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Field-induced transition from non-Fermi-liquid state to heavy Fermion state in Cg sLag sBg
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Measurements of the electrical resistivity, specific heat, and dHVA oscillations have been made on a cubic
Kondo system Cglag sBg with al'g ground state at very low temperatures. In the paramagnetic phase | which
appears in lower fields, the electrical resistivity deviates from the formufld)=p(0)+AT? below
~300 mK, implying an appearance of non-Fermi-liqyMFL) state. In the field induced antiferromagnetic
phase lll, the largey coefficient in the specific heat and the large coefficieint the electrical resistivity have
been found, indicating a heavy fermi¢HF) state. The coefficienA diverges when the field approaches the
phase lll-phase | 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-liquitlFL) systems have scattering using a powder sampfeOn the other hand, a
attracted much attention. To date a lot of NFL systems havelear \-shape anomaly in the specific haand a pro-
been found. Several mechanisms have been proposed as theounced discontinuous anomaly in the elastic constajt
origin of NFL: the multichannel Kondo effeét long-range  (Refs. 8 and 1phave been observed at the phase |-phase IV
fluctuation of spins in the neighborhood of quantum phasdransition point. Recent muon spin relaxation measurements
transition? a distribution of the Kondo temperature driven indicate the absence of static magnetic internal field in this
from disorder(Griffiths phasg®® etc. These theories have phaset’ Nakamuraet al. have suggested that two character-
succeeded in explaining a part of the properties of NFL sysistic temperatures can be identified in the concentrated
tems. However, the physics of NFL is now in progress andC&La;—«Bs; ™ one is the temperature for cancellation of di-
far from settled. Finding new NFL systems is desirable. ~ polar moment {- 10 K) and the other is that for quadrupolar

Cela, _,Bg is known as a typical Kondo system. The cancellation (-1 K). They claimed phase IV is an electric
boron octahedra form a simple cubic network and a Ce or guadrupolar ordered phase where dipolar moments are
La ion occupies each body center of the network. The grounguenched by the Kondo effect. Very recently, Akagttal.
crystal electric field state isBg quartet and &'; excited sits  have found a spontaneous shear lattice distortion in this
at 540 K/ The I'y state carries two kinds of independent phase through the thermal expansion measurements, which
degrees of freedom. One is the degrees of freedom for magmplies the generation of spontaneous quadrupolar
netic dipolar moment and the other is that for electric quamoments'® They suggested the ferroquadrupolar order in
drupolar moment. When Ce-concentratioshows high val-  phase IV.
ues =0.5), attractive magnetic phases appear. We show With reducing the Ce-concentrationthe ground state of
the magnetic phase diagrams of ,C& _,Bs (x=0.5 and Cela;_«Be in the low-T, low-H region changes from phase
0.65,H[[001]) in Fig. 1 for convenience of later discussion. IV to paramagnetic phase | at,~0.6° In phase | of
The solid lines in this figure are taken from previous CéslagsBg, no discontinuity is found both in the specific

experiment$® and the solid circles are present results ob- 8 S
tained from the magnetoresistivifpot shown. Phase | is a (@) Ce, sLag B (b) Cep cslap asBs
paramagnetic phase whetelog T temperature dependence o
is shown in the electrical resistivity above2 K.*° Several ] eI I 7
microscopic measurements suggest a mysterious splitting of . n
the I'g state in this phasé! Phase Il which extends to a 1 E4f J
higher field side in thed-T plane is an antiferroquadrupolar = it
(AFQ) phase. The neutron scattertAig and NMR 4 L L
measurements performed on CeBindicate the absence of
magnetic dipolar order in this phase. Phase Ill is an AFQ NFL H I [001] H Il [001]
H H " 1 ! | n 1 1 IV. FL L 1 2 1 "

phase where an antiferromagnédi#dM) order coexists. The 0 0

. . . . o 1 2 3 a4 0o 1 2 3 4
magnitude of the spontaneous magnetic moment in this TK) T K
phase is only~0.3 ug, which is much smaller than that
eXDECted_ for thd'g state (1.57ug).™ In phasellv which FIG. 1. The magnetic phase diagrams of,IGg_,Bs (a) X
appears in the low temperatuflew-T) and low field(low-  =0.5(b) x=0.65 forH|| [001]. The solid lines are taken from Refs.

