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Effect of Pressure and Magnetic Field on
the Electrical Resistivity of Cerium Kondo Compounds

Tomoko KAGAYAMA and Gendo OoMmi

Department of Physics, Faculty of General Education, Kumamoto University, Kumamoto 860

Electrical resistivity of three Ce Kondo compounds having different characteristic temperatures
Tk, CeAls, CeInCuy and CeNi has been measured at high pressure and high magnetic field. It is
found that the electrical resistivity of these compounds shows T2-dependence at low temperature
and the coefficient of the term decreases with increasing pressure. The magnetoresistance of
CeInCus changes the sign from negative to positive as pressure increases, which indicates a
pressure-induced crossover from incoherent to coherent Kondo regime.
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Introduction

§1.

There have been a lot of investigations about the elec-
tronic and magnetic properties of concentrated Kondo
(CK) compounds containing Ce or U because these com-
pounds give an important information for studying the
role of strong electron correlations in the metallic sys-
tems.»»? The CK compounds show several anomalous
properties, such as a huge value of linear term coefficient
7 in the electronic specific heat, a large T2-term in the
electrical resistivity p(T') at low temperatures, a logT-
term in the p(T') at high temperatures and so forth.

It is well known that the electronic states of CK com-
pounds are strongly dependent on the change in pressure
or volume and magnetic field since these are electroni-
cally unstable.®) The electronic states of the systems are
characterized by the so-called Kondo temperature Tk.
The fact mentioned above indicates the large change in
the magnitude of Tx by an application of pressure or
a change in magnetic field. Usually the heavy fermion
(HF) system having a low Tk of the order of several de-
gree Kelvin has a large Griineisen parameter I' of the
order of 100.*) Tk of HF compounds increases rapidly
with increasing pressure to show a crossover into a new
electronic state,”) which is called the intermediate va-
lence (IV) state having relatively small I'.%) Recently we
have reported such pressure-induced crossover for sev-
eral Ce and U compounds”® and found a systematics
for the factor of JN(0) and the values of I',*) where J
is the s-f exchange interaction and N(0) the density of
states at the Fermi level. In order to get a deep insight in
the study of electronic structure of CK compounds, it is
worthwhile to extend our investigation at high pressure
to other CK compounds having different Tk values.

In the present work we made an attempt to measure
the electrical resistivity of three CK compounds havirg
different Tk, CeAls, CeInCuz and CeNi under high pres-
sure and high magnetic field. The volume (or lattice
constants) of the three compounds was also measured at
high pressure. The results are discussed by taking into
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account the volume (or pressure) dependent Griineisen
parameters.'?) We point out that the electronic crossover
in CK compounds at high pressure is accompanied by a
change in the value of I" at high pressure.

§2.

The specimens in the present work were single crystals
of CeInCuy and CeNi and polycrystal of CeAls. The de-
tails of the preparation were described elsewhere.!'"13)
The pressure dependence of lattice constants was mea-
sured by means of powder X-ray diffraction technique.
Hydrostatic pressure was generated by using a piston-
cylinder device. The details of the high pressure appa-
ratus was reported in our previous publication.'®

8§3. Results

The temperature dependence of the electrical resis-
tivity p(T) of CeAls at various pressures up to 8 GPa
and p(T) of LaAly at ambient pressure are shown in
Fig. 1. The p(T) of LaAls is similar to the ordinary
non-magnetic metal; it varies linearly with temperature
above 100K without any anomaly. Whereas, at ambi-
ent pressure, p of CeAls increases logarithmically with
decreasing temperature until it reaches a maximum at
35K and has a shoulder near 6 K. This behavior is due
to the Kondo scattering on a thermally populated level
splitted by crystalline electric field.'>) With increasing
pressure, the peak and the shoulder are merged into one
peak, which is shifted towards higher temperatures. The
p(T) at 8 GPa becomes similar to that of LaAlz. This
result is interpreted as a pressure-induced crossover in
the electronic state of CeAl; from low- Tk HF state to
high- Tk intermediate valence (IV) state associated with
an increase in the hybridization between conduction and
4f electrons.

In order to get the temperature-dependent 4f magnetic
contribution pmag(T), the p(T) of LaAl; is assumed to
be pressure independent phonon part of CeAls and sub-
tracted from the p(T") data of CeAls at various pressures.
Figure 2 illustrates the pmag(7) as a function of log 7T
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Fig. 1. The electrical resistivity p(T") of CeAlz under high pres-

sure as a function of temperature. p(T") of LaAlz at ambient
pressure is also shown for. comparison.
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Fig. 2. The magnetic part of electrical resistivity, pmag, as a func-
tion of log T at various pressures.

The maximum temperature Tiay in the pmag(T) is shown
in Fig. 3. Thmax is found to increase with increasing pres-
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Fig. 3. The pressure dependence of the temperature Thax at

which pmag has a maximum.

sure. Since Tmax is roughly proportional to the Tk,'®
the pressure dependence of Tk may be inferred from the
result in Fig. 3. On the other hand the logarithmic de-
pendence of the pma, on temperature is observed in the
wide range above the Ti,a. The negative slope becomes
steeper at higher pressure reflecting the strong Kondo
scattering with large enhancement of Tk at high pres-
sures.

