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Abstract

The electrical resistivity p(T") of the concentrated Kondo compound URu,Si, has been measured at high pressure
up to 80 kbar in order to examine the stability of the electronic state at high pressure. The pressure dependence
of volume is also observed by X-ray diffraction. The Griineisen parameters for the Néel temperature and the
Kondo temperature are estimated on the basis of the results in the present work. The present analysis emphasizes

the itinerant character of 5f electrons of URu,Si,.

1. Introduction

The physical properties of the concentrated Kondo
(CK) compounds are well known to be characterized
by two temperatures Trxxy and Ty, where Tryxy
indicates the intensity of the indirect Ruder-
man-Kittel-Kasuya-Yoshida (RKKY) interaction and
Tk is the Kondo temperature. Since these two inter-
actions compete with each other, a variety of physical
properties have been observed in the CK systems in-
cluding U, Ce and Yb elements [1, 2]. If Trxxy iS
larger than Ty, a magnetic ordered state would be
stabilized in the system and vice versa. Ty and Tyryxy
are expressed as follows [1}:
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where J is the Kondo coupling constant, N(0) the density
of states at the Fermi level and W the band width of
conduction electrons. |J] is related to the magnitude
of hybridization V,; and the energy difference Aebetween
4f level and Fermi level as |J|aVZ%/|Ae|. Since V
increases and [Ae| decreases with increasing pressure,
|J] is expected to increase on application of pressure.
For this reason, both Tk and Trxxy change drastically
at high pressure to induce a lot of interesting features
in CK compounds.

The compound URu,Si, has been studied extensively
because it exhibits two electronic phase transitions at

low temperatures: the one is superconductivity near
1.5 K (i.e. T,) and the other the antiferromagnetic
order at 17.5 K (i.e. Ty) [3, 4]. It is also characterized
as a heavy fermion (HF) having a large electronic
specific heat coefficient y=65 mJ mol~! K~2 and a
resistance maximum near 75 K (ie. T,.). We have
emphasized until now that the value of |[JN(0)| is a
very important factor to determine the physical prop-
erties of HF compounds including elemental Ce [5],
which is expected from eqns. (1) and (2). JN(0) is
usually estimated from the pressure dependence of T,,.,,
[6, 7], the value of the coefficient of 7% [5] in the
electrical resistivity p(T) or p vs. log T plot.

In the present work we made an attempt to measure
the electrical resistivity p(T) under high pressure up
to 80 kbar to clarify the electronic state of the HF
compound URu,Si, at high pressure by an assessment
of the value of the Griineisen parameter and |[JN(0)|.
The pressure dependence of volume is also measured
at room temperature to examine the crystal structure
change induced by pressure and the compressibility.
The results will be discussed on the basis of the phe-
nomenological treatment developed by Kagayama and
Oomi [5] and then the value of |JN(0)] will be obtained.

2. Experimental procedure

2.1. Sample and electrical resistance measurement at
high pressure

The polycrystalline URu,Si, sample was prepared by
arc melting weighed amounts of pure U, Ru (99.999%)
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and Si (99.999%) followed by annealing at 900 °C for
one week.

Electrical resistance measurements were carried out
in the temperature range between 2 K and 300 K by
using a standard four-probe method in which four gold
leads (diameters 20 and 50 pum) were attached to the
sample using gold paste or spot welding. Hydrostatic
pressure below 20 kbar was generated by using a
standard Cu-Be piston—cylinder device and above 20
kbar by using a cubic-anvil press. A 1:1 mixture of
transformer oil and kerosene and a mixture of Fluor-
inert, FC 70 and FC 77 were used as pressure trans-
mitting media below 20 kbar and above 20 kbar re-
spectively. The pressure was changed only at room
temperature in order to minimize the internal strain
in the sample and kept constant within + 1% throughout
each measurement. The details of the high pressure
system were reported elsewhere [8, 9]

2.2. X-ray diffraction study at high pressure

Hydrostatic pressure for X-ray diffraction was gen-
erated by using Bridgman-type tungsten carbide opposed
anvils having a face 3 mm in diameter. The powdered
sample and NaCl were placed in a 0.3 mm hole at the
centre of a disk-shaped beryllium pressure vessel 0.5
mm in thickness [10]. A 4:1 mixture of methanol and
ethanol was used as a pressure transmitting medium.
The pressure was determined by using Decker’s equation
of state for NaCl [11].

3. Results

3.1. Temperature dependent electrical resistivity at high
pressures

Figure 1 shows the electrical resistivity as a function
of temperature in the form of Ap=p—p, at various
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Fig. 1. The temperature-dependent electrical resistivity Ap=p—po
at various pressures above 5 kbar. p is the observed resistivity
and p, the residual resistivity.

pressures above 5 kbar, where p is the observed resistivity
and p, the residual resistivity. p, is found to be almost
independent of pressure having a value of 15 p{) cm.
Ap at 5 kbar increases with increasing temperature,
exhibits a hump near 18 K and has a broad maximum
centred near 87 K (7...)- Ap at 300 K is also almost
independent of pressure. T,,,, increases with increasing
pressure but the peak in the Ap(T) curve becomes less
clear at high pressure. It should be noted that the
pressure derivative dp/dP of p is very large near 80 K
while the values of 9p/oP are almost 0 at 0 K and 300
K. Such behaviour is in sharp contrast with that of Ce
compounds [6]. The pressure dependence of Ty, is
shown in Fig. 2. T, increases with pressure having
a rate a7,,,,/0P=1.3 K kbar~’, which is in good agree-
ment with the previous lower pressure result [12] but
smaller than those of Ce HF compounds, 8T ,,,/0P = 3-4
K kbar~' [6].

