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Abstract

We have studied a change of the electronic states in antiferromagnets CeIn3, CeRhIn5 and CePt3Si via the de Haas–van Alphen experiments.
The critical pressurePc, where the Ńeel temperature becomes zero, isPc � 2.5 GPa in CeIn3 with the cubic crystal structure, in which the
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arrow pressure region superconductivity appears below a superconducting transition temperatureTsc = 0.2 K. In the pressure regionP > Pc,
e detected a main Fermi surface with the cyclotron massm∗

c = 53m0, which most likely corresponds to a nearly spherical Fermi su
n the paramagnetic state, namely a 4f-itinerant Fermi surface. The Fermi surface in the antiferromagnet CeRhIn5 with the tetragonal cryst
tructure is similar to that of LaRhIn5, consisting of two kinds of nearly cylindrical Fermi surfaces. We observed a drastic change of th
urface from 4f-localized (LaRhIn5) to 4f-itinerant (CeCoIn5) Fermi surfaces atPc � 2.4 GPa. The cyclotron mass increases intensively a
.6 GPa where superconductivity sets in. CePt3Si with the tetragonal crystal structure without inversion symmetry is highly different
eIn3 and CeRhIn5 in magnetism and superconductivity. It orders antiferromagnetically belowTN = 2.3 K and becomes superconduct
elowTsc = 0.6 K at ambient pressure. With increasing pressure, the cyclotron mass is found to be reduced, together with a steep
N andTsc, wherePc is most likely about 1.5 GPa in CePt3Si. The heavy fermion state of CePt3Si is realized at ambient pressure.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The 4f electron of cerium compounds exhibits a variety
f characteristic features including magnetic and charge or-
erings, spin and valence fluctuations, heavy fermions and
nisotropic superconductivity. The electronic states in the
erium compounds, where the Ruderman–Kittel–Kasuya–
osida (RKKY) interaction and the Kondo effect compete
ach other, can be tuned by pressure. When pressureP is
pplied to the cerium compounds with antiferromagnetic or-
ering such as CeIn3 and CeRhIn5, the Ńeel temperatureTN
ecreases, and a quantum critical point corresponding to the
xtrapolationTN → 0 is reached atP = Pc [1–4]. Surpris-

ngly, superconductivity and/or the non-Fermi liquid nature
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appear aroundPc. Crossover from the magnetically orde
state to the non-magnetic state under pressure is curren
most interesting issue in the cerium compounds.

We have studied a change of the electronic states in an
romagnets CeIn3, CeRhIn5 and CePt3Si via the de Haas–va
Alphen (dHvA) experiments under pressure. The electr
states, which are tuned by pressure, have been invest
via challenging dHvA experiments. The present paper re
the dHvA results at high pressures up to 3 GPa, indicat
drastic change of the Fermi surface properties. A relatio
tween superconductivity and the Fermi surface propertie
been also investigated.

2. Experimental

Single crystals were grown by the Czochralski pul
method in an rf-furnace for CeIn3, the In-flux method fo
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CeRhIn5, and the Bridgeman method and mineralization for
CePt3Si [5–7]. The residual resistivity ratio RRR (=ρRT/ρ0,
ρRT is the electrical resistivity at room temperature,ρ0 is the
residual resistivity) is 90 in CeIn3, 330 in CeRhIn5 and 106
in CePt3Si, indicating high-quality samples.

The dHvA experiments were done by the standard field
modulation method with a modulation frequency of 3.5 Hz
and a modulation field of 80 Oe. Pressure was applied by
utilizing an MP35N piston cylinder cell with a 1:1 mixture of
commercial Daphne oil (7373) and kelosene, and calibrated
by the superconducting transition temperature of Sn.

3. Experimental results and discussion

3.1. CeIn3

CeIn3 with the AuCu3-type cubic crystal structure is a
well-known Kondo-lattice compound with antiferromagnetic
ordering at 10 K. With increasing pressure, the Néel tempera-
ture decreases and becomes zero around 2.5 GPa. The critical
pressure isPc � 2.5 GPa, in which the narrow pressure region
superconductivity appears belowTsc=0.2 K [1,3].