H) region, no Bragg peak has been found in the neutrom® and 8, respectively. Solid circles are the present results.
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heat andC,, down to very low temperaturés;?® indicating 20fF ' ' 1o T T
the absence of long range-order. The ground state of (@) phase 1l ©) phase r
Ceyslag sBg in the low-T, low-H region shows various mys- 18 18T 4

terious features. The magnetic susceptibijty of this sys- 24r

tem shows only weak temperature dependence below4 K,

indicating the quenching of the dipolar moments. The qua- 'g ’g

drupolar susceptibilityyy at O T increases with decreasing g %22‘

temperature, shows a broad peak at around 240 mK, and =14 1e y

decreases gradually at least down to 15 MR his provides 25T ¥ e 0T, D150
the view that quadrupolar degrees of freedom remain down ok | 20' T

o 1.0T,D=155

to ~240 mK but the quadrupolar moments are screened by

conduction electrons at very low temperatures. The ground

state of Cgslag sBg in the low-T, low-H region is not a spin Oy oss  oso  oas ‘%k’o YT ——

glass, because only a small hysteresis is observed in the low- (K} ™ (K%

T magnetizatiorf! The specific heat of GglayBg at 0 T

showsTY® behavior below~ 700 mK down to at least 170 FIG. 2. The electrical resistivity of GelLay sBg () in phase Ill

mK, suggesting a deviation from FL pictuféWhen fields ~ and(b) in phase | shown as a function ) T? and (b) TP. The

are applied along thE01] axis, this system undergoes suc- field gnd currgnt are directgd along tf@01] and[110] axes, re-

cessive transitions from phase | to phase Ill at 1.7 T ancgPectively. Solid lines are fits.

further to phase Il at 4.3 TA small hysteresis loop in the

magnetization at the phase I-phase Il transition point is afield and diverges a&=21.2/(H—H,) in phase lll. The

indication of weak first order transitici. pronounced change iA indicates that the correlation be-
Cela;_,Bg is a nice system for studying NFL physics, tween the conduction electrons depends on the field strongly.

because one can change the competition between the Kond€ positive value oHy (=1.1 T) implies that the FL com-

effect and the intersite interactions by changing the magnetigosed of heavy QP’s become unstable at lower fields.

field or Ce concentration. Interestingly, the ground state of With further increasing field in phase Il, the dHVA oscil-

the 4f electron carries quadrupolar moments. In the preserfgtions start to be detected from about 13 Figure 4 shows

paper, we show lowF properties of Cgda,Bs and the the as oscillation and its Fourier spectrum under fields par-

eiectricai resistivity Of the reference Systemogﬁao.gﬁ& a”el to the[OOl] axis. The freq.uencies.of the S|gna| obtained

The transition from a NFL to a FL occurs in G¢aysBg by N the. present study is consgtent with the previous dHVA

tuning the magnetic field in association with magnetic phas€xperiments by Goodriclet al=* They observed the signal

transition. under high magnetic fields-40 T produced by a pulsed
The single crystals of Gea, _,Bg are grown by the float- Magnet. The effective mass g obtained in the present

ing zone method. The samples for the resistivity measurestudy in the range MH<16 T is much larger than-2m,

ments were cut from ingots by the spark wire cutter and wer@btained by Goodriclet al. at around 40 T. The large effec-

polished to rectangular shapes. Dimensions of samples dive mass 6., indicates the formation of a coherent heavy

