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Electronic properties of CeIn3 under high pressure near the quantum critical point

G. Knebel, D. Braithwaite, P. C. Canfield,* G. Lapertot, and J. Flouquet
Département de Recherche Fondamentale sur la Matie`re Condense´e, SPSMS, CEA Grenoble, 38054 Grenoble, France

~Received 24 November 2000; revised manuscript received 9 March 2001; published 19 December 2001!

We present a detailed study of the phase diagram of the antiferromagnetic Kondo-lattice compound CeIn3

under pressure up to 100 kbar by resistivity measurements. Antiferromagnetic order vanishes at a critical
pressurePc526.5 kbar. At this quantum critical point a complete superconducting transition is found in the
pressure range from 24 to 27 kbar. Normal state properties near the critical point show strong deviations from
Fermi-liquid behavior. In magnetic fields just above the upper critical field Fermi-liquid behavior is restored.
For P.Pc , r(T) shows a cleanT2 dependence up to a crossover temperatureTI which increases linearly with
pressure. The temperature dependence of the upper critical fieldHc2 can be described with a strong coupling
model in the clean limit.

DOI: 10.1103/PhysRevB.65.024425 PACS number~s!: 71.27.1a, 71.10.Hf, 74.70.Tx
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I. INTRODUCTION

The application of external pressure is an excellent too
vary the ground state properties of intermetallic Ce hea
fermion compounds, which are located just in the vicinity
a magnetic instability. The ground state is determined by
competition of the Ruderman–Kittel interaction, which lea
to a long range magnetically ordered state, and the Ko
interaction, which results in a screening of the 4f moment by
the conduction electrons. With this experimental techniq
the hybridization of the 4f electrons and the conduction ele
trons can be varied in order to study in detail the vanish
of magnetic order at a quantum critical point~QCP!. In sev-
eral Ce compounds a low temperature superconducting p
is found just at a QCP. The pairing mechanism of this u
conventional superconductivity may be due to a magn
interaction.1 The normal state properties at the magnetic
stability usually show a deviation from Fermi-liquid beha
ior due to the existence of an extended temperature cross
domain down toT→0 K at the critical pressurePc .

CeCu2Si2 is the first Ce-based heavy-fermion syste
showing superconductivity at ambient pressure and seem
be located just at the borderline of an antiferromagnetic
dered state.2,3 In a H –T phase diagram the superconducti
phase is embedded in a magnetic phase ‘‘A,’’ which dis
pears atTA'Tc . The superconducting phase in CeCu2Si2
exists over a very broad pressure regime up to 80 kbar
the maximum transition temperature is found atP
'30 kbar, far away from the magnetic ordered state. Tra
of superconductivity have also be found in the nonmagn
heavy-fermion compound CeNi2Ge2 at ambient pressure an
above 15 kbar.4–7 Recently superconductivity has been d
covered in the new quasi-two-dimensional heavy-ferm
systems, CeCoIn5, with high Tc52.3 K and CeIrIn5 (Tc
5380 mK).8

However, in these systems it is not possible to study
magnetic side of a QCP because although the magnetic
ordered state can be induced by doping experiments, t
always create defects in the systems which destroy the
perconductivity. Recently a superconducting transition
been found in several Ce compounds under hydrostatic p
sure just at the border of magnetism whereTN→0, notably
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in CeCu2Ge2,9 CeRh2Si2,10 CePd2Si2,1,11–13 CeIn3,1,14 and
very recently CeRhIn5.15 All these systems are antiferromag
netically ordered at ambient pressure.

CeIn3 is an ideal system to study the electronic propert
at a QCP. It crystallizes in a simple cubic Cu3Au structure
and is thus less sensitive to small pressure gradients
pressure cell, which lead to additional uniaxial stress on
sample. At ambient pressure, CeIn3 orders atTN510.1 K in
a simple type II antiferromagnetic structure. The Ce m
ments are aligned antiferromagnetically in adjacent~111! fer-
romagnetic plans. The ordered magnetic moment of 0.5mB is
somewhat reduced by comparison with the saturation m
ment of theG7 doublet, 0.71mB ,16,17 which is the ground
level for J55/2 in a cubic crystal field. The crystal fiel
splitting between the low lying doublet and theG8 quartet is
of the order 100–200 K.16–19The magnetic transition at am
bient pressure looks mean-field like.16

The phase diagram of CeIn3 was studied under pressur
up to 30 kbar.1,14,20–22Neutron scattering experiments sho
no change in the magnetic structure up to 10 kbar.21 With
increasing pressure, the Ne´el temperatureTN decreases firs
smoothly (P,10 kbar) and then more drastically; it co
lapses at a critical pressurePc'26 kbar. A superconducting
transition was found below 200 mK in the pressure ran
between 22 and 28 kbar, with the maximum near the QCP1,14

The aim of this work was to investigate by resitivity me
surements the phase diagram CeIn3 again in order to test its
reproducibility nearPc , to extend the measurement fa
abovePc , and finally to report new features like a caref
study of the magnetic anomalies atTN and the upper super
conducting critical fieldHc2(T).