In order to examine the T2-dependence in the ppag(T)
at low temperature, pmag is plotted as a function of 72
for CeAlz in Fig. 4 up to 17K for P<1.5GPa and to
80K for P>3GPa. Above 0.8 GPa the T%-dependence is
clearly observed in the temperature range of the present
work as shown by straight line. As pressure increases,
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Fig. 4.  pmag of CeAls as a function of T2.
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the slope decreases and the temperature range showing
T?-dependence becomes wider. The coefficient A of T%-
term is shown in Fig. 5 as a function of pressure. The
value of A is reduced to 3 orders of magnitude smaller
than that at ambient pressure, which was reported pre-
viously to be 35 ufem/K2.1") The rapid decrease in the
magnitude of A is explained by the enhancement of Tk by
applying pressure, which is consistent with the increase
in Thmax, because the coefficient A is inversely propor-
tional to T2.1%)

The systematics mentioned above are also found in
other CK compounds. Figure 6 shows the temperature
dependent p of the cubic HF compound CeInCu;.”) The
p(T) of CeInCu, has a well known peak around 26 K
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Fig. 5. The coefficient A of T?-term as a function of pressure.
140 T T T T T T
ﬁ
120
100
fE\ 80
Q
Qi 60
~—"
Q
40
50 CelnCu,
0 1 1 1 1 1 ]
0 50 100 150 200 250 300
I(K)
Fig. 6. The electrical resistivity p(7") of CeInCuz under high

pressure as a function of temperature.

which moves up with pressure.

Figure 7 shows pressure dependence of Tpay for
CelnCus together with the data of the measurement
at higher temperature up to 1,000 K.1® It appears that
Tmax increases exponentially with pressure.

The T?-dependence of the pmae subtracted by the
residual resistivity po at low temperature, pmag — po, is
shown in Fig. 8 for CelnCuz. It is noted that the co-
herency in Kondo lattice of CelnCu, is partially broken,
owing to the disorder between Ce and In-site in Heusler-
type crystal structure, which gives rise to a large value
of po. Therefore the value of the coefficient A of T?-term
is reduced to 2 orders smaller than that of CeAls in spite
of comparable value of the specific heat coefficient .17
Figure 9 shows the pressure dependence of the value of
A for CelnCuy. The large decrease is also observed in
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Fig. 7. The pressure dependence of the temperature Tinax at
which pmag has a maximum.
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Fig. 9. Pressure dependence of A of CelnCus.

the pressure dependence of the magnitude of A and con-
sistent with the result of Timax (or Tk) which was shown
in Fig. 7.

CeNi is a typical IV compound having a large Tk of
about 100K.'®) Consequently 72-term in the electrical
resistance is expected to be observed in relatively wide
temperature range compared with the low Tx HF com-
pounds such as CeAls or CelnCuz. Figure 10 shows the
magnetic part of electrical resistivity pmag of CeNi sub-
tracted by the value of po, as a function of T2. T%-
dependence in the p(T) curve of CeNi is seen in the
usual experimental temperature range: p(T") at ambient
pressure shows T2-dependence up to 30 K. The T?%-term
coefficient A is shown in Fig. 11 as a function of pres-
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Fig. 11. Pressure dependence of A of CeNi.

sure.'®) The behavior against pressure is qualitatively the
same as that in low-Tx HF compounds mentioned above
but the pressure response is less prominent than that of
CeAl;;.

Next we show the field dependence of the magnetore-
sistance (MR) of CelnCuz, Ap/p = [p(H)—p(0)]/p(0), at
4.2 K, which is plotted at various pressures up to 2 GPa in
Fig. 12.29 The value of Ap/p below 1GPa is negative,
but the sign changes between 0.5 and 1.0 GPa. Above
1GPa, Ap/p increases with increasing H, i.e., the posi-
tive MR is observed, but the effect of pressure on Ap/p
above 1GPa is relatively small. Similar pressure behav-
ior of MR at high pressure was reported previously for
UB613.21)

For several HF compounds such as CeCug,??) CeAl3??)
or CeCuzSiz,?) the sign of MR changes from negative
to positive with decreasing temperature below 1K. The
positive MR is explained to imply that the system en-
ters to so-called coherent state. On the contrary, MR. of
CelnCuz remains negative and continues to increase in
magnitude down to 0.4 K.2°) The coherent state may be
broken by the existence of 4fsite disorder in CelnCus.
A possible interpretation of the change in the sign of MR
at high pressure is a crossover from a localized felectron
state to an itinerant or coherent one, i.e., the effect of
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Fig. 12. Magnetoresistance ratio of CeInCugy at high pressure.
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disorder may be less significant at high pressure. There-
fore the present result implies that the coherence, which
lies below at least 0.4 K at ambient pressure, is induced
at 4.2K by applying pressure of 1 GPa.

Almost the same result is obtained for CeAls, which is
indicated in Fig. 13. The MR at 1.5 GPa is almost zero
and then it is expected to change to positive at higher
pressure than 1.5 GPa.

