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Pressure-induced non-Fermi-liquid behavior in a heavy-fermion compound CgNi;
around the antiferromagnetic instability

Kazunori Umeo
Department of Materials Science, Faculty of Science, Hiroshima University, Higashi-Hiroshima 739, Japan

Hideoki Kadomatsu
Cryogenic Center, Hiroshima University, Higashi-Hiroshima 739, Japan

Toshiro Takabatake
Department of Materials Science, Faculty of Science, Hiroshima University, Higashi-Hiroshima 739, Japan
(Received 7 August 1996

Under increasing pressure, the élléemperature of the heavy-fermion compoundNig (Ty=1.9 K for
P=0) decreases and vanishes nPar-0.33 GPa. Non-Fermi-liquid behavior appears at 0.4 GPa in both the
specific heat and ac magnetic susceptibiliy,/ T~ —InT and x> (1—aT¥?). Above 0.62 GPa, the normal
Fermi-liquid state recovers, as indicated by Thedependence of, T and theT? dependence of the magnetic
resistivity. The observed crossover with pressure is described by self-consistent renormalization theory of spin
fluctuations(SP in terms of the characteristic SF temperatdrg which increases by a factor of 20 for
0.33<P=<0.75 GPa[S0163-18207)51502-3

Heavy-fermion compounds have been the focus of intensaccount, because the SCR theory assumes a perfect lattice.
investigation over the last decatieThe low-temperature Therefore, a systematic study of physical properties near the
properties have been generally described within the framemagnetic instability is desired on a heavy-fermion compound
work of the conventional Fermi-liquid theory, while one ob- with an ordered crystal structure. In this respect, we should
serves huge values of the Sommerfeld coefficiept, recall that weak magnetism is usually unstable against
[=C/T(T—0)], a Pauli-like spin susceptibilityy, and the pressuré® For the antiferromagnetic heavy-fermion alloy
coefficientA of the T? dependence of electrical resistiviy CeCu; 7Aug 3 (Ty=0.49 K for P=0), the NFL behavior in
with a relation, ycy<AY? (Ref. 1). Recently, non-Fermi- C(T) was observed at the critical pressuPe=0.82 GPa
liquid (NFL) behavior,C/T~ —InT, Ayc—TY?2andApx—T  where the Nel temperaturdy vanishes?
has been reported for some U- and Ce-based alloys when the We have chosen GHi;, which is a heavy-fermion anti-
magnetic state is destroyed by the substitution of the conferromagnet withTy=1.9 K4 This compound crystal-
stituent elements. A two-channel Kondo model was prodizes in the ThFe;-type hexagonal structure with three non-
posed to explain the NFL behavior, in U-based systems sucéquivalent sites for Ce atom3Since one site and the other
as U,YogPd (Ref. 2, Thy_,U,RWSi, (x<0.07 (Ref. 3,  sites have trigonal and monoclinic symmetry, respectively,
and W qThy ;Be;s (Ref. 4. However, this model is not ad- the two-channel Kondo effect is unlikely in this compound.
equate to describe the NFL behavior observed inn our previous work® we found that the transition from
CeCuy AUy ;,° CePtS) Gey 1,° and Ce_,La,Ru,Si, (Refs. 7 magnetic to nonmagnetic state occurs at an extremely low
and 8 with orthorhombic or tetragonal site symmetry for pressurd?.=0.33 GPa from the measurement of ac magnetic
Cée". In both CeCy_,Au, and CePtSi_,Ge,, the ground susceptibility y,.. This low critical pressure enables us to
state changes from a nonmagnetic state to an antiferromagtudy the whole transition from the critical regime to the
netically ordered state negg=0.1, where the NFL behavior Fermi liquid regime. In this paper, we report the observation
has been observed. of pressure-induced NFL behavior in &, without alloy-