We give a detailed discussion of the broadening of
resistivity anomaly atTN near the critical pressurePc . The
temperature dependence of the resistivity in the critical pr
sure region is also studied for different external magne
fields. We further extended the pressure range up to 100
to study the recovery of Fermi-liquid behavior on the pa
magnetic side of the QCP. In our study we investiga
samples grown in a very different way and used somew
different pressure cells in comparison to earlier work. Ho
ever, the obtainedP–T phase diagram is remarkably simila
©2001 The American Physical Society25-1
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This shows that this kind of phase diagram is robust a
reproducible. Finally we present the first study of the up
critical field Hc2, to characterize the superconducting pha
in more detail to get some information on the microsco
origin of the superconductivity near the QCP.

II. EXPERIMENTAL DETAILS

Single crystals of CeIn3 were grown out of excess In. B
slowly cooling the melt crystals with masses as large as s
eral grams could be grown.23 Several crystals have bee
tested to select the sample for the pressure experiment.
resistivity ratio r(300) K/r(4.2) K of the highest quality
crystals was about 35. From this crystal a small sample
600 mm3180 mm360mm was prepared. At ambient pre
sure there was no sign of filamentary superconductivity
In. The measurements under pressure were performed
Bridgman type cell with nonmagnetic tungsten carbide an
using steatite as pressure transmitting medium. The pres
was measured by the superconducting transition of Pb.
width of the transition was about 30 mK for pressures low
than 30 kbar. This corresponds to a maximal pressure gr
ent of less than 1 kbar in this pressure regime. For hig
pressures the gradient was slightly higher. The resistivity w
measured with a four point lock-in technique at a frequen
of 11.7 Hz. The maximal current used was 100mA. The
measurements were performed in a conventional4He cry-
ostat and in a dilution refrigerator down to 40 mK. In th
dilution refrigerator it was possible to measure in magne
fields up to 6 T. To determine the upper critical field, bo
field and temperature sweeps were performed. The super
ducting transition temperature was always determined
a tangent criterion which is similar to the onset of t
transition.

III. RESULTS AND DISCUSSION

In Fig. 1 we summarize the pressure–temperature ph
diagram of CeIn3. This phase diagram is determined only
resistivity measurements. In addition to the transition te
peratures determined in this work, we plotted the press
dependence ofTN after Ref. 22 (3) and TN(P) (s) and
Tc(P) (L) after Ref. 1. The main results are as follows.~i!
With increasing pressure the antiferromagnetic ordering t
perature is shifted monotonously toTN50 K for Pc'26.5
61 kbar.~ii ! Around this critical pressure a superconducti
phase is found at very low temperatures.~iii ! The tempera-
ture dependence of the normal state resistivity shows in
critical region strong deviations from Fermi-liquid behavio
~iv! But for pressuresP.Pc a Fermi-liquid ground state is
recovered below a crossover temperatureTI .

The small differences of the pressure dependence ofTN
andTc of the different experiments are probably due to d
ferences in sample preparation and to the fact that diffe
kinds of pressure cells with different pressure transmitt
media have been used. The Cambridge group used a pi
cylinder cell filled with an equal mixture ofiso-pentane and
n-pentane. The pressure gradients in this type of cell see
be lower than in the Bridgman-type cells with steatite
02442
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pressure transmitting medium. In the case of the tetrago
system CePd2Si2 the pressure dependence ofTN and Tc is
very sensitive to pressure inhomogeneities. The results
tained in a Bridgman-type cell with a solid pressure tra
mitting medium12,13 are different from results obtained o
samples of the same platelet in piston cylinder24 or diamond
anvil cells,25 and the pressure range where a superconduc
transition is found is much broader in the Bridgman stu
However, as CeIn3 is a cubic system, the choice of the pre
sure cell is not as important as in systems with a lower cr
tal symmetry and only slight differences are found for t
phase diagram obtained by different pressure techniques

In the following we will discuss the phase diagram
more detail. Figure 2 shows the temperature dependenc
the resistivity for selected pressures. As can be seen in
upper frame of Fig. 2 the resistivity at low pressures show
logarithmic increase between 200 and 70 K. At zero press
a broad maximum occurs atTM'50 K. The maximum in the
resistivity is probably due to crystal-field effects. For ceriu
Kondo lattices with rather high Kondo temperaturesTK only
one maximum in the resistivity is expected.26 The Kondo
temperature of CeIn3 can be estimatedTK'10 K.27 The first
neutron scattering experiments failed to observe resol
crystal-field transitions, however Muraniet al.19 determined
broad but well-defined crystal-field excitations at 11
60.3 meV with a width of 360.2 meV.