The temperature dependence of MR was calculated
for Ce-based heavy fermion system by Kawakami and
Okiji?®) as a function of T'/Tk on the basis of the periodic
Anderson model. According to their result, the positive
MR appears at low temperature T/Tx<0.2 due to the
gap-structure of the Kondo resonance a little above the
Fermi level. Their calculation succeeded in explaining
qualitatively many characteristic properties for the MR
of CeAls and CeCug. At ambient pressure the coherent
state is induced only by lowering temperature. On the
other hand, it is also induced by high pressure because
Tk is enhanced largely by an application of pressure to
give the small value of T'/Tk. Since the Tk of CeInCu,
at 1 GPa, as mentioned above, is several times as large as
that at ambient pressure, the reduction of T/Tk at T =
4.2K by applying pressure of 1 GPa may be sufficient to
induce a positive MR or coherent state.

As we mentioned above, the pressure sensitivity of the
Tk has a wide variety depending on materials. Further-
more, these three compounds are crystallized in different
structures and elastic properties are different. Investiga-
tion of the crystal structure at high pressure, thus, is
important to compare the pressure dependence of the
Tk for each material.

Figure 14 shows the result of X-ray diffraction ex-
periment at high pressure and at room temperature for
CeAls. The fractional change of lattice constants a and ¢
along with the unit cell volume V' = /3a%c/2 is shown as
a function of pressure.?8) The diffraction pattern at high
pressure reveals that the NizSn-type hexagonal structure
is stable at room temperature at least up to 17 GPa. A
discontinuous change in the lattice constants, like v-a
transition in Ce metal, is not observed within an experi-
mental error. Thus the crossover from CK to IV state in
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Fig. 13. Magnetoresistance ratio of CeAls as a function of pres-
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CeAl;s observed in the electrical resistivity occurs grad-
ually without volume anomaly. To estimate the bulk
modulus, we attempted a least-squares fit of the data of
V to the following first-order Murnaghan’s equation of

state:
By [V o
== (= -1
P=3 [(VO) ] , 1)

where By is the bulk modulus at ambient pressure,
—0P/0In V| p—o and Bg is its pressure derivative,
0B/AP|,_, — 1. We obtained Vo = 171.24% By =
53.6 GPa and By = 2.97. The solid line for V/Vp in
Fig. 14 shows the result of fitting. The values of By
for CeInCugz and CeNi were obtained to be 97 GPa and
25 GPa at room temperature, respectively.!927)

84. Discussion

In order to discuss the volume dependence of the Tk
in detail, we analyzed the present result mentioned in §3
as follows.

The Griineisen parameter of the Tk is defined as,

Oln TK
— 2

olnV 2)
If we assume that the Tiayx is proportional to the Tk and

the coefficient A of T2%-term is inversely proportional to
T2, ie., TmaxxTk and Acc1/T, we have,

OInTmax  10InA
L== dlnV ~ 28lnV 3)

Equation (3) can be rewritten as follows,
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Tmax(P) 1. [AP) 14

In [m] = —§ In I:m] = —TlIn <Vo) . (4)
In Fig. 15 we plot the logarithm of the relative change
of the A against that of volume for CeAls, in which the
pressure is included as an implicit variable. The rela-
tive change of volume, —In(V/V}) is evaluated by using
eq. (1). The ordinate in this plot indicates the relative
change in the Tk and hence the slope corresponds to the
' (see eq. (4)). From tangent at the origin of this plot,
the value of T is estimated to be 97 at ambient pressure.
As is seen in Fig. 15, the I' is dependent on the volume
change. The slope (I') becomes smaller as the change
in volume is larger (higher pressure). Since the system
shows a crossover from low-Tk to high-Tk state induced
by pressure, it is expected that the I" decreases at high
pressure. This result agrees with the fact that the values
of I' for IV materials having large Tk are smaller than
those of low-Tx HF materials.

Fig. 16 shows the same plot as Fig. 15 for the A(P)
data of CeNi up to 8 GPa as was shown in Fig. 11. The
I" value is estimated to be about 11 at ambient pressure.
It is noted that the A of CeNi behaves against V' in the
same way as CeAls; the slope in the —In[A(P)/A(0)]/2
vs —In(V/Vp) plot becomes smaller at high pressure.
The decrease in the I' occurs even in the intermediate
valence compound indicating the more itinerant state at
high pressure.

Next we show the case in which the same analysis is
valid to the data of Tihax. Fig. 17 illustrates the relative
change of the Thhax against V in logarithmic scale for
CeInCu;. Though the pressure range in the experiment
of the electric resistance (up to 8 GPa) is the same as
CeAl; and CeNi, the range in the —In(V/V5) are largely
different because of the difference in the bulk moduli.
If we adjust the origin of these plot, i.e., the values of
Tk and volume at ambient pressure, it is found that
all observed points for the three CK materials fall on a
"universal” curve.?®) This fact suggests that the present
treatment for the values of A and Tmax is a good tool
to analyze quantitatively the pressure dependent p(T)
curve and further should be applied to the other HF and
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IV compounds. The extension of the present method
to other Kondo materials is now in progress and will be
reported in the near future.
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