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Abstract

We present measurements of the electrical resistivity p(7) on high-quality
single-crystalline CeNiSn under both hydrostatic pressure up to 1 GPa and
uniaxial pressure up to 0.25 GPa. At ambient pressure, p(7T) along the
orthorhombic a-axis (b-axis) shows two maxima at 7; = 12 K (14 K) and
Ty = 74 K (40 K), respectively, which arise from the Kondo scattering
of conduction electrons by the crystal-field ground state and excited states.
With increasing hydrostatic pressure, both 77, and Tj increase linearly, and for
P > 0.8 GPa, the anisotropy in p(7T') for I || a and I || b almost vanishes as
a result of increased hybridization between the 4f electrons and the conduction
electrons. Under P || a,both T and Ty in p(/ || b) increase similarly to under
hydrostatic pressure. Under P || ¢, however, the depression of 7Ty in p(I || a)
and p (I || b) suggests that the c—f hybridization in the crystal-field ground state
is weakened in the a—b plane of CeNiSn.

1. Introduction

Recently, the appearance of unconventional superconductivity and non-Fermi-liquid behaviour
in cerium-based compounds under high pressure has attracted a great deal of attention [1-3].
Under hydrostatic pressure, the crystal volume is compressed; thereby the exchange
interaction between the 4f electrons and conduction electrons increases significantly. When
the Kondo-type interaction overwhelms the Ruderman—Kittel-Kasuya—Yoshida (RKKY)
magnetic interaction between 4f-electron moments, a long-range magnetic order disappears.
On the other hand, uniaxial pressure decreases the lattice along the pressure direction while
expands it in the perpendicular direction as a result of the Poisson effect. Such uniaxial
deformation may change the hybridization between 4f electrons and conduction electrons in
an anisotropic way. Therefore, a uniaxial pressure study should provide important information
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on the hybridization in non-cubic 4f compounds. However, compared to measurements of
transport and thermal properties under hydrostatic pressure, far fewer measurements under
uniaxial pressure, of resistivity in particular, have been reported so far [4-6].

CeNiSn with the orthorhombic e-TiNiSi-type structure is a Kondo-lattice system with a
pseudogap in the electronic density of states below 10 K [7]. This system shows no long-range
magnetic order even at very low temperature [8]. The resistivities along the three principal
axes, pq, pp and p., have two maxima or shoulders at around 20 and 100 K [9]. Such a two-peak
structure in p(7) for Ce compounds is usually ascribed to the Kondo effect in the presence
of two crystal-field levels at A; (first excited level) and A; (second excited level) [10]. The
temperatures of the maxima are semi-quantitative measures of the Kondo temperature for the
crystal-field ground state T¢ and that for the excited state T/, respectively [11]. A broad
crystal-field excitation in CeNiSn was observed at 40 meV in neutron-inelastic-scattering
experiments [12]. If it corresponds to the energy A,, the energy A; can be estimated to be
100 K using the relation T = (A1 A, TE)3 [13] with TE = 20K and T = 100 K. However,
the structure at A; was totally masked by the presence of strong phonon excitations [12].

In spite of the development of the pseudogap below 10 K, p, behaves as in a metallic
Kondo system, whereas p;, and p. increase below 3 K [9]. For the formation of the pseudogap,
an important issue is the role of anisotropic hybridization in the orthorhombic structure [14,15].
To obtain information on this problem, various studies under high pressure were performed.
Under hydrostatic pressure, the upturn in the resistivity was suppressed and the absolute
value of Hall coefficient was decreased [16-18]. These measurements indicated that the
carrier number increases with pressure. Inelastic neutron-scattering measurements revealed
that the quasi-one-dimensional antiferromagnetic correlation along the b-axis fades out upon
increasing pressure up to 1.1 GPa [19]. However, it should be noted that the semiconducting
behaviour of the resistivity in early samples changed to a metallic one as a result of purification
of the crystal. The semiconducting behaviour was therefore ascribed to strong scattering of
low-density carriers from impurities [9].