At low temperatures the resistivity at zero pressure sho
a sharp change in slope atTN510.1 K due to the onset o
antiferromagnetic order~Fig. 2 lower frame!. In magnetically
ordered Kondo-lattice compounds the resistivity can be
scribed byr(T)5r01AT21rmag(T). Here r0 is the tem-
perature independent residual resistivity, the second t
corresponds to the scattering between heavy quasiparti
and the third term to magnon scattering, which depends
sentially on the form of the magnon spectrum, which is n

FIG. 1. Phase diagram of CeIn3 . TM indicates the temperatur
of the maximum of the resistivity,TN the Néel temperature, andTI

the crossover temperature to the Fermi-liquid regime. The su
conducting transition temperatureTc is scaled by a factor 10. (3)
after Ref. 22, (s) and (L) after Ref. 1.
5-2
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ELECTRONIC PROPERTIES OF CeIn3 UNDER HIGH . . . PHYSICAL REVIEW B 65 024425
known up to now for CeIn3. However, the temperature de
pendence of the resistivity belowTN can be described by
power lawDr(T)5r(T)2r0}Tn. At ambient pressure we
find n52.360.1. The exponentn.2 reflects the magnon
contribution to the resistivity. The residual resistivity isr0
50.5 mV cm, which is very low and shows the high quali
of the sample. The enhancement of the prefactorA50.15
60.04mV cm/K2 indicates the existence of heavy electro
and is consistent with the linear temperature term of the s
cific heat at low temperaturesC/T50.13 J/mol K2.21,28,29

Assuming one electronic carrier per unit cell, this gives
effective mass atP50 of m!560me . The value forA/g2

'8.931026 mV cm ~mol K/mJ!2 is near the empirical uni-
versal value for heavy-fermion systems given by Kadow
and Woods.30

At low pressuresP&10 kbar, TM and TN are only
slightly pressure dependent. Up to 1.7 kbarTN seems to be
independent of pressure while the sublattice magnetiza
decreases by 4%.20 The situation changes forP*15 kbar.
Now TM increases, the resistivity maximum broadens, a
TN decreases strongly with increasing pressure. For 2
kbar we findTM58163 K. At the highest investigated pres
suresP567 kbar andP597 kbar no maximum can be ob
served on the bare curve, and the temperature depende
of the resistivity are comparable to a mixed-valent syst
like CeNi2Si2, for example. The increase ofTM is consistent
with the increase of the Kondo temperatureTK determined
by NQR measurements.31 For P.15 kbar the nuclear spin
lattice relaxation rate 1/T1 starts to decrease from a consta
value at high temperatures. This suggests thatTK is higher
thanTN for P.15 kbar as a constant value ofT1 is charac-
teristic of the spin dynamic of localized moments abo
TK while a Korringa law is observed belowTK . A similar
situation is observed in many other Kondo-lattice co

FIG. 2. Temperature dependence of the electrical resisti
r(T) for different pressures. The lower frame showsr(T) near the
magnetic transition in detail.
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pounds too, both in experiments under hydrostatic pr
sure @e.g., CeCu2Ge2 ~Ref. 32!# and in doping experi-
ments @e.g., CeCu2(Si12xGex)2,33 Ce(Pd12xNix)2Ge2,34 or
Ce(Cu12xNix)2Ge2 ~Ref. 35!#. If TN is far belowTK the 4f
electrons have more itinerant behavior; their sensitivity
the crystal-electric field~CEF! is strongly depressed sinceTK
has increased under pressure~see pressure variation ofTM).
At TN the localized character of thef electrons is lost and the
heavy-fermion band clearly is established. WhenTK is lower
than or comparable toTN, a description of the magnetic or
dering in the frame of a Kondo lattice with pressure induc
demagnetization of the Ce moment was used;20 it reproduces
well an initial pressure independent value ofTN coupled with
a decrease of the sublattice magnetization (4% at 1.7 kb!.
We will emphasize later that at high pressure (P.15 kbar)
the description by spin-fluctuation theory for itinerant ele
trons appears valid.

For low pressures the anomaly in the resistivity atTN is
very sharp and indr(T)/dT we find a specific heat-like be
havior, dr(T)/dT}CP , as expected for a mean field-lik
transition.36 Figure 3 shows, respectively, the temperatu
variation of the derivativedr/dT of the resistivity versus a
reduced (T2TN)/TN and absoluteT2TN variable. With
both variables, the resistivity anomaly appears to be br
above 10 kbar. The broadening of the transition cannot
explained only by possible pressure gradients in the cell
we observe no increase of the superconducting transi
width of the Pb manometer, but is an intrinsic effect of t
material. In critical phenomena,37 impurities change the criti-
cal behavior only if the specific heat diverges at the criti
temperature according to the Harris criterion. Here the p
nomenon is quite different and more similar to surface pr

y

FIG. 3. Temperature dependence of the derivative of the re
tivity dr/dT for different pressures as a function of (T2TN)/TN