CeyslagsBs and Cggd-ap3Bs Were 0.26% 0.65<8 mn? fermion state in spite of the disord@andom distributionof

and 0.215 0.74x 8 mn?¥, respectively. Both of the samples Ce€ ions.

are longest along thEalTO] axis and the current is directed

[CeostaoaBs H/I00TT] & 15T, D=1.70

along this axis. We measured the resistivity using the dc 8s* | ' ' ' 14
four-terminal method in a top loading dilution refrigerator. ol | ! 42
The samples were glued on copper plates for a good thermal : >
contact to the’He-*He mixture. The sample of GeLag sBg _osf : 10~
for the specific heat measurements is 162.7 mg in weight. < - °,
The specific heat was measured by the semiadiabatic gz‘" Co. La. B 1° =
method. The de Haas-van AlphédHvA) oscillations were G sl ®05-%05% 16 §
detected by the conventional field modulation method, using < H//[001] 3
a superconducting magnet. 10 /[110] 14 x:
The electrical resistivity of GglagsBe in phase lll is sk . 1~
shown in Fig. 2(a). The resistivity well follows the formula ; o
p(T)=p(0)+AT?. The coefficientA is found to be 28.8 oh L hd L %0
wQ cmK 2 at 1.8 T. This value is 35 times larger than that ° H?T) 8 o2

of CeB; at O T (Ref. 10 and is almost the same as that of

CeAl;.?2 The largeA strongly suggests that heavy quasipar-  FIG. 3. The coefficients (solid circles of the T? term in the
ticles (QP’s) are realized in phase lll. Simila* dependence resistivity of Cqd.a,Bs shown as a function of magnetic field.
in the resistivity is observed in phase(tiot shown. We plot  The field and current are directed along f6@1] and[110] axes,
A and its inverseA™! in Fig. 3 as a function of magnetic respectively. This figure include& ™ (open circles in phase Il
field, respectively. The coefficient increases with decreasin@he solid line is a fit toA™1.
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FIG. 4. The dHvVA signal of CglaysBs. Fields are applied
along the[001] axis. Fourior spectrum is presented in the inset.

We show the specific heat of gg a, sBg under the fields
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FIG. 6. The electrical resistivity of Ggd-a; ;B¢ in phase IV
shown as a function 6f2. The fields and current are directed along

the [001] and[110] axes, respectively. The solid lines are fits.

NFL. The exponenD increases slightly in the neighborhood

applied along th€001] axis in Fig. 5. This system is in phase of the phase—I-phase Il transition point.

Il at low temperatures in this field range. The arrows indi-

For comparison, let us see the electrical resistivity of

cate the phase I-phase Il or phase ll-phase Il transitioiCe, gd-a; 3585 in phase IV, which locates at the higher con-

points. The specific heat follows a formuTdT=y+ TP in
phase IlI. Similar to the case of CgB° the 8T term can be
explained by the contribution of AFM magnon. Thecoef-
ficient for Ce sLag 5B in phase Il is found to be 1.53, 1.45,
0.40, and 0.71 J(Ce mol}K 2 for H=1.85, 2.0, 2.5 and
3.0 T, respectively. The ratié/y? obtained are 1.%X10°
and 2.2x10° uQ cm(Ce molK/mJ§ for 2.0 and 3.0 T,

centrated side ofk;. In this system the quadrupolar degen-
eracy is lifted in association with the generation of sponta-
neous lattice distortion. Figure 6 shows the electrical
resistivity of this system as a function @f. The field and
current are directed along tfie01] and[110] axes, respec-
tively. The resistivity shows the FL behavig(T)=p(0)
+AT? from ~300 mK down to at least- 60 mK regardless

respectively. These values roughly agree with the ratiaf the disorder of Ce ions. The coefficieftis found to be

widely observed in heavy fermion systefis.

