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The temperature dependence of the electrical resistivity p(T) of the heavy-fermion compound
CeInCu2 has been measured under hydrostatic pressures up to 8 CxPa. It is found that the high pressure
induces valence instability in CeInCu2 associated with the large enhancement of the Kondo temperature
T~. The resistivity-maximum temperature T

„

increases with increasing pressure and the coe%cient 2
of the T term in p( T}at low temperatures decreases largely with increasing pressure. These results are
discussed briefly on the basis of the Yoshimori-Kasai theory.

It is well known that the physical properties of the
heavy-fermion (HF) system are strongly dependent on the
volume or pressure. ' The most important energy scale
for the system is the so-called Kondo temperature, Tz,
which may be roughly estimated from the resistivity-
maximum temperature, T„.The application of pres-
sure enhances the Tz, mainly due to an increase of the
hybridization between f and the conduction band. The
second energy scale T„h,which characterizes the low-
temperature coherent phase, is also expected to increase
with increasing pressure.

There have been several works about the electrical
resistivity p( T ) of HF compounds under high pres-
sure. p(T) of the HF compounds such as CeCu6 or
CeA13 has a maximum at T „,which is the order of 10
K and shows a log T dependence above T „.Below
T,„,p(T) decreases with decreasing temperature and
shows a T dependence at very low temperature below
—1 K, which is a characteristic behavior of the Fermi
liquid. It has been reported that the T „and the
coefficient A of the T term of CeCu2Siz (Ref. 5) and
CeCu6 (Refs. 7 and 8) are strongly affected by the applica-
tion of pressure, implying an increase of Tz, and that the
change of the overall behavior of p( T) curve at high pres-
sure indicates a pressure-induced crossover from the con-
centrated Kondo state (CKS) to the intermediate-valence
state (IVS).

CeInCuz is found to be a cubic Heusler-type HF com-
pound having the large value of the specific-heat
coe%cient y —1.2 J / mol K at 1 K.' '" Since the vari-
ous physical properties of noncubic HF compounds such

as CeCu6 are largely anisotropic, the quantitative discus-
sion of the results is often very complicated. ' Physical
properties of CeInCuz show isotropic behaviors due to
cubic structure as was observed in the thermal expan-
sion. ' The p(T) of CeInCu2 under pressure was reported
by Najib et ah. ' up to 1.55 GPa. According to their re-
sult, T

„

increased at high pressure with a rate of
BT „/OP=40 K/GPa. This change in T,

„

is larger
than those of other HF compounds, BT,„/dP= 10—30
K/GPa. ' ' In other words, it is expected that we can
easily induce the valence instability in CeInCu2 by apply-
ing pressure.

In this paper the pressure dependence of p(T) of single
crystalline CeInCu2 is reported up to 8 GPa in order to
examine whether a valence instability is induced or not
by pressure. The results about T,„and 2 are discussed
in connection with the e6'ect of pressure on Tz or

~
JN(0) by using the Yoshimori-Kasai theory. '

Single-crystalline CeInCu2 was prepared by the Czo-
chralski pulling method. The details of preparation were
reported elsewhere. ' Electrical resistance was measured
by the standard four-probe method in which four Au
leads (of 20 pm cross-sectional diameter) were attached
on the sample by gold paste. The hydrostatic pressure
was generated by a cubic-anvil press having an anvil face
of 4X4 mm .' The pressure-transmitting medium was a
mixture of Fluorinert, FC 70 and FC 77.

Figure 1 shows the electrical resistance R (mQ) of
CeInCu2 as a function of pressure at room temperature.
R is found to increase with increasing pressure approxi-
mately in the linear fashion up to -2 GPa having a max-
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ty of states at the Fermi level. The increase of T,„with
pressure indicates the increase of

I
JN(0) I.