~upper frame!, andT2TN ~lower frame!. A broadening of the tran-
sition is clearly seen for pressuresP.10 kbar.
5-3
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G. KNEBEL et al. PHYSICAL REVIEW B 65 024425
lems found in magnetism,38 for some local structura
transition,39 and the appearance of localized states near
fects in helicoidal transitions.40 Here defects such as disloc
tions or stacking faults induce strong pressure gradie
which modify the condition for the occurrence of long ran
magnetic order. Disorder on a microscopic scale causes m
netically ordered clusters to coexist with paramagnetic c
ters in agreement with recent NQR measurements whe
broadening of the lowest frequency resonance line occ
between 23.6 and 24.4 kbar.42

Another experimental observation is thatdr/dT reaches a
maximum nearTN . As TN decreases the maximum value
dr/dT also decreases, which is of course directly related
the pressure-induced decrease of the sublattice magnetiz
m. In spin-fluctuation theory,43–45 m varies likeTN

3/4. If we
assumedr/dT}m2, at 25 kbar we expect a decrease of t
resistivity anomaly by a factor 5 in comparison toP
50 kbar, in qualitative agreement with Fig. 3. Another co
parison can be made with the predictions given by sca
theory for the specific heatC, if it is assumed that the pro
portionality betweenC anddr/dT is valid;36,46 here the am-
plitude of the specific heat atTN will change from aTN

3/2 to a
linear TN dependence as we approach the quantum crit
point from the ordered antiferromagnetic phase.47 We see in
Fig. 4 a clear change of regime atTN59 K, i.e., for P
"10 kbar. It is worthwhile to underline that nearPc, Zülicke
and Millis41 predict a specific heat jumpDC}TN

2 , whereas
experimentally no such drastic decrease ofdr/dT is found.
However, neutron scattering experiments to determine
sublattice magnetizationm and direct specific heat measur
ments whenTN collapses are necessary for a sound comp
son with theory. To summarize, the analysis of the resistiv
anomaly reproduces well the scaling predictions despite
existence of a broadening of the anomaly nearTN for TN
→0. The striking point is that 10 kbar appears to be a cro
over pressure in theP variation of the amplitude ofdr/dT
and the broadening; it corresponds to the clear entrance
the regime whereTK becomes greater thanTN ~see NQR
results of Ref. 31!. A similar broadening of the magneti
transition and variation in the temperature dependence o
amplitude ofdr/dT with TN has been observed in CePd2Si2,
as well as a change of regime also near 10 kbar.25 Further

FIG. 4. Amplitude of the resistivity anomalyD(dr/dT) as a
function of the magnetic transition temperatureTN . A clear change
of regime occurs atP510 kbar~lines to guide the eyes!.
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investigations would require direct thermodynamic measu
ments as well as microscopic probes for the magnet
@value of m(T,P)# in the pressure range up toPc and the
identification of structural defects.

The decrease of the magnetic ordering temperatureTN
can be extrapolated toT50 K at the critical pressurePc
526.561 kbar, which is comparable to the valuePc
526 kbar obtained by the Cambridge group.1 For P
527.5 kbar no anomaly due to a magnetic ordered s
could be detected. In the spin-fluctuation model43–45 the
magnetic transition temperature collapses as (P2Pc)

z/d near
the critical pressure, wherez is the dynamical critical expo-
nent andd the dimension of the system. A fit ofTN(P) for
P.10 kbar gives an exponent of about 0.7, which is close
the expected value of 2/3 for a three-dimensional antifer
magnetic system. However, it is difficult to determine th
critical exponent, as there are not enough points near
critical pressurePc .

In the critical region near the magnetic instability a sha
and complete superconducting transition is found between
and 27.5 kbar at low temperatures. The pressure range o
superconducting phase seems to be somewhat broader i
present work than in Ref. 1. This may be an intrinsic effe
associated with our flux grown sample or it may be due
pressure inhomogeneities as discussed previously. In Fi
we show the resistivity for pressures nearPc at temperatures
below 1.5 K. The onset of the superconducting transition
24 kbar is atTc5170 mK and the width of the transition i
DTc546 mK. For 25.8 kbar we findTc5198 mK andDTc
524 mK. The maximum ofTc5204 mK and the sharpes
transition is found for 27.5 kbar (DTc520 mK). Only a
small drop of the resistivity is found for 31 kbar atTc
5100 mK. These findings are in good agreement with
results obtained by the Cambridge group in a piston cylin
cell. It is interesting that the pressure range of the superc
ducting phase seems to be centered aroundPc . The same
behavior is found in CePd2Si2.1,24,25For each case the supe
conducting phase is found only in a range ofPc64 kbar. In
CePd2Si2 it is remarkable that the resistive transition is oft
only complete atPc . For CeIn3 the zero field transition ap
pears to be robust; however, in magnetic field a finite
sidual resistivity appears belowTc ~see the following!.