Under uniaxial pressures for P || c and P || b, a transition from the pseudogapped state to
a magnetically ordered state has been suggested from measurements of the magnetic suscept-
ibility x and specific heat C [20]. Both x (7)) and C(T') exhibit a peak at around 3 K when
uniaxial pressure exceeds 0.13 GPa. For P | a, in contrast, no anomaly was found under
pressures up to 0.4 GPa. As for the origin of the uniaxial pressure-induced magnetism, it was
proposed that the a—b plane would be elongated under P | ¢ to weaken the hybridization
between 4f electrons and conduction electrons. Thereby, the Kondo interaction is suppressed,
and CeNiSn undergoes a transition to a magnetically ordered state when the RKKY interaction
overwhelms the Kondo interaction.

In order to examine this scenario, we have performed measurements of the electrical
resistivity under uniaxial and hydrostatic pressures using a high-quality single crystal of
CeNiSn. We measured the resistivity along the b-axis under P || a and P || c to investigate
the pressure-direction dependence. For P || ¢, furthermore, the resistivity was measured
for two current directions, along the a- and b-axes. The results under hydrostatic pressures
are compared with the previous results on less pure samples [16]. Combining all of the
experimental results, we will discuss how the uniaxial deformation changes the Kondo
temperature of the crystal-field ground state and the excited state in CeNiSn.

2. Experimental procedure

For the single-crystal growth of CeNiSn, we used starting materials of Ce prepared by the
Ames Laboratory, Ni and Sn with purities of 4N, 5N and 6N, respectively. They were melted
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into a polycrystalline ingot in a cold copper crucible under a purified argon atmosphere. A
single crystal was grown by the Czochralski pulling method using a radio-frequency induction
furnace with a hot tungsten crucible. We obtained a single crystal 6 mm in diameter and 90 mm
in length. In order to decrease the defects, strains and impurity-ion contents, the as-grown
crystal was treated by using the technique of solid-state electrotransport. The crystal rod was
self-heated to a temperature of 1000 °C by a direct current of 120 A. During this treatment, for
two weeks, the vacuum was better than 5 x 1078 Pa. The quality of the sample was checked
by means of the resistivity along the a-axis at low temperatures. The value of 23 2 cm at
0.4 K is as small as one reported for a purified single crystal [21].

The electrical resistivity was measured in the temperature range from 0.4 to 300 K by
a four-probe method. Hydrostatic pressure up to 1 GPa was applied by using a clamp-type
piston—cylinder pressure cell made of hardened beryllium—copper with Daphne Oil as the
pressure-transmitting medium. The value of the pressure at around 4 K was determined from the
superconducting transition temperature of a tin sample [22] which was mounted in the vicinity
of the CeNiSn sample. Pressure variations with increasing temperature were estimated from
the known pressure dependence of the resistance in a manganin wire. For example, a pressure
of 0.6 GPa at 3 K increases by 0.05 GPa on heating to 100 K. However, because of the complex
variations, this small change is not taken into account in the analysis of the data hereafter.

The resistivity under uniaxial pressure was measured from 1.5 to 300 K. A sample with a
typical size of 2.8 x 0.8 x 0.3 mm?® was sandwiched between two Al,Os plates, which insulate
the sample electronically from the piston and nut made of beryllium—copper. Force on the
piston was applied by means of an air cylinder pressurized by nitrogen gas. The pressure of
nitrogen gas at room temperature was kept constant, and the force was measured by a load-cell.
The pressure on the sample was calculated by dividing the force by the cross-section of the
sample at room temperature and ambient pressure. The change in pressure with temperature
was less than 0.01 GPa under uniaxial pressures up to 0.25 GPa.