Recently, Moriya and Takimoto have applied the self-ing. Anomalous behaviors i€(T), p(T) and y,d T) under
consistent renormalizatiofSCR theory of spin fluctuations high pressure will be interpreted in terms of the above-
to the heavy-fermion systems near the antiferromagnetimentioned SCR theory.
instability? It has been shown that the specific heat and re- Samples of C#Ni; and LaNi; were prepared by arc melt-
sistivity exhibit the temperature variation of the NFL form, ing under an argon atmosphere. From the slowly cooled in-
C/Te—InT andpxT"(n~1) in a certain range of tempera- got, small single crystals elongating along the hexaganal
ture. Kambeet al. have used this theory to analy@eandp  axis have been obtained. The electron-probe microanalysis
of Ce,_,La,RWSi, (Refs. 7 and Band CeCy_,Au,,® and indicated no deviation in the stoichiometry larger than
have shown that the NFL behavior is the consequence df at. % for the host phase and the presence of cerium oxide at
antiferromagnetic spin fluctuations of 4lectrons with char- approximately 1%. The heat capacity up to 0.75 GPa was
acteristic energy much smaller than that in itineramt- 3 measured using the ac method adapted for a high-pressure
electron systems. They have pointed out further that the lastudiest’ The sample, a thermometer of Ru@nd a heater
tice disorder introduced by the alloying must be taken intoof moleculoy wire were lapped together in an indium sheet.
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By measuring the total heat capacity of8e(3.22 mg and

the In sheet20.31 mg, we calibrated both the pressure and
the absolute value aE(T); the former was determined from
the known pressure dependence of the superconducting tran-
sition temperatur@ .(P) of In, and the latter from the jump

of C at T..'® The electrical resistivity under pressure up to
1.5 GPa was measured by a dc four-terminal method in the
range 0.35T=<300 K. The measurement of ac magnetic sus-
ceptibility was performed in an ac field of 0.18 mT at 100 Hz
by using the Hartshorn bridge in the ranges 6:35<20 K

and 6=P<0.62 GPa.

Figure Xa) showsC(T) of Ce/Ni; and LgNi; at various
pressures. FAdP =0, a\-type anomaly appears @f=1.9 K.
With increasing pressure, both the specific heat jump
AC(Ty) and Ty decrease and vanish f&=0.33 GPa. The
pressure dependenceTyf is consistent with that determined
by the measurement af,.,'® as shown in the inset of Fig. 2.
The magnetic contribution to the specific h€xyf, was esti-
mated by the subtraction @ for La;Ni;. For this purpose,
the value ofC for La;Ni; under pressures was estimated by
the linear interpolation between the two values at 0 GPa and
0.69 GPa. Thus obtaine@,,/T is plotted in Fig. 1b) as a
function of InT. At P.=0.33 GPa, th&€,,,/ T curve shows an
upturn. At 0.38 GPa, howevelC,/T is proportional to
—InT over more than one decade T which is the NFL
behavior. At a higher pressure of 0.54 GR%,/T has a
downward curvature below 4 K. Above 0.62 GRy,/T is
saturated at low temperatures, indicating the recovery of the
normal Fermi-liquid state.

In order to confirm the transition from the NFL behavior
to the Fermi-liquid behavior, we present in Fig. 2 the data of
Xac VS TY2 at selected pressures between 0.40 GPa and 0.62
GPa. At 0.40 GPa, the NFL behavioyee~—TY? is ob-
served only below 1 K, while at 0.49 GPa it is observed up to
5 K. At 0.62 GPa,y,. becomes almost independent of tem-
perature, again indicating the recovery of Fermi-liquid be-
havior. It is noteworthy that the value of,; at 0.6 K is
reduced by one order of magnitude in the measured pressure
range.

The SCR spin fluctuations theory involves the following
factors? the staggered susceptibility at 0 Ko(0) (Q is the
antiferromagnetic ordering wave vectothe exchange en-
ergy Jo [roughly of the Ruderman-Kittel-Kasuya-Yosida
(RKKY) interactior] with an assumed dispersialgy—Jg 4

PRESSURE-INDUCED NON-FERMI-LIQUID BEHAVI® . . .

2.5 T T T T T T
Ce;Niz 00.0 GPa (a)
20.10
2.0F
~~
[}
© 15¢
[=]
13
4
~
< 10}
(&)
0.5} ©0.0 GPa A
x0.66
989
1
6 7
:I T T T T T 17T \:
— i i
@
o ] Y O N Y I
= 00 05 10
S P (GPa)
M
~
-
A
'—
~
E
(&)

=Dg? up to the effective Brillouin zone vectayg, and the
local dynamical susceptibility described gg(w)=x /(1

FIG. 1. (a) Temperature dependence of the specific heat of
CeNi; and LaNij at various pressuregh) Magnetic specific heat