FIG. 5. Low temperature resistivity of CeIn3 for pressures
aroundPc526.5 kbar. A complete superconducting transition o
curs. The lines are fits with a power law dependencer5r0

1AnTn ~see the text!.
5-4
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ELECTRONIC PROPERTIES OF CeIn3 UNDER HIGH . . . PHYSICAL REVIEW B 65 024425
The normal state properties near the critical pressure s
clear deviations from Fermi-liquid behavior. The resistiv
can be described as a power lawr(T)5r01AnTn where the
exponentn and the prefactorAn are strongly pressure depe
dent in the critical region~see Fig. 6 and discussion below!.
At low temperatures (T,TN and T,TI) the situation may
be clearer as one can expectn.2 in the magnetic ordered
phase, andn52 in the so-called Fermi-liquid, quantum dis
ordered regime, insofar as the very-low-temperature reg
T,TI can be achieved. Just at the quantum critical poin
TI collapses,n can differ from the Fermi-liquid value; fo
example,n'1.5, averaging all scattering on the Fermi su
face. The lines in Fig. 5 are fits ofr(T) in the temperature
range between 0.4 and 1 K and give an excellent descriptio
of the data in the fitting range. It is difficult to give an exa
value for the exponentn, asn is slightly temperature depen
dent below 1.5 K. If one calculates the local derivativen
5d ln(r2r0)/d ln T the values forn at 1.5 K are somewha
smaller than at 500 mK. The main result of this analysis
shown in Fig. 6. A sharp minimum inn(P) occurs atPc , the
full width of this minimum is 7 kbar with a steeper variatio
in the antiferromagnetic domain than in the paramagn
regime. The minimum is characteristic of a QCP and o
served in other systems too.24,25,48 In the antiferromagnetic
ordered regime, we find a pressure independent valuen
52.260.1. Here the power law dependence is only a rou
parametrization for the resistivity and exponentn.2 reflects
the magnon contribution. ForT→0 K a T2 temperature de-
pendence is expected in the experiment in this pressure r
as well, because the magnon scattering will then be ne
gible in comparison with the contribution of the heavy qu
siparticle. As the measurements are restricted to a finite t
perature ofT'50 mK, we find this elevated value. ForP
.Pc a Fermi-liquid behavior is recovered andr(T) shows a

FIG. 6. Upper frame: Pressure dependence of the resistivity
ponentn, closed circles correspond to fits in the temperature ra
0.4,T,1, open circles in an extended temperature rangeT,1.5.
Lower frame: The prefactorAn as function of pressure; close
squares:n fixed to 2; open squares:nÞ2. The lines are drawn to
guide the eyes.
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cleanT2 dependence up to a crossover temperatureTI . TI is
determined by the temperature, where deviations of 5% fr
a linear behavior in ar(T) vs T2 plot occur~see Fig. 7!. For
the highest pressureP597 kbar theT2 dependence is valid
up to about 90 K. The pressure dependence ofTI is shown in
the phase diagram~see Fig. 1!. TI increases almost linearly
with pressure as expected in the antiferromagnetic s
fluctuation theory at two or three dimensions.43–45 In the
critical region the exponent is noticeably lower than 2 a
we find n51.74 and n51.77 for P525.8 kbar andP
527.5 kbar forT5500 mK. If we fit r(T) up to 1.5 K, we
get n51.67 andn51.65. The Cambridge group reportsn
51.660.2. The breakdown of the Fermi-liquid theory is e
pected at the QCP, the spin-fluctuation theory with no ‘‘h
spot’’ consideration~see the following! predicts an exponen
n51.5 just at the critical pressure whereas slightly aw
from Pc the Fermi-liquid behavior should be recovered.

The spin-fluctuation model43–45 neglects the influence o
the Fermi surface and of disorder scattering completely. I
expected that near the critical point the scattering is
hanced only on parts of the Fermi surface which are c
nected to the antiferromagnetic ordering wave vectorQ, but
in a very clean system, the scattering processes on other
of the Fermi surface may shortcut this scattering and aT2

dependence should be observed at very low temperatur49

The recent model of Rosch50 takes impurity scattering into
account, and it was shown that it leads to an averaging of
scattering rate on all the Fermi surface and exponentn
→1 are expected in real samples with a very small amo
of defects, whereasn51.5 should be observed in dirt
samples. Indeed, exponentsn,1.5 are found in the experi
ment for CePd2Si2 ~Refs. 1, 24, and 51! or CeNi2Ge2 ~Refs.
5 and 7! at the critical pressure. However, the low expone
found in these compounds which have a large magnetic
isotropy may also be the result of lower dimension
spin-fluctuations.1 In cubic CeIn3 the argument of a lower
dimension can be excluded. The minimum ofn at Pc as a
function of pressure is quite sharp in CeIn3 ~see Fig. 6!. The
fact that the observed minimum value ofn is slightly higher
than 1.5 may be due to the fact that the investigated sam
were not exactly at the QCP, but very near to it. A minimu
value of n'1.6 is found in all reported measurements f

