
RAPID COMMUNICATIONS

PHYSICAL REVIEW B 68, 100402~R! ~2003!
Field-induced transition from non-Fermi-liquid state to heavy Fermion state in Ce0.5La0.5B6
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Measurements of the electrical resistivity, specific heat, and dHvA oscillations have been made on a cubic
Kondo system Ce0.5La0.5B6 with a G8 ground state at very low temperatures. In the paramagnetic phase I which
appears in lower fields, the electrical resistivity deviates from the formular(T)5r(0)1AT2 below
;300 mK, implying an appearance of non-Fermi-liquid~NFL! state. In the field induced antiferromagnetic
phase III, the largeg coefficient in the specific heat and the large coefficientA in the electrical resistivity have
been found, indicating a heavy fermion~HF! state. The coefficientA diverges when the field approaches the
phase III–phase I transition point. On the other hand, by increasing the Ce concentration phase IV with a long
range order appears and a HF state is found to be formed there. We argue that the origin of the NFL behavior
is related with the quadrupolar moment.
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In the last decade, non-Fermi-liquid~NFL! systems have
attracted much attention. To date a lot of NFL systems h
been found.1 Several mechanisms have been proposed as
origin of NFL: the multichannel Kondo effect,2,3 long-range
fluctuation of spins in the neighborhood of quantum ph
transition,4 a distribution of the Kondo temperature drive
from disorder~Griffiths phase!,5,6 etc. These theories hav
succeeded in explaining a part of the properties of NFL s
tems. However, the physics of NFL is now in progress a
far from settled. Finding new NFL systems is desirable.

CexLa12xB6 is known as a typical Kondo system. Th
boron octahedra form a simple cubic network and a Ce o
La ion occupies each body center of the network. The gro
crystal electric field state is aG8 quartet and aG7 excited sits
at 540 K.7 The G8 state carries two kinds of independe
degrees of freedom. One is the degrees of freedom for m
netic dipolar moment and the other is that for electric q
drupolar moment. When Ce-concentrationx shows high val-
ues (x*0.5), attractive magnetic phases appear. We sh
the magnetic phase diagrams of CexLa12xB6 (x50.5 and
0.65,Hi@001#) in Fig. 1 for convenience of later discussio
The solid lines in this figure are taken from previo
experiments8,9 and the solid circles are present results o
tained from the magnetoresistivity~not shown!. Phase I is a
paramagnetic phase where2 logT temperature dependenc
is shown in the electrical resistivity above;2 K.10 Several
microscopic measurements suggest a mysterious splittin
the G8 state in this phase.7,11 Phase II which extends to
higher field side in theH-T plane is an antiferroquadrupola
~AFQ! phase. The neutron scattering12 and NMR
measurements13 performed on CeB6 indicate the absence o
magnetic dipolar order in this phase. Phase III is an A
phase where an antiferromagnetic~AFM! order coexists. The
magnitude of the spontaneous magnetic moment in
phase is only;0.3 mB , which is much smaller than tha
expected for theG8 state (1.57mB).12 In phase IV which
appears in the low temperature~low-T) and low field~low-
H) region, no Bragg peak has been found in the neut
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scattering using a powder sample.14 On the other hand, a
clear l-shape anomaly in the specific heat15 and a pro-
nounced discontinuous anomaly in the elastic constantC44
~Refs. 8 and 16! have been observed at the phase I–phase
transition point. Recent muon spin relaxation measureme
indicate the absence of static magnetic internal field in t
phase.17 Nakamuraet al. have suggested that two characte
istic temperatures can be identified in the concentra
CexLa12xB6;15 one is the temperature for cancellation of d
polar moment (;10 K) and the other is that for quadrupola
cancellation (;1 K). They claimed phase IV is an electri
quadrupolar ordered phase where dipolar moments
quenched by the Kondo effect. Very recently, Akatsuet al.
have found a spontaneous shear lattice distortion in
phase through the thermal expansion measurements, w
implies the generation of spontaneous quadrupo
moments.18 They suggested the ferroquadrupolar order
phase IV.

With reducing the Ce-concentrationx, the ground state of
CexLa12xB6 in the low-T, low-H region changes from phas
IV to paramagnetic phase I atxc;0.6.19 In phase I of
Ce0.5La0.5B6, no discontinuity is found both in the specifi

FIG. 1. The magnetic phase diagrams of CexLa12xB6 ~a! x
50.5 ~b! x50.65 forHi @001#. The solid lines are taken from Refs
9 and 8, respectively. Solid circles are the present results.
©2003 The American Physical Society02-1
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heat andC44 down to very low temperatures,15,20 indicating
the absence of long range-order. The ground state
Ce0.5La0.5B6 in the low-T, low-H region shows various mys
terious features. The magnetic susceptibilityxm of this sys-
tem shows only weak temperature dependence below 121

indicating the quenching of the dipolar moments. The q
drupolar susceptibilityxq at 0 T increases with decreasin
temperature, shows a broad peak at around 240 mK,
decreases gradually at least down to 15 mK.15 This provides
the view that quadrupolar degrees of freedom remain do
to ;240 mK but the quadrupolar moments are screened
conduction electrons at very low temperatures. The gro
state of Ce0.5La0.5B6 in the low-T, low-H region is not a spin
glass, because only a small hysteresis is observed in the
T magnetization.21 The specific heat of Ce0.5La0.5B6 at 0 T
showsT1.5 behavior below;700 mK down to at least 170
mK, suggesting a deviation from FL picture.15 When fields
are applied along the@001# axis, this system undergoes su
cessive transitions from phase I to phase III at 1.7 T a
further to phase II at 4.3 T.9 A small hysteresis loop in the
magnetization at the phase I–phase III transition point is
indication of weak first order transition.21