Next we try to estimate the magnitude of
I JN(0) I. In

the compressible Kondo model, the volume dependence
of

I
JN(0) is assumed as follows:

V
IJN(0)I =IJN(0)I exp —q

Vo

0
2

P (GPa)

FICx. 5. The coefficient 3 of the T term as a function of
pressure I'. The inset illustrates the values of A in the expanded
range. The 3 open triangle value at 0 CsPa obtained by Najib
et aI. (Ref. 14) is shown by h.

largely with increasing pressure below —3 CxPa and the
decreasing rate becomes small at high pressure.

According to the theory of Yoshimori and Kasai, '

is proportional to Tz and Tz is approximately propor-
tional to T,„,i.e.,

Tmax

1

I JN(o) I

(J &0),

where J is the exchange interaction between the conduc-
tion electron and localized 4f spin and N(0) is the densi-

In order to check this relation, we plotted the value of
1/ 2 as a function of T,

„

in Fig. 6. I/+2 is found
to increase linearly with T „asis shown by a solid line
in Fig. 6. The large decrease in A in the low-pressure
range in Fig. 5 is due to the large increase of Tz by ap-
plying pressure. This fact indicates that the present re-
sults are well understood in the framework of the
Yoshimori-Kasai theory.

Next we discuss the pressure dependence of T,„.
T ax is described as

where IJN(0)IO is the value of IJN(0) at ambient pres-
sure, q is a numerical constant usually taken to be be-
tween 6 and 8, V and Vo are the volume at pressure I' and
at ambient pressure, respectively. If the change in
volume is small, we would have the following expression:

I
JN(o)

I I
JN(o) I,

p v,
1

I
JN(o) I,

(1—aoqP ), (4)

This equation shows that the sensitivity of Tz or T ax

against pressure depends on the factor aoq /I JN(0)
I o.

Figure 7 shows In
I T,„(P)/T,„(0)]as a function of

pressure P (GPa). lnI T,„(P)/T, „(0)] has approxi-
mately linear dependence on I'. From this result, the
value of Icoq/I JN(0)Io is about 0.76 GPa '. By substitut-
ing the observed value of ao, 10.3X10 G.Pa ' (Ref. 19)
and assuming q=6, which is the same as the case of
CeCu&, IJN(0)Io is estimated to be 8. 1X10 . IJN(0)Io
was reported to be 12X10 for CelnCuz (Ref. 11) and
9.1X10 for CeCu6. Considering the facts, IJN(0)Io
of HF materials may be of the order of 0.1. To confirm
this point, one needs to accumulate the data of

I JN(0)Io
in the wide range of Kondo compounds.

Finally we briefly discuss the effect of crystalline elec-
tric field (CEF) on the p(T) at high pressure. There have
been few data about the effect of pressure on the CEF of
the HF compounds. According to the measurement of

where ao is the compressibility. Then, from Eqs. (2) and
(4), we have

T,„(P) aoqP

T „(0) I JN(0)10
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the thermal expansion coefficient of CeInCu2, ' the pres-
sure coefficient of CEF splitting energy b., 8 lnb, ldP, is
about 0 3 G Pa '. On the other hand,
BlnTz/BP=81nT, „/BPis 0.76 GPa ' as is obtained
from Eq. (5). Using the values of b, and Tx at ambient
pressure, BA/BP and OTAL/BP are estimated to be -20
and 4 K/GPa, respectively. From this rough estimation,
it is suggested that the temperature range in which p( T)
is dominated by the Kondo effect is largely different at

high pressure from that by CEF splitting. The effect of
CEF on p( T) at low temperatures is expected to decrease
by applying pressure. Thus, in the present work, we as-
sumed that the effect of CEF on p(T) is negligibly small
in the present high-pressure range (P )2 CrPa) as far as
the low-temperature p(T) is concerned. However, in or-
der to do a more detailed discussion of the CEF effect on
p( T), we need more data about p( T), heat capacity, and
thermal expansion coefficients below 2 Gpa.
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