3. Results and discussion

The electrical resistivities of CeNiSn along the a- and b-axes as a function of temperature
under various pressures are shown in figure 1. At ambient pressure, the a-axis resistivity
0. (T) exhibits two peaks at 14 and 100 K. Unlike the peak in p,(T"), pp(T') exhibits a shoulder
at around 18 K. This may reflect the fact that antiferromagnetic correlations along the b-axis
become more coherent on cooling than those along the a-axis [23]. In order to define the
characteristic temperatures of the resistivity in a common way irrespective of the current and
pressure directions, we took the lower characteristic temperature 7, as the cross-point of the
two lines as depicted in figure 1. On the other hand, the higher one, Ty, was taken as the
point where the resistivity value deviates by 0.5% from the extrapolated line, as is shown in
the lower inset of figure 1. This method was adopted because methods similar to that used
for obtaining 77 encounter difficulty in defining the value of T for the data obtained under
uniaxial pressures, as will be shown later. It should be noted that the details of the definition
do not affect the following discussion on the pressure dependence of 77 and Ty .

In figure 1, both 7, and Ty increase steadily for p,(T') and p,, (T') with increasing pressure.
The maximum in p,(7T") at T; is substantially depressed and the peak changes to a shoulder;
thereby the whole temperature dependence of p,(T) becomes similar to that of p,(T). This
change indicates that the c—f hybridization effect becomes stronger than the crystal-field effect
causing the anisotropic resistivity. At temperatures below 77, the values of p,(7T") and p,(T)
decrease rapidly with increasing pressure, and the upturn in p,(7") below 3.5 K disappears at
a weak pressure of 0.12 GPa. This fact confirms the significant increase of the carrier density
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Figure 1. Temperature dependence of the resistivity of CeNiSn for the current parallel to the
a- and b-axes at various hydrostatic pressures. The dashed lines are guides for the determination
of Ty, and Ty (see the text). The inset of the upper panel represents the a-axis resistivity versus T2
at 0.54, 0.88 and 1.25 GPa.

under hydrostatic pressure as a result of the suppression of the pseudogap in the electronic
density of states at the Fermi level [18].

We note that the steady decrease in the residual resistivity for p, (T') ceases above 0.88 GPa.
In this pressure range, p,(T) follows the form p(T) = py + AT? as shown in the inset of
figure 1. The coefficient A and the residual resistivity py are 0.693 (0.417) 2 cm K2 and
9.4 (8.7) w2 cm, respectively, at 0.88 and 1.25 GPa. From the relation A oc y2, where y is
the linear temperature coefficient of the specific heat, we infer that the density of the states at
the Fermi level decreases at high pressures above 0.88 GPa. Similar pressure dependence of
A was reported for a less pure sample [16]. We note here that the p,(7") data down to 1.4 K
are not described by the above form.

The pressure dependences of T; and Ty for I | a and I | b are summarized in
figure 2. The linear increase of 7; and Ty differs from the exponential increase of Ty as
observed in the typical heavy-fermion systems CeCug and CeCuln, [24]. In order to show
clearly the distinct dependences of 7 and Ty, we plot normalized data in the lower panel.
Obviously, 71, (P)/Tp(0) for I || a is much larger than the others. This suggests that the c—f
hybridization along the a-axis is most sensitive to deformation of the crystal-field ground state
by compression.

The uniaxial pressure dependence of p(T') is shown in figure 3 for three configurations
(I a,P|c),d|| b,P | c)and ({ || b, P || a). It should be noted that the value of
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Figure 2. Variations of 77, Ty and normalized data for CeNiSn as a function of hydrostatic
pressure.