CexLa12xB6 is a nice system for studying NFL physic
because one can change the competition between the K
effect and the intersite interactions by changing the magn
field or Ce concentration. Interestingly, the ground state
the 4f electron carries quadrupolar moments. In the pres
paper, we show low-T properties of Ce0.5La0.5B6 and the
electrical resistivity of the reference system Ce0.65La0.35B6.
The transition from a NFL to a FL occurs in Ce0.5La0.5B6 by
tuning the magnetic field in association with magnetic ph
transition.

The single crystals of CexLa12xB6 are grown by the float-
ing zone method. The samples for the resistivity measu
ments were cut from ingots by the spark wire cutter and w
polished to rectangular shapes. Dimensions of sample
Ce0.5La0.5B6 and Ce0.65La0.35B6 were 0.26530.6538 mm3

and 0.21530.7438 mm3, respectively. Both of the sample
are longest along the@11̄0# axis and the current is directe
along this axis. We measured the resistivity using the
four-terminal method in a top loading dilution refrigerato
The samples were glued on copper plates for a good the
contact to the3He-4He mixture. The sample of Ce0.5La0.5B6
for the specific heat measurements is 162.7 mg in wei
The specific heat was measured by the semiadiab
method. The de Haas-van Alphen~dHvA! oscillations were
detected by the conventional field modulation method, us
a superconducting magnet.

The electrical resistivity of Ce0.5La0.5B6 in phase III is
shown in Fig. 2~a!. The resistivity well follows the formula
r(T)5r(0)1AT2. The coefficientA is found to be 28.8
mV cm K22 at 1.8 T. This value is 35 times larger than th
of CeB6 at 0 T ~Ref. 10! and is almost the same as that
CeAl3.22 The largeA strongly suggests that heavy quasip
ticles ~QP’s! are realized in phase III. SimilarT2 dependence
in the resistivity is observed in phase II~not shown!. We plot
A and its inverseA21 in Fig. 3 as a function of magneti
field, respectively. The coefficient increases with decreas
10040
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field and diverges asA521.2/(H2H0) in phase III. The
pronounced change inA indicates that the correlation be
tween the conduction electrons depends on the field stron
The positive value ofH0 (51.1 T) implies that the FL com-
posed of heavy QP’s become unstable at lower fields.

With further increasing field in phase II, the dHvA osci
lations start to be detected from about 13 T.23 Figure 4 shows
the a3 oscillation and its Fourier spectrum under fields p
allel to the@001# axis. The frequencies of the signal obtain
in the present study is consistent with the previous dH
experiments by Goodrichet al.24 They observed the signa
under high magnetic fields;40 T produced by a pulsed
magnet. The effective mass 6.7m0 obtained in the presen
study in the range 14,H,16 T is much larger than;2m0
obtained by Goodrichet al. at around 40 T. The large effec
tive mass 6.7m0 indicates the formation of a coherent hea
fermion state in spite of the disorder~random distribution! of
Ce ions.

FIG. 2. The electrical resistivity of Ce0.5La0.5B6 ~a! in phase III
and ~b! in phase I shown as a function of~a! T2 and ~b! TD. The

field and current are directed along the@001# and @11̄0# axes, re-
spectively. Solid lines are fits.

FIG. 3. The coefficientsA ~solid circles! of the T2 term in the
resistivity of Ce0.5La0.5B6 shown as a function of magnetic field

The field and current are directed along the@001# and @11̄0# axes,
respectively. This figure includesA21 ~open circles! in phase III.
The solid line is a fit toA21.
2-2
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We show the specific heat of Ce0.5La0.5B6 under the fields
applied along the@001# axis in Fig. 5. This system is in phas
III at low temperatures in this field range. The arrows in
cate the phase I–phase III or phase II–phase III transi
points. The specific heat follows a formulaC/T5g1bTD in
phase III. Similar to the case of CeB6,25 thebTD term can be
explained by the contribution of AFM magnon. Theg coef-
ficient for Ce0.5La0.5B6 in phase III is found to be 1.53, 1.45
0.40, and 0.71 J (Ce mol)21K22 for H51.85, 2.0, 2.5 and
3.0 T, respectively. The ratioA/g2 obtained are 1.131025

and 2.231025 mV cm(Ce mol K/mJ)2 for 2.0 and 3.0 T,
respectively. These values roughly agree with the ra
widely observed in heavy fermion systems.26

In Fig. 2~b! we show the electrical resistivity o
Ce0.5La0.5B6 in phase I down to;60 mK as a function of
TD. It is noted that the resistivity follows the formular(T)
5r(0)1ATD below;300 mK, whereD is not equal to 2.27

The resistivity for 0 T shows aT1.5 behavior indicating a

FIG. 4. The dHvA signal of Ce0.5La0.5B6. Fields are applied
along the@001# axis. Fourior spectrum is presented in the inset.