x-
e

FIG. 7. Electrical resistivityDr5r2r0 as a function ofT2 for
P.Pc . The arrows indicate the crossover temperatureTI . The
inset showsDr for P527.5 kbar, here we observe no crossover
a Fermi-liquid state.
5-5
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G. KNEBEL et al. PHYSICAL REVIEW B 65 024425
rather clean materials. This behavior is quite different fro
the ‘‘hot spot’’ model of Rosch. Measurements of the hea
fermion dynamical susceptiblity show that the ‘‘hot spot
are not so well defined since a large independent wave ve
contribution in the dynamical susceptibility occurs; the d
composition between ‘‘hot’’ and ‘‘cold spots’’ is thus no
obvious. The observation of a deep minimum ofn at Pc
shows that in CeIn3 the quantum critical point is well define
despite the broadening observed in the resistivity anomaly
approachingTN when P→Pc . The cause of the deviation
from the Fermi-liquid behavior are not inhomogeneities
the material which could lead to a distribution of Kond
temperatures where the Kondo effect on eachf electron sets
a different temperature scale,52 or to the formation of a Grif-
fith phase.53 These models succeed in explaining deviatio
from Fermi liquid behavior in doped systems lik
UCu12xPdx , U12xThxPd2Al3, or Y12xUxPd3.54–57 At our
experimental accuracy, a critical point exists and not a la
critical domain.

In Fig. 6 we also show a crude estimation of the press
dependence of the prefactorA2. To determine the Fermi
liquid prefactorA2[A, we performed fits with a fixed value
n52 at low temperatures. In the antiferromagnetic orde
regionP,20 kbar,A increases only a little in comparison t
the valueA50.15mV cm K22 at ambient pressure. A ver
strong maximum appears in the critical pressure range.
P.Pc , A decreases very fast,A51.7 nV cm K22 at P
597 kbar. In spin-fluctuation theory it is predicted thatA

FIG. 8. Temperature dependence of the resistivityr vs T2 for
P525.8 kbar for different magnetic fields. The arrows indicate
to which temperatureDr}T2.

FIG. 9. Temperature dependence of the resistivity exponen
for P525.8 kbar at different applied magnetic fieldsH.
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diverges as (P2Pc)
21/2 at the critical boundary of the anti

ferromagnetism on the paramagnetic side,58 while the tem-
perature range in which theT2 dependence is valid, de
creases linearly approachingPc . The pressure dependenc
of A observed here shows a faster divergence ofA from the
paramagnetic side like (P2Pc)

21.2. The value ofA gives an
estimate of the pressure variation of the effective massm!

assumingm!}g}AA, which is valid far fromPc in heavy-
fermion systems. We find an increase of the effective m
by a factor 2. Precisely at the critical pressure the situatio
more complicated as theA coefficient is predicted to diverge
but the specific heat coefficientg remains finite for T
→0 K.

In an applied external magnetic fieldr(T) we expect a
recovery of Fermi-liquid behavior, as the strong sp
fluctuations are suppressed as one escapes from the an
romagnetic domain. In fact the resistivity in external fie
can also be modeled with a power lawr2r05AnTn. Figure
8 shows the resistivity forP525.8 kbar vsT2 at different
external magnetic fields. In Fig. 9 we plotted the temperat
dependence of the exponentn which allows a more detailed
analysis. Below 1 K the temperature dependence ofn for
H50 T is very small andn is almost constant within the
error bars, but in a fieldH50.5 T, just above the uppe
critical field, a Fermi-liquid behavior is found below 25
mK. It seems that at this pressure, which is just below
critical pressure atPc'26.5 kbar, we do not reach aT2 de-
pendence at zero field, because the sample becomes s
conducting. The situation is comparable to CeCu2Si2, where
the superconducting phase is also formed out of a n
Fermi-liquid regime.3 The temperature range in which th
Fermi-liquid description holds increases with increasi
magnetic field, for 5 T almost up to 1 K. ForP527.5 kbar,
the non-Fermi-liquid behavior is more robust against m
netic field, and we find an almost constant value ofn51.8 in
the temperature regime below 1 K and for fields up to 5 T.
This is analogous to the findings in CePd2Si2, where at the
critical pressure the Fermi-liquid behavior is not recovered
fields up to 6 T.24 In Fig. 10 we plotted the field dependenc
of the prefactorA for P525.8 and 27.5 kbar. The differen
behavior in the field dependence ofA may reflect their loca-
tion on opposite sides ofPc where one may expect a collaps
of theH –T magnetic phase diagram associated with a mo
fication of the Brillouin zone. Qualitatively, on the antiferro