Figure 3 shows the Néel temperature Ty as a function
of pressure. Ty increases with increasing pressure having
an initial pressure coefficient 87/3P=0.16 K kbar~!,
which is in good agreement with the previous result
[13]. However, the increasing rate of Ty becomes sluggish

1 1 1
250
~ 200
<
N’
3
w5150
100
! L 1 L L L Il
0 20 40 60 80
P(kbar)

Fig. 2. Pressure dependence of the resistivity-maximum tem-
perature T,,: —, the fitting result mentioned in section 4.
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Fig. 3. The Néel temperature Ty as a function of pressure.
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Fig. 4. The relative change V/V, in volume as a function of
pressure at room temperature.

above 50 kbar to give rise to a broad maximum in the
Ty vs. P curve around 80 kbar (7 =36 K), which may
be caused by a competition between the RKKY in-
teraction and the Kondo coupling [1, 14].

3.2. Compression curve of URu,Si, at room
temperature

The relative change V/V, in volume is illustrated in
Fig. 4 as a function of pressure at room temperature.
Since no new diffraction lines are observed up to 120
kbar, the ThCr,Si,-type crystal structure is stable in
the present pressure range at room temperature. The
volume is found to decrease smoothly with increasing
pressure without any discontinuity. The bulk modulus
B= —V oP/3V and its pressure derivative are estimated
by a least-squares fit to the following Murnaghan equa-
tion of state:

B, [(V\ ™
2l ] ®

where V and V, are the volume at respectively high
and ambient pressure. The result of the least-squares
fit is shown by the full curve in Fig. 4. The values B,
and By are obtained to be 2150440 kbar and 3.3+0.2
respectively, which are slightly smaller than those ob-
tained by Luo et al. [15]. It is found that B, is larger
than those of Ce HF compounds [6, 10], which are as
much as 1000 kbar, i.e. the U compound is harder than
the Ce compound. The small derivative of T,,, compared
with that of the Ce compound may be partly a result
of this fact.

4. Discussion
In this section we analyse quantitatively the pressure

(or volume) dependence of Ty and Tryxy. Tmax iS
roughly proportional to Tk [7] and T is described as

in eqn. (1). Thus the increase in T,,,, is explained as
the increase in |JN(0)]. When the Griineisen parameter
for [JN(0)| is denoted by g, g= —d In |JN(0)|/d In V,
the Griineisen parameter Iy for Ty is written as [5]

_alnTK

_ __alnTmax_ q
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dlnV  [IN(O)| “

From eqn. (4), we derive the following equation:
Tmax(P) V

ln[Tmax(O)] =—I ln(VO) &)

To obtain the value of Iy we made an attempt to fit

the present data to eqn. (5).

In Fig. 5 the value of In[T,,,,(P)/T.(0)] is plotted
as a function of —In(V/V,), where the result in section
3.2 used as the relative change V/V, in the volume,
and the fitting result is indicated as straight full line.
From the slope of the line we obtained Ik =30, which
is about one-half of those for Ce compounds such as
CelInCu, or CeCu, [16].

Next we estimate the Griineisen parameter Iy

for Trxxy In the same way as mentioned above. Since
Trixy @ Ty the following equation is derived:

Tn(P) V
S -
Figure 6 shows the plot of In[T(P)/T(0)] as a function
of —In(V/V,). Because T saturates at high pressure
owing to the competition between the RKKY inter-
action and Kondo effect, we used only the data
below 20 kbar. Izkky is obtained to be 24. By using
eqn. (2) and the relation N(0)a1/W, we obtain
Tno Ty @ |[JN(O)?. Then [Iggxy is written as
Trxky=2q. From the above estimation, the value of
q is 12. Although g is usually taken to be around 6
[17], we obtained twice this value in the present es-
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Fig. 5. The value of In[7,,,(P)/T..(0)] as a function of —In(V/
Vo).
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Fig. 6. The value of In[Ty(P)/Tn(0)] as a function of —In(V/Vy).

timation. From the value of I'; estimated in the foregoing
paragraph, |JN(0)|, is obtained to be 0.4, which is larger
than those of Ce HF compounds [5, 7, 16]. This implies
the itinerant character of 5f electrons in U compounds.

5. Conclusion

We measured the temperature-dependent electrical
resistivity p(T) of the HF compound URu,Si, up to
80 kbar. The volume is also measured as a function
of pressure at room temperature. The main results are
summarized as follows.

(1) The crystal structure of ThCr,Si, type is stable
at least up to 120 kbar at room temperature. The bulk
modulus is 2150 kbar.

(2) The resistance-maximum temperature T, in-
creases with increasing pressure having an initial rate
0T /AP =1.3 K kbar .

(3) The Néel temperature Ty increases with pressure
but exhibits saturation above 50 kbar.

(4) The Griineisen parameters for Ty and T, are
24 and 30 respectively. From these values we estimated
|[IN(0)|o=0.4. The magnitude of |[JN(0)|,=0.4 implies
the itinerant character of the 5f electrons in URu,Si,.
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