We carried out the dHvA experiment under pressure. The
detected dHvA signalVosc for the magnetic fieldH is simply
written as follows:
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Fig. 2. Pressure dependence of the cyclotron mass in CeIn3.

teresting is that branch “a”, which is observed at 2.7 GPa,
possesses an extremely large cyclotron massm∗

c = 53m0.
Branch “a” is the main Fermi surface, which is not observed
belowPc � 2.5 GPa. An appearance of branch “a” indicates
that CeIn3 becomes paramagnetic.

To clarify the origin of the dHvA branches, we show in
Fig. 3 the Fermi surface in LaIn3, which was calculated by
the FLAPW method. The Fermi surface consists of a compli-
cated band 6 hole-Fermi surface and a nearly spherical band 7
electron-Fermi surface. The former Fermi surface consists of
three kinds of major parts, which are centered at�, R and X
points. Among them, a Fermi surface centered at�, denoted
by “d”, is electron in dispersion and is spherical in topol-
ogy, bulges slightly along〈1 0 0〉 and possesses a slender arm
along〈1 1 1〉.

As discussed in Refs.[5,8], the Fermi surface of CeIn3 at
ambient pressure is approximately similar to that of LaIn3,
although it is strongly modified by the magnetic Brillouin
zone boundaries. The dHvA frequency of branch “d”, ob-
served experimentally in the whole angle region, is in good
agreement with the theoretical branch “d” of LaIn3 in mag-
nitude, although branch “d” in CeIn3 corresponds to a nearly
spherical Fermi surface, not possessing the slender arm along
〈1 1 1〉 as in LaIn3 and is slightly large in volume of the Fermi
surface compared to LaIn3. In the case of LuIn3, the topology
of the corresponding Fermi surface is nearly spherical, pos-
s ranch
“

d by
“ In
osc = A sin

(
2πF

H
+ φ

)
,

here the dHvA frequencyF (=�SF/2πe), which is ex-
ressed as a unit of magnetic field, corresponds to th

remal (maximum or minimum) cross-sectional area of
ermi surfaceSF. From the temperature dependence of
HvA amplitudeA, we can determine the cyclotron effect
assm∗

c.
Figs. 1 and 2show the pressure dependence of dHvA

uencyF and cyclotron massm∗
c for the magnetic fieldH

long〈1 1 0〉. The dHvA frequency for branch “d” increas
lightly with increasing pressure. The similar pressure de
ence of the cyclotron mass is also observed:m∗

c = 17m0 at
mbient pressure, and 20m0 at 2.4 GPa for branch “d”. In

Fig. 1. Pressure dependence of the dHvA frequency in CeIn3.
essing no arms. This Fermi surface corresponds to b
d” of CeIn3.

A spherical electron Fermi surface in band 7, denote
a” in LaIn3, is not observed at ambient pressure in Ce3,

Fig. 3. Theoretical Fermi surfaces in LaIn3.
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Fig. 4. Band 7 electron-Fermi surface in CeIn3, calculated on the basis of
the 4f-itinerant band model.

which is ascribed to the influence of the magnetic Brillouin
zone boundaries. A large spherical Fermi surface named “a”
also exists in the case where the 4f electron in CeIn3 be-
comes itinerant.Fig. 4shows the band 7 electron-Fermi sur-
face based on the 4f-itinerant band model[9]. The theoret-
ical dHvA frequency of branch “a” isF = 6.84× 107 Oe
for LaIn3, while it is 8.50×107 Oe for the 4f-itinerant band
model forH ‖ 〈1 1 0〉. The detected dHvA frequency of 9.34
×107 Oe is close to the itinerant one.