FIG. 5. The specific heat over temperature of Ce0.5La0.5B6 per
Ce mole as a function ofTD. The arrows indicate the phase I–pha
III or phase II–phase III transition points and this system is in ph
III at low temperatures. Solid lines are fits by the formulaC/T
5g1bTD.
10040
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NFL. The exponentD increases slightly in the neighborhoo
of the phase–I-phase III transition point.

For comparison, let us see the electrical resistivity
Ce0.65La0.35B6 in phase IV, which locates at the higher co
centrated side ofxc . In this system the quadrupolar dege
eracy is lifted in association with the generation of spon
neous lattice distortion. Figure 6 shows the electri
resistivity of this system as a function ofT2. The field and
current are directed along the@001# and@11̄0# axes, respec-
tively. The resistivity shows the FL behaviorr(T)5r(0)
1AT2 from ;300 mK down to at least;60 mK regardless
of the disorder of Ce ions. The coefficientA is found to be
26.2 and 24.5mV cm K22 for 0 and 0.9 T, respectively, im
plying strong correlation between the conduction electron

In the case of YbRh2Si2, a divergence inA is observed in
the vicinity of the field-induced quantum critical point~QCP!
between AFM phase and paramagnetic phase.28 One may
expect that the divergence inA in phase III of Ce0.5La0.5B6
could also be explained as a quantum critical phenomen
However, present results are different from the case
YbRh2Si2 in the sense:~1! the AFM phase is induced by th
magnetic field,~2! the characters of the phase I–phase
transition is a weak first order,~3! no divergence inA is
found in the lower field side of the transition point~in the
region of phase I!. In phase I of Ce0.5La0.5B6, the NFL be-
haviors in the resistivity are not only shown in the vicinity
the phase transition point, but in the wide field range. T
feature of the resistivity in phase I is difficult to explain
terms of a quantum critical phenomenon.

Let us compare the low-T properties of Ce0.5La0.5B6 in
phase I with theoretical predictions. According to the se
consistent renormalization theory for the itinerant electr
systems,4 the resistivity showsT1.5 behavior and the specific
heat follows the formulaC/T5g02T0.5 in the neighborhood
of a QCP. As we mentioned before, however, actualC/T of
Ce0.5La0.5B6 observed at 0 T is nearly in proportion toT0.5 at
very low temperatures. In Griffiths phases,C/T andxm ex-
pected are both in proportion toT211l (l,1),6 which is far
from the observations15,21 for Ce0.5La0.5B6 at very low tem-
peratures. According to the theory of the impurity quad

e

FIG. 6. The electrical resistivity of Ce0.65La0.35B6 in phase IV
shown as a function ofT2. The fields and current are directed alon

the @001# and @11̄0# axes, respectively. The solid lines are fits.
2-3



d
a
h
y
h
in

gio
g

th
o

ult
o

iti
la

s of

ion

ti-
ela-
with
able
or-
the
he

i,
a-
id
nd

RAPID COMMUNICATIONS

NAKAMURA, ENDO, AOKI, KIMURA, NOJIMA, AND KUNII PHYSICAL REVIEW B 68, 100402~R! ~2003!
pole Kondo effect, negative slope in the resistivity an
2 logT temperature dependence of the specific heat
expected.3 But none of them are observed in phase I. T
behavior of the NFL in Ce0.5La0.5B6 does not agree with an
theoretical prediction. The disorder of Ce ions is not t
sufficient condition for the appearance of NFL
CexLa12xB6.

We have reported that the NFL state appears in the re
H,1.7 T, x50.5. On the other hand, in the surroundin
region in theH-x plane, that is, in phase IV of Ce0.65La0.35B6

and in phase III of Ce0.5La0.5B6, very strongly correlated
states appear with long-range orders. Associated with
phase III–phase I transition, both the spontaneous quadru
moments and the magnetic moments disappear sim
neously, while as described above we believe that the sp
taneous quadrupolar moments disappear with the trans
from phase IV to phase I. From these points we specu
that the NFL state in phase I of Ce0.5La0.5B6 is related to the
tt.
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disappearance or quenching of the quadrupolar moment
the localized 4f electrons.

In conclusion, we have reported that the heavy ferm
~HF! state and the NFL state appear in Ce0.5La0.5B6 depend-
ing on the magnetic field applied along the@001# axis. In the
field-induced phase III, the HF state coexists with the an
ferromagnetic and antiferroquadrupolar orders. The corr
tion between the conduction electrons becomes stronger
decreasing field divergently. The HF state becomes unst
under lower fields and the NFL state without long-range
der ~phase I! appears. The low-temperature properties of
NFL are not consistent with any theoretical prediction. T
appearance of NFL in phase I of Ce0.5La0.5B6 may be related
to the disappearance of the quadrupolar moments.
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