Check for
updates

J. Phys. Soc. Jpn.
Downloaded from journals.jps.jp by Massachusetts Institute of Technology on 05/17/24

Journal of the Physical Society of Japan
Vol. 66, No. 3, March, 1997, pp. 552-555

LETTERS

Low-Temperature Properties of the Dense Kondo System
Ceo.5Lao5Bs

Shintaro NAKAMURA, Osamu SUZUKI, Terutaka GOTO, Shinichi SAKATSUME?,
Takeshi MATSUMURAZ and Satoru Kunir?

Graduate School of Science and Technology, Niigata University, Niigata 950-21
1 Center for Law Temperature Science, Tohoku University, Sendai 980-77
2 Department of Physics, Tohoku University, Sendai 980-77

(Received October 25, 1996)

Low-temperature specific heat and electric resistivity of the dense Kondo compound
Cep.5Lag.5Bs have been measured. The specific heat for H = 0 shows a broad peak at around

0.9K corresponding to the Kondo effect.

No indication of magnetic or quadrupolar phase

transition is observed down to 100mK for H = 0. Very large specific heat coefficients of
v = 1.8J/K?*mol and 8 = 2.9J/K*mol for H = 0 indicate the Kondo singlet ground state

without long-range ordering.
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CeBg and its solid solutions of Ce,La;_Bg are well
known as a Kondo system with a cubic CaBg-type crystal
structure. The Kondo temperature of the Ce,La;_,Bg
system is estimated to be nearly 1K, and depends
slightly on Ce concentration.!) The trivalent Ce ion in
the 4f! configuration results in a 2Fj /2 ground state,
which is further split by a cubic crystalline electric field
(CEF) into a I's ground state and a I'; excited one. Be-
cause of the large CEF splitting (A ~ 540K) the low-
temperature properties of Ce,La;_,Bg are mainly gov-
erned by the I's quartet which has both magnetic and
electric quadrupolar moments.?

The diluted Ce,La;_.Bg system has been investigated
as the typical impurity Kondo system which has the
orbitally degenerate ground state of Iy. In diluted
CezLaj_;Bg both the magnetic susceptibility and the
elastic constant C44 show a crossover from the Curie be-
havior above Tx = 1K to the temperature-independent
behavior, due to the quenching of the magnetic and elec-
tric quadrupolar moments below Tk.>% On the other
hand, as a result of the coexistence of the intersite mag-
netic and quadrupolar interactions of the RKKY mech-
anism, pure CeBg shows a characteristic magnetic phase
diagram. CeBg undergoes phase transitions from a para-
magnetic phase [ to an antiferroquadrupolar phase IT at
Tq = 3.3K and further to an antiferromagnetic phase 117
at Ty = 2.3K in zero field.®) Up to now the characteris-
tic antiferroquadrupolar phase II of CeBg has attracted
much attention.>?)

Recently, the magnetic phase diagram of Ceg sLag.5Bg
was reported.’®) No long-range ordering is developed
under fields lower than H, = 17kOe, and an antifer-
romagnetic phase III or an antiferroquadrupolar phase
IT is induced in magnetic fields higher than H.. In
the intermediate-concentration system Ceq 5Lag 5Bg, the
Kondo effect is in competition with intersite interactions.
The Kondo effect must be dominant to realize the non
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magnetic ground state in low fields, and the intersite in-
teractions provide the long-range ordering in high fields.
Although Ceg sLag 5Bg is an attractive system for study-
ing the competition between the Kondo effect and the
intersite interactions, low-temperature properties have
not been well studied. In this paper, we present the
low-temperature specific heat and electric resistivity of
Ce0,5La0_5B6.

The single crystal of CegpsLlagsBs was grown by
the floating zone method. We prepared two samples
of CepsLapsBg: one 162.7mg in weight for the spe-
cific heat measurement and the other a rectangule of
0.265x0.650x8 mm? for the electric resistivity measure-
ment. Those samples were cut from the same ingot which
was used for the ultrasonic measurements in ref. 10. The
specific heat measurements were performed by the ther-
mal relaxation method for temperatures of 170~700 mK
in a 3He-*He dilution refrigerator. For high tempera-
tures above 700 mK we employed the adiabatic method,
using a 3He evaporating refrigerator. We used a RuO,
thermometer which had been calibrated in magnetic
fields in advance. The resistivity measurement was by
the 4-terminal DC method, using *He and dilution re-
frigerators. We glued a small sintered silver sponge onto
the sample and immersed the sample in liquid 3He or
3He-*He mixture directly.

In Fig. 1 we show the magnetic phase diagram of
Cep.5Lag5Bg in the H-T plane. The closed circles in-
dicate the experimental results of ultrasonic measure-
ments.!?) The open circles and triangles indicate the
transition points obtained by the specific heat and re-
sistivity measurements which are described in detail as
follows. In Fig. 2 we show the temperature dependence
of the specific heat of Cey sLag.5Bg under several fields
applied along the [001] axis. The specific heat for H = 0
in Fig. 2 shows a broad peak at around 0.9 K which corre-
sponds to the formation of the non ordered Kondo singlet
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Fig. 1. The magnetic phase diagram of Cep.5Lap.5Bs. The field

is applied along the [001] axis. The closed circles indicate the
results taken from ref. 10. The open circles and open triangles
indicate the present results obtained by specific heat and resis-
tivity measurements, respectively. '
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Fig. 2. The specific heat of Cegslag.sBe for several fields.

Here, the specific heat is obtained as the heat capacity per
Cep.5Lag.5Bg mole. The field is applied along the [001] axis. The
closed circles, closed triangles, open circles and open triangles in-
dicate the experimental results for H = 0, 20kOe, 25kOe and
50kOe, respectively. The dotted and broken lines correspond
to the results of the renormalization group calculation for the
Kondo temperatures Tx = 1K and Tx = 5.5 K, respectively.M)
The solid line indicates the specific heat of LaBg.

ground state. A similar broad peak due to the Kondo ef-
fect has been observed in the impurity Kondo system
Ce,La;_.Bg (z =0.0132).""

the intersite interactions produce long-range ordering
above H, = 17kOe. As shown in Fig. 2, a sharp peak
‘A’, which indicates the phase III/phase I transition, ap