For branch “d”, similar values for experiment and the-
ory are found as well. The theoretical dHvA frequency for
LaIn3 isF = 2.54× 107 Oe for〈1 0 0〉and 2.29× 107 Oe for
〈1 1 1〉, while F = 2.20× 107 Oe for〈1 0 0〉, 2.38× 107 Oe
for 〈1 1 0〉 and 2.11× 107 Oe for 〈1 1 1〉 for the 4f-itinerant
band model. This is a reason why a change of the dHvA
frequency of branch “d” is not observed clearly above and
belowPc: 3.59× 107 Oe at 0 GPa, 3.97× 107 Oe at 2.0 GPa
and 4.19× 107 Oe at 2.7 GPa for branch “d” for〈1 1 0〉 ex-
perimentally.

From these experimental results, it is concluded that a
change of the Fermi surface from 4f-localized to 4f-itinerant
occurs when pressure crossesPc � 2.5 GPa. Superconduc-
tivity appears in a narrow pressure region�Pc � 0.5 GPa
aroundPc. From the NQR experiment, it is clarified that
a pressure-induced phase separation of antiferromagnetism
and paramagnetism occurs and superconductivity coexists
w 8 to
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Fig. 5. Theoretical Fermi surfaces in (a) LaRhIn5 (CeRhIn5) and (b)
CeCoIn5. Small Fermi surfaces are not shown.

TN → 0 around a pressureP = 2.3–2.5 GPa. CeRhIn5, how-
ever, reveals superconductivity in a wide pressure region from
P∗ = 1.6–5.2 GPa. Its transition temperature has a maximum
around 2.3–2.5 GPa, withTsc=2.2 K. This pressure of 2.3–
2.5 GPa is supposed to be a critical pressurePc in CeRhIn5,
where the antiferromagnetic state is changed into a param-
agnetic state and also the heavy fermion state is most likely
realized in this compound.

The topology of main Fermi surfaces in the antiferromag-
net CeRhIn5 is nearly cylindrical, and is found to be approx-
imately the same as that of a non-4f reference compound
LaRhIn5, as shown inFig. 5(a), indicating that the 4f electron
in CeRhIn5 is localized and does not contribute to the volume
of the Fermi surfaces[6]. On the other hand, main Fermi sur-
faces in CeCoIn5 without magnetic ordering are also nearly
cylindrical but are identified by the 4f-itinerant band model,
as shown inFig. 5(b) [6,13]. The topology of the two kinds
of cylindrical Fermi surfaces of CeCoIn5 is similar to that of
CeRhIn5, but one 4f-electron in each Ce site becomes a con-
duction electron in CeCoIn5. The detected cyclotron masses
of 5–87m0 in CeCoIn5 are extremely large, reflecting a large
γ value of 1000 mJ/K2 mol [10,13,14]. It is noted that the “d”
electrons in the T atom hybridize with the 5p electrons of In
in CeTIn5 and also LaTIn5, which results in a small density
of states around the Fermi energy. This means that there are
very few conduction electrons in the TInlayer and hence the
F ical
F
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p ce
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T med
β c, in
F a, as
ith antiferromagnetism in the pressure region from 2.2
.5 GPa[3]. On the other hand, superconductivity is also r

zed in the paramagnetic state abovePc � 2.5 GPa, following
he Fermi liquid relation.

.2. CeRhIn5

CeTIn5 (T: Co, Rh and Ir) crystallizes in the tetrago
rystal structure. The uniaxially distorted AuCu3-type layers
f CeIn3 and the TIn2 layers are stacked sequentially alo

he [0 0 1] direction (c-axis). CeCoIn5 and CeIrIn5 reveal su
erconductivity at ambient pressure[10], whereas CeRhIn5
rders antiferromagnetically belowTN=3.8 K[2,11,12]. With

ncreasing pressure, the Néel temperature in CeRhIn5 in-
reases, has a maximum around 1 GPa, and decrease
urther increasing pressure. A smooth extrapolation indic
h

2
ermi surface mainly consists of the two kinds of cylindr
ermi surfaces shown inFig. 5.