FIG. 10. Field dependence of the prefactorA of the resistivity
Dr5AT2 at P525.8 and 27.5 kbar.
5-6
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magnetic side a field sweep leads to a crossing of the m
netic phase transition and therefore a strong variation oA;
on the paramagnetic side the weak dependence ofA(H) in-
dicates that any pseudometamagnetic transition like tha
tensively studied for the Ce12xLaxRu2Si2 series is at very
high magnetic field.59,60These results are a first indication o
the field sensitivity of both phases. As for many heav
fermion systems, there is a lack of basic thermodyna
studies under pressure to aid interpretation. Even atP50 it
is only known that the antiferromagnetic phase in theH –T
phase diagram extends to very high magnetic field.61,62

The analysis of the upper critical fieldHc2 can be very
informative and reveals details about the pressure-indu
superconducting state. We investigatedHc2 in detail for 25.8
and 27.5 kbar. Figure 11 shows the superconducting tra
tion for different fields up toH50.45 T at P525.8 kbar.
The transition is complete for fieldsH,0.1 T. For higher
fields the resistivity shows an unexplained step to a cons
value of 10% of the normal state resistivity. The upper p
of the transition, which determines the tangent criterion
not influenced by this incomplete transition. In Fig. 12 w
have plotted the temperature dependence ofHc2 for P
525.8 kbar.Hc2 was determined by temperature sweeps
constant field ~circles!; in addition we performed field
sweeps at constant temperature. To determineHc2 the onset

FIG. 11. Temperature dependence of the resistivity forP
525.8 kbar forH50, 0.04, 0.07, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0
and 0.45 T.

FIG. 12. Upper critical field forP525.8 kbar. Solid line is a fit
within the strong coupling model withl51.3, Hc28 523.2 T/K,
and g51.4, dashed line: weak coupling in orbital limit withHc28
523.2 T/K, see the text. The stars giveHc2(T) determined by the
midpoint criterion.
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criterion was chosen in both cases, as the transition is
longer complete. Due to the different shape of the transit
at constant field and constant temperature sweeps,Hc2 of the
field sweeps for 25.8 kbar obtained by field sweeps
slightly lower thanHc2 of temperature sweeps and shifted
0.04 T in Fig. 12.

In the simplest model,63 clean limit and weak coupling
Hc2 is determined by Tc , the initial slope Hc28
5dH/dTuT5Tc

and the gyromagnetic ratiog of the conduc-
tion electrons. From our experimental results we find
25.8 kbar an initial slope ofHc28 523.260.2 T/K if we ne-
glect the strong negative curvature at low fields. Howev
very close toTc the slope is poorly defined. In this model w
can estimate from the slope the superconducting cohere
lengthj0 and the Fermi velocityvF ,

j05
1

0.74A f0

2pTcHc28
, j050.18

\vF

kBTc
, ~1!

and verify the assumption of a clean superconductor. T
yieldsj0'300 Å andvF'4500 m/s. In any case, the supe
conducting coherence length is indeed much lower than
electronic mean free path,l e'2000 Å, which can be esti-
mated from the residual resistivity and the coefficient of t
specific heat at ambient pressure, which shows that CeIn3 is
in the clean limit. If we assume a spherical Fermi surface,
can estimate the effective mass of the electrons at the F
level from m!5\kF /vF , where kF5(3p2Z/V)1/3 is the
Fermi-wave vector.Z corresponds to the number of condu
tion electrons per unit cell andV is the unit cell volume in
cm3. With this simplified estimation we findm!5170m0.
This value near the critical pressure is roughly three tim
higher than the effective mass at zero pressure calcul
from the specific heat coefficientg.

The temperature dependence ofHc2 of CeIn3 is shown in
Fig. 12 and it is not possible to calculateHc2(T) in the weak
coupling model consistently. The extrapolated value aT
50 K, Hc2(0) is about 0.45 T, which is close to the norm
Pauli limit, Hc2

P 51.85kBTc50.36 T assuming an electroni
g value equal to 2. However, the almost linear variation
Hc2(T) between 60 and 170 mK is inconsistent with a stro
Pauli limitation and in fact resembles a purely orbital limite
Hc2. As shown in Fig. 12 the data can be well described
an orbital limited Hc2

orb5Hc2(0)'0.45 T520.693Hc28 Tc

weak coupling model with the exception of the points clo
to Tc . However, this fit is obtained with different calculate
value of Tc (Tc

calc50.207 K) to those found experimentall
and a slope ofHc28 523.2 T/K, i.e., neglecting the initial
curvature. The absence of Pauli limitation is somewhat s
prising so we further tried to calculateHc2(T) in a strong
coupling limit, since it will increase the Pauli limit~a factor
Al for l→`). Details of the model used are given in Re
64. In this calculation three parameters must be chosen
coupling strengthl, the gyromagnetic ratiog, which restricts
the Pauli limit, and the initial slopeHc28 at Tc . Different g
factors can be tuned. If the crystal field effect~CEF! is well
resolved, i.e., the low temperature Kondo temperature
weaker than the CEF,g51.4 for the lowest crystal field