—iw/I'|). By combining these factors, the characteristic SFdivided by temperatur€,,/T above 0.33 GPa as a function offin

energy in the momentum space is given B)(:Dqé/Z,
while that in the energy space Oy=TAl' x /7. The pa-
rametery, is connected tdl, and xq through the relation
Yo=1/[2Taxo(0)], andy,=0 at the critical boundary. The
static uniform susceptibilityy, at T~=0 K is described as
xn=1/[2(1—yq)TA]. Hence, the observed decreasexgf
implies the increase of, and/or T, with increasing pres-
sure. The relation odo/To=1 (Ref. 9 in turn suggests that
pressure increases the RKKY interaction eneigy

We now apply the SCR theory to describe the obseived
dependence o€, by using three parametess, x., and
To, Wherey, is the cutoff wave vector in units afg.° The
solid lines in Fig. 1b) are the results of fitting assuming

Data for eachP are shifted downward consecutively by 0.1
J/IK? mol Ce for clarity. Solid lines indicate fits by the SCR theory
(see text. The inset shows the pressure dependencd yof the
characteristic temperature of spin fluctuations.

Yo=0 for 0.33<P=<0.54 GPay;=0.02 forP=0.62 GPa and
Yo=0.1 for P=0.72 GPa. Thus obtainedl, increases
strongly with pressure as shown in the inset of Figp) 1At

the critical boundaryC,,/T is expected to follow the form
Cn/T=vy—BTY? for T<T,.° This form is not observed at
P=0.33 and 0.38 GPa down to 0.5 K because this tempera-
ture is not sufficiently below 5. At P=0.54 GPa, however,
C./T follows the above form between 0.5 and 3 K, being
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FIG. 2. ac magnetic susceptibilify,. of Ce,Ni; as a function of FIG. 3. Double-logarithmic plot of the magnetic contribution to

TY2 under pressure between 0.40 GPa and 0.62 GPa. The inselectrical resistivityp(T) —pm(0) vs T for Ce;Nis at various pres-
shows the pressure dependenc@ ginferred from ac susceptibility ~sures. Solid lines represent the forpg(T)—pm(0)=AT?. The
(@) and specific heatO) measurements. pressure dependence Afis shown in the inset.

far below Ty=13.5 K. The Grueisen parametel’s=  wherer is an adjustable parameteihe value ofA is ex-
—dInTy/4dInV is estimated to be 220 around 0.4 GPa usingpected to diverge as the critical boundary is approached. i.e.,
the bulk modulus, Bo=25 GPa® By contrast, in y,—0. This is what we observed in @¢i; below 0.66 GPa.

CelLa,Ru,Si; and CeCy_Auy, To hardly changes near the This fact supports the assumptionygf=0 below 0.54 GPa

critical boundary when the unit-cell volume is decreased byor the analysis of specific heat. Furthermore, the extreme
decreasing:.%?°

] S depression ofA for P=0.66 GPa indicates the strong in-
The pressure dependence of electrical resistivity along thgraase of/, and/orT,, which is consistent with the result of
c axis of CeNi; has been reported in Ref. 16. The magneticTO(P) deduced from the specific heat.

contribution top(T) from 4f electrons was estimated by | - . .
. . . . - n conclusion, we have found that {&; is the first ex-
using the relationp,= p(Ce/,Ni3)—p(La;Ni3). Near the criti- 3

- . ample of the chemically ordered compound which shows
Ezl géiiﬁléreigg%iiszgpg\%/g;:h;;%%g gggeth‘::?glgt_ non-Fermi-liquid behavior under pressure. The crossover
. A2 o . . from the NFL state to the normal Fermi-liquid state is de-
tion p(T) — p(0)=AT< holds as indicated by straight lines : . .
of the double-logarithmic plot in Fig. 3. The range ©f scribed by the SCR theory of spin ﬂ.uctu-anons. The strong
dependence becomes wider and the coeffickentecreases dependence ofy on the volume distinguishes t.hIS system
strongly with pressure as shown in the inset of Fig. 3. Thidlom the alloyed systems  ¢elaRuS; and
result is consistent with the enlargement of the temperatur€€C4-xAUy. Furthermore, the significant increase Bf,
range of T-independent behavior i6,,/T above 0.62 GPa, With decreasing the volume was suggested by the strong de-
and indicates that the Fermi-liquid state becomes stable in Bression ofy,c under pressure. To determine the pressure
larger range under pressure. According to the SCR theonependence of 5, inelastic neutron-scattering experiment

apart from the critical boundary(T) is expressed as under pressure is in progress.
2 We wish to thank Professor T. Moriya for invaluable dis-
T T . - . .
= —| =AT? cussions. We thank A. Minami for the electron-probe mi-
p a5/ | T ' ;
8Yo 0 croanalysis.
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