To elucidate a change of the Fermi surface properties u
ressure, we show inFigs. 6 and 7the pressure dependen
f the dHvA frequency and the cyclotron mass, respecti
he dHvA frequencies for the main dHvA branches na
2, α1 andα2,3, together with branches named a, b and
ig. 6are approximately unchanged up to about 2.3 GP
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Fig. 6. Pressure dependence of the dHvA frequency in CeRhIn5.

reported previously, although the previous experiments were
carried out up to 2.1 GPa[12]. These branches, however, dis-
appear completely at 2.35 GPa, and another two branches
with F = 4.23× 107 Oe (m∗

c � 30m0) and 4.03× 107 Oe
(20m0) appear at 2.35 GPa. We note that these branches ap-
pear from 1.8 to 2.35 GPa, which are shown by small closed
circles inFig. 6. The origin of these branches are unknown.

Above 2.4 GPa, new dHvA branches namedαi (i = 1–
3) and A appear:F = 5.43× 107 Oe (m∗

c = 23m0) in α1,
4.96× 107 Oe (30m0) in α2, 4.58× 107 Oe (24m0) in α3 and
1.98× 107 Oe (9m0) in branch A at 2.9 GPa. The dHvA fre-
quencies of branchesαi are larger than those below 2.4 GPa,
but are approximately the same as those of CeCoIn5 at
ambient pressure:F = 5.56× 107 Oe (m∗

c = 15m0) in α1,
4.53× 107 Oe (18m0) in α2 and 4.24× 107 Oe (8.4m0) in
α3 in CeCoIn5. The present dHvA data indicate that the 4f
electron becomes itinerant and significantly contributes to the
volume of the Fermi surface.

As shown inFig. 7, the cyclotron masses of main branches
β2 andα2,3 increase steeply above 1.6 GPa where supercon-
ductivity sets in: 5.5m0 at ambient pressure, 20m0 at 1.6 GPa
and 60m0 at 2.2 GPa for branchesβ2, where the cyclotron
mass was determined in the field range from 100 to 169 kOe,
namely at an effective fieldHeff = 126 kOe. On the other
hand, the cyclotron mass of the new branchα3, which was
observed above 2.4 GPa, decreases slightly with increasing
pressure: about 30m0 at 2.4 GPa and 24m0 at 2.9 GPa. Branch
β2 was, however, not detected above 2.4 GPa. This is mainly
due to a large cyclotron effective mass close to 100m0. We
note that the cyclotron mass above 1.6 GPa, including the cy-
clotron mass in CeCoIn5, is field-dependent as described in
Refs.[12,13].

From these experimental results, a critical pressure is de-
termined asPc � 2.4 GPa. The topology of the Fermi surface
is thus found to be different betweenP < Pc (� 2.4 GPa) and
P > Pc. Nevertheless superconductivity is observed in both
the pressure regions ranging from 1.6 to 5.2 GPa[11,15].
From the NQR experiment at 1.75 GPa, superconductivity
with a d-wave type is found to coexist with the antiferro-
magnetic state[16], and also from the neutron scattering ex-
periment, the magnetic structure and the magnetic moment
are almost unchanged up to 1.63 GPa[17]. It is important to
emphasize that the cyclotron masses are extremely large in
these pressure regions belowP as well as aboveP , form-
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Fig. 7. Pressure dependence of the cyclotron mass in CeRhIn5.
c c
ng a heavy fermion state. We also note that the upper
al fieldHc2 in superconductivity and a slope ofHc2 at Tc,
dHc2/dT at 2.5 GPa for the magnetic field along [0 0 1]c-
xis) are 100 kOe and 150 kOe/K, respectively[11], which
re compared to 50 kOe and 110 kOe/K in CeCoIn5 at ambi-
nt pressure[13]. This indicates that the electronic spec
eat coefficientγ at 2.5 GPa in CeRhIn5 is larger thanγ =
000 mJ/K2 mol in CeCoIn5.