,
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level. However forP;Pc , the localized character of thef
electron may be lost so theg value is questionable. The
dashed line in Fig. 12 is a calculation withg51.4, l51.3,
and an initial slope23.2 T/K given by orbital limitation.
The coupling l is linked to mass renormalization:l
5mf l

! /mb
!21 wheremb

! is the band mass of the heavy qu
siparticle andmf l

! takes into account in addition the spin
fluctuation effects. Thel value points to an enhancement
the effective mass ofmf l

! /mb
!'2.3. The Fermi surface o

CeIn3 at P50 has been partly determined by de Haas-v
Alphén oscillations.61,62 Up to now a comparison with the
average effective massm!560 measured by specific heat
not possible. Furthermore the new magnetic Brillouin zo
below TN becomes centered cubic with half the volume
the simple paramagnetic Brillouin zone. AtP50 the highest
detected mass is 21m0. From the plot ofHc2 over a large
field range~i.e., neglecting the initial curvature! an average
mass of 170 is found atPc . From theP dependence ofA one
suspects a mass enhancement of a factor 2 from theP50
value. A similar rather low value ofl is obtained for
CePd2Si2 and CeCu2Si2 near their QCP.13,24,65By contrast to
UBe13 where large strong coupling effects are reported
situation is quite opposite as here for CeIn3, where the effec-
tive bandwidthTK is higher thanTc . In UBe13, the damping
rate of the quasiparticle with energy of the order ofkBTc is
comparable toTc itself, which leads to the strong couplin
analysis inHc2.66,67 Of course here the rather weak value
l is consistent with the moderate effective mass enhan
ment atPc given by antiferromagnetic spin fluctuations. Th
supports a coherent picture for the establishment of su
conductivity via the spin-fluctuation mechanism. Howeve
full comparison now needs realistic theoretical calculatio
with an unconventional order parameter (d or p) and not
with the s wave model presently used. Up to now analys
have been done only atH50 and in the case of quasi-two
dimensional systems.68–70

To calculateHc2 for low fields H,0.05T in CeIn3, we
may have to take into account that the effective massmf l

!

may be not constant in a magnetic field, but proba
strongly reduced. This indicates that the coupling constanl
is field dependent and decreases rapidly in field due to
suppression of the spin-fluctuation effects. However no d
tic initial field decrease ofA is observed, especially in th
field range where superconductivity exists. Experimentally
is necessary now to investigate the upper critical field
small fields in more detail and extend the studies ofHc2 in
pressure range. Of course, we need also to verify that
initial nonlinearity of Hc2 with temperature is an intrinsic
effect or not. If it is intrinsicm! will be field dependent and
thus our explanation throughA quite qualitative.
e
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Previous analysis ofHc2(T) on Pauli paramagnetic supe
conductors with large mass enhancement71,72 have been
achieved for arbitrary electronic mean free paths using
fact that the orbital upper critical field may be enhanced
unknown mechanism; a relation has been made with ma
toresistive effects in the normal state aboveTc . We empha-
size that CeIn3 is clearly a clean superconductor, i.e.,j0
! l e and therefore provides a good opportunity to analyze
upper critical field with simple models.

IV. CONCLUSION

In this work we have studied the phase diagram of Ce3
under pressure up to 100 kbar by resistivity measureme
The samples investigated are grown out of excess In. In
vicinity of the critical pressurePc'26.5 kbar, we confirmed
the existence of a superconducting phase below 0.2 K.
very good agreement with earlier work on samples grown
a different way and by using different pressure techniq
shows that this very interesting phase diagram is robust
reproducible. At low pressures the antiferromagnetic tran
tion has a mean field-like anomaly in the resistivity. O
reaching the critical pressure, the magnetic transition bro
ens significantly. This is not due to pressure inhomogene
but to an effect of the material, and is related to the hiera
between the magnetic correlation length, the supercond
ing coherence length, and the electronic mean free p
However, the temperature dependence ofr(T) on both sides
of Pc at very low temperature shows that the quantum cr
cal point is well defined and there is no critical domain. T
normal state properties show in the critical pressure ra
deviations from Fermi-liquid behavior. Below the critic
pressure aT2 dependence of the resistivity is recovered
magnetic fields just above the upper critical field, where
just abovePc the non-Fermi-liquid temperature dependen
is more robust against external fields. AT2 dependence is
restored in the paramagnetic regime of the phase diag
and the crossover temperatureTI increases linearly with
pressure. The temperature dependence of the upper cr
field Hc2(T) can be analyzed with a strong coupling mod
and supports strongly a spin-fluctuation mechanism.
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