the resistivity is roughly one order of magnitude larger than that observed under hydrostatic
pressures. We ascribe this large resistivity to micro-cracks in the sample induced by uniaxial
deformation, in analogy to similar observations for manganese oxides [25]. With increasing
P || cupto 0.14 GPa, p,(T) over the whole T -range gradually increases, but this changes to
a decrease on further increasing the pressure. This may be a result of closure of micro-cracks.
To avoid such errors due to micro-cracks, we repeated measurements twice or three times with
different samples for each configuration. Whereas absolute values of resistivity differed by a
factor of 2, the data agreed well when they were normalized by the maximum value. Therefore,
we were able to obtain the values of 7; and Ty under uniaxial pressures as reproducibly as
under hydrostatic pressures. However, the anomaly in p,(7") around 60 K under P || ¢ was
not reproducible. For both current directions I || @ and I || b under P || c up to 0.25 GPa,
no anomaly was detected at 3 K, where the specific heat and magnetic susceptibility showed
a peak [20]. Instead, we observed a small step in pp(7T) around 2 K in the pressure range
between 0.1 and 0.2 GPa. The origin of this remains to be studied further.

In figure 4, we compare the dependences of 7; and Ty on hydrostatic and uniaxial
pressures. Under hydrostatic pressure, Ty forboth I || aand I || b increases weakly. However,
with increasing P || ¢, Ty for I || a is strongly depressed, while Ty for I || b is increased
more than under hydrostatic pressure. Since Ty is proportion to the Kondo temperature of the
crystal-field excited state 77, the different variations of Ty may imply that the compression
along the c-axis weakens the c—f hybridization in the crystal-field excited state along the
a-axis but strengthens it along the b-axis. The pressure dependence of 7} is replotted as
normalized values T, (P)/ T, (0) versus P in the bottom panel. The most significant fact is that
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Figure 3. Temperature dependence of the resistivity of CeNiSn at various uniaxial pressures for
three configurations: (P || ¢, I || a), (P || c,I || a)and (P || a, I | b).

T (P)/T1(0), forboth I || a and I || b, decreases with increasing P || ¢. This means that the
Kondo temperature T for the crystal-field ground state is depressed. It is thus suggested that
the c—f hybridization in the ground state is weakened in the a—b plane due to the expansion
of the plane under P || c¢. This weakened hybridization may induce magnetic instability, as
mentioned in the introduction. On the other hand, an opposite effect of P || a is manifested
by the increase of Ty, for I || b.

4. Concluding remarks

Under both uniaxial and hydrostatic pressures, we have measured the electrical resistivity
of high-quality single crystals of CeNiSn. On applying hydrostatic pressure up to 1 GPa, the
residual resistivity is depressed to a third of the ambient-pressure value, and both characteristic
temperatures 7 and Ty increase almost linearly with pressure. Among the four sets of data
for T, (P)/T.(0) and Ty (P)/Ty(0), the slope is largest in T, (P)/T.(0) for I || a. This
indicates that Tk for the crystal-field ground state increases more strongly than that for the
excited state. With increasing pressure, the low-temperature maximum in p,(7) at Ty, changes
to a shoulder; then the whole temperature dependence of p,(7) resembles that for p, (7). The
loss of the anisotropy is attributed to the suppression of the crystal-field effect by the increased
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Figure 4. Variations of 77, Ty and their normalized values for CeNiSn as a function of uniaxial
and hydrostatic pressures.

c—f hybridization under hydrostatic pressure. Above 0.8 GPa, the decrease in the electronic
density of states at the Fermi level was deduced from the decrease in the coefficient of the
T2-term in p,(T).

By contrast, a strongly anisotropic response was observed under uniaxial pressure. Under
P || a, both T and Ty for p(I || b) increase in a similar way to under hydrostatic pressure.
Under P || c, however, opposite variations of Ty for I || a and I || b suggest that the c—f
hybridization in the crystal-field excited state is weakened along the a-axis but is strengthened
along the b-axis. On the other hand, the decrease in T, (P || ¢) forboth I || aand I || b
is consistent with the significant decrease of Tx under P || ¢ as inferred from the previous
measurements of specific heat and magnetic susceptibility [20]. The decrease in T (P || c)
implies that the c—f hybridization in the ground state is weakened in the a—b plane of CeNiSn,
which may lead to the magnetic instability under P || c.
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