.3. CePt3Si

A recently discovered superconductor CePt3Si with the
etragonal crystal structure possesses unique chara
ics [18]. Superconductivity with the transition temperat
sc = 0.75 K is realized in the long-range antiferromagn
tate with the Ńeel temperatureTN = 2.2 K. This is in con
rast with superconductivity in the previous cerium-ba
eavy fermion superconductors where superconductivit
urs in the nonmagnetic state or the antiferromagneti
pin-fluctuating state[19].

Moreover, it is noted that CePt3Si is the first heavy fermio
uperconductor lacking a center of symmetry in the te
nal crystal structure. Very recently we have also obse
uperconductivity in the vicinity of a critical pressure fo
erromagnet UIr without inversion symmetry where a C
emperature becomes approximately zero[20]. The relation
etween superconductivity and lack of inversion symm

s currently an interesting issue.
The topology of the Fermi surface in CePt3Si is most likely

imilar to that in LaPt3Si. In fact, one small Fermi surfa
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Fig. 8. Pressure dependence of the Néel temperatureTN and the supercon-
ducting transition temperatureTsc in CePt3Si. The data shown by trian-
gles and circles were obtained by the resistivity measurement, and those by
squares are due to the ac-susceptibility one.

namedδ (F = 1.6 × 107 Oe andm∗
c = 2.9m0) in CePt3Si is

the same as that in LaPt3Si, where the main Fermi surface
in LaPt3Si consists of three-dimensional multiply connected
Fermi surfaces[21]. The much larger main Fermi surfaces
are not detected experimentally, most likely due to the an-
tiferromagnetic structure in CePt3Si and the large cyclotron
mass of the main Fermi surfaces based on the large electronic
specific heat coefficient 300–400 mJ/K2 mol [18].

We have also carried out the dHvA and electrical resistiv-
ity measurements under pressure in CePt3Si. With increasing
pressure, the Ńeel temperatureTN = 2.3 K and the supercon-
ducting transition temperatureTsc � 0.65 K are found to de-
crease markedly, and become zero around 1.5 GPa, as show
in Fig. 8. The corresponding dHvA frequency of branch
δ slightly increases in magnitude, while the cyclotron ef-
fective mass decreases with increasing pressure: 2.9m0 at
0 GPa and 2.4m0 at 1.3 GPa. The critical pressurePc is
most likely 1.5 GPa. AbovePc = 1.5 GPa another branch
F = 2.20× 107 Oe withm∗

c = 19m0 is observed whose cy-
clotron mass decreases steeply with further increasing pres-
sure.

The heavy fermion state of CePt3Si is most likely real-
ized at ambient pressure even in the antiferromagnetic state,
which is closely related to an appearance of superconductiv-
ity. In other words, applying pressure derives the electronic
s rcon-
d

4

rro-
m -
m these
c The
t d up
t rved
a are
o
c s

steeply, indicating the heavy fermion state, and decreases
considerably when the pressure deviates fromPc. Around
Pc, the heavy fermion state is formed, although the topology
of the Fermi surface is different between below and above
Pc. Namely, the 4f electron is localized belowPc, while the
4f electron becomes itinerant abovePc and contributes to the
volume of the Fermi surface. Superconductivity of CeRhIn5
is not related to the topology of the Fermi surface but is
closely related to this heavy fermion state. It is also noted
that quasi-two-dimensionality enhances the superconduct-
ing transition temperature, whereTsc = 0.2 K in the three-
dimensional electronic state of CeIn3 at 2.5 GPa is compared
toTsc = 2.2 K in CeRhIn5 at 2.4 GPa. Moreover, it is remark-
able that the superconducting pressure region�Psc is wide in
the quasi-two-dimensional electronic state:�Psc = 0.5 GPa
in CeIn3 and�Psc = 3.5 GPa in CeRhIn5.
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