In Fig. 2(b) we show the electrical resistivity of
Ceyslag sBg in phase | down to~60 mK as a function of
TP. It is noted that the resistivity follows the formu}g(T)
=p(0)+ATP below~300 mK, whereD is not equal to 2/
The resistivity for 0 T shows &' behavior indicating a
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FIG. 5. The specific heat over temperature of, @, sBg per

26.2 and 24.5.0 cm K2 for 0 and 0.9 T, respectively, im-
plying strong correlation between the conduction electrons.
In the case of YbR}BIi,, a divergence i\ is observed in

the vicinity of the field-induced quantum critical poif@CP
between AFM phase and paramagnetic pf8s@ne may
expect that the divergence i in phase Il of CgsLag B
could also be explained as a quantum critical phenomenon.
However, present results are different from the case of
YbRh,Si, in the sense(1) the AFM phase is induced by the
magnetic field,(2) the characters of the phase I-phase Il
transition is a weak first ordef3) no divergence inA is
found in the lower field side of the transition poitih the
region of phase)l In phase | of CgsLay sBg, the NFL be-
haviors in the resistivity are not only shown in the vicinity of
the phase transition point, but in the wide field range. This
feature of the resistivity in phase | is difficult to explain in
terms of a quantum critical phenomenon.

Let us compare the low- properties of CgslLag Bg in
phase | with theoretical predictions. According to the self-
consistent renormalization theory for the itinerant electron
system$ the resistivity showd® behavior and the specific
heat follows the formul&/T= y,— T°®in the neighborhood
of a QCP. As we mentioned before, however, acthédl of
Ceysla, Bg observed at 0 T is nearly in proportion T8 at

Ce mole as a function Af°. The arrows indicate the phase I-phase Very low temperatures. In Grifftffl\fkphaS@,E and xm, ex-
Il or phase II—phase IIl transition points and this system is in phasé€cted are both in proportion 1o (A<1),” which is far

Ill at low temperatures. Solid lines are fits by the form@aT

=y+,BTD.

from the observatiort3? for Ce, d.a, :Bg at very low tem-
peratures. According to the theory of the impurity quadru-
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pole Kondo effect, negative slope in the resistivity and disappearance or quenching of the quadrupolar moments of
—logT temperature dependence of the specific heat arthe localized 4 electrons. _
expected But none of them are observed in phase I. The In conclusion, we have reported that the heavy fermion

behavior of the NFL in Cgglay sBg does not agree with any .(HF) state and the_ NFL state appear '%%-5Bﬁ.depend'
theoretical prediction. The disorder of Ce ions is not theh9 ON the magnetic field applied along ‘f“f?l] axis. In the .
sufficient conditon for the appearance of NFL in f|eld-|nduceq phase I, the HF state coexists with the anti-
ferromagnetic and antiferroquadrupolar orders. The correla-
Cela; Be. ) . tion between the conduction electrons becomes stronger with
We have reported that the NFL state appears in the regiogecreasing field divergently. The HF state becomes unstable
H<1.7 T, x=0.5. On the other hand, in the surrounding under lower fields and the NFL state without long-range or-
region in theH-x plane, that is, in phase IV of Ggd-a; 3B¢ der (phase ] appears. The low-temperature properties of the
and in phase lll of CglaysBg, very strongly correlated NFL are not consistent with any theoretical prediction. The
states appear with long-range orders. Associated with thappearance of NFL in phase | of Gi:a, sBg may be related

phase Ill—phase | transition, both the spontaneous quadruol# the disappearance of the quadrupolar moments.

moments and the magnetic moments disappear simulta- We thank H. Miura. S. Tanno. K. Hosokura. M. Suzuki
neously, while as described above we believe that the spoRyq . Kikuchi for operation of the low-temperature appa-
taneous quadrupolar moments disappear ywth the transitiomytus. This work was partly supported by a Grant-in-Aid
from phase IV to phase I. From these points we speculatéom the Ministry of Education, Culture, Sports, Science and
that the NFL state in phase | of g4 a8, 5B is related to the  Technology of Japan.
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