five times compared to that ap
51.3 GPa because the dHvA amplitudeA is reduced by a
steep increase of the cyclotron mass above 1.6 GPa, sh
later. The typical four branchesu, a2,3, a1, andb2 are ob-
served at 1.8 GPa, together with appearance of new bran
with F52.13107 and 4.03107 Oe, while at 2.0 GPa branc
a1 disappears completely and new branches also ap
around the dHvA frequency of brancha2,3. The reason for
the appearance of these new branches forp.1.8 GPa is not
understood at this moment. We show in Fig. 4 the press
dependence of the dHvA frequency for the four branch

FIG. 3. Bands 14- and 15-electron Fermi surfaces in LaRh5,
taken from Ref. 11.

FIG. 4. Pressure dependence of the dHvA frequency for f
dHvA branches in CeRhIn5.
21451
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The magnitude of the dHvA frequency for at least thr
branches is unchanged in the pressure range from 0 to
GPa. The magnitude of the dHvA frequency of brancha1 is
also unchanged at least up to 1.8 GPa.

By using Eqs.~1!–~4!, we determined the cyclotron effec
tive massmc* from the temperature dependence of the dH
amplitude, namely, from the slope of a plot of ln@A$12exp
(22amc*T/H)%/T# vs T on the basis of successive approxim
tions. Figure 5 shows the pressure dependence of the cy
tron mass, which was determined atH5120 kOe. The cy-
clotron mass increases steeply above 1.6 GPa, w
superconductivity sets in. For example, the cyclotron mas
branchb2 is 5.5 m0 at ambient pressure, 20m0 at 1.6 GPa
and 45m0 at 2.1 GPa. Furthermore, we found that the c
clotron mass is strongly field dependent with increasing pr
sure, as shown in Fig. 6. At ambient pressure, the cyclot
mass of branchb2 is not field dependent, but at 2.0 GPa t

r

FIG. 5. Pressure dependence of the cyclotron mass for
dHvA branches in CeRhIn5.

FIG. 6. Field dependence of the cyclotron mass for branchb2 in
CeRhIn5. The data for CeCoIn5 at ambient pressure are taken fro
Ref. 16.
0-3
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cyclotron mass of 40m0 at 110 kOe is reduced to 33m0 at
158 kOe. This is also found in the other branches. In Fig
a much steeper mass reduction due to magnetic field
shown for CeCoIn5 at ambient pressure.16 The mass reduc
tion due to magnetic fields is a characteristic phenomeno
heavy fermion compounds.20 We point out that a consider
able mass reduction is only observed abovep* 51.63 GPa
where superconductivity sets in.

When pressure is increased, the Ne´el temperatureTN
slightly increases but starts to decrease abovep51.0 GPa,
as shown in Fig. 1. At the characteristic pressurep*
51.63 GPa, the internal field at the In site in the Ce3
plane, obtained by the115In NQR experiment,7 becomes zero
and the superconducting state sets in. Furthermore it
clarified that antiferromagnetic order disappears at leas
2.1 GPa but three dimensional antiferromagnetic fluctuati
are dominant in the normal state from the NQR experime
showing theAT dependence of the nuclear spin-lattice rela
ation rate.7,21 There is a possibility that the Fermi surface
CeRhIn5 may change into anf-itinerant Fermi surface simila
to that of CeCoIn5 at p.p* . The present result shows th
this does not occur at least up top52.1 GPa. It is thus
suggested that the antiferromagnetic fluctuations of Ce
ments do not contribute to the volume of the Fermi surfa
but enhance the cyclotron mass of the conduction electr
most likely via the many-body Kondo effect. We wish
recall here that in the case of local moment magnetism,
does not observe a change in the Fermi surface similar to
case of CeAl2 and CeB6 where the underlying Fermi sur
faces of Ce compounds are quite similar to their
compounds.13,14The recent Fermi surface studies under pr
sure using dHvA technique for an antiferromagnet CeRh2Si2
indicated that the topology of the Fermi surface is found
be almost unchanged up to a critical pressurepc.1.0 GPa
but changes abruptly abovepc , meaning a first-order-like
phase transition atpc .22,23A new Fermi surface forp.pc is
well explained by the 4f -itinerant band model in CeRh2Si2.

On the other hand, the nature of the superconducting s
in CeRhIn5 around 2.5 GPa is almost the same as that
CeCoIn5 at ambient pressure. Namely, the existence of a
node of the energy gap in the superconducting state
-

d

.
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W
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-

L
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confirmed in both compounds.7,8,21 Recently the node in
CeCoIn5 was determined from the thermal conductivity me
surement under magnetic fields to be located at@110#, being
directed along@001# for nearly cylindrical Fermi surfaces
indicating symmetry ofdx22y2 type.24 The upper critical field
in superconductivity for both compounds is about 100 k
for the field perpendicular to@001#.6,16 Furthermore, it was
clarified from the electrical resistivity, magnetic susceptib
ity and specific heat measurements that both compounds
hibit superconductivity in the non-Fermi liquid state at ze
field.11 From these experimental results, CeRhIn5 around 2.5
GPa and CeCoIn5 at ambient pressure are in the vicinity o
the quantum critical point.

It is interesting to note that the topology of the Ferm
surface is nevertheless different between CeRhIn5 under
pressures up to 2.1 GPa and CeCoIn5 at ambient pressure. I
is, however, expected that the topology of the Fermi surf
in CeRhIn5 will be similar to that of CeCoIn5 either at pres-
sures higher than 2.5 GPa at which the superconducting t
sition temperatureTsc becomes a maximum, or at pressur
higher than 5 GPa at whichTsc becomes zero. Further studie
are needed to settle the second issue.

SUMMARY

In conclusion we have shown that the topology of t
Fermi surface of the antiferromagnet CeRhIn5, which is
similar to that of LaRhIn5, is essentially unchanged up t
p52.1 GPa. On the other hand, the cyclotron mass increa
steeply above 1.6 GPa where superconductivity sets in:
m0 at ambient pressure, 20m0 at 1.6 GPa, and 45m0 at 2.1
GPa for the cyclotron mass of a band 14-electron Fermi s
face named branchb2. The superconducting state is realize
in the heavy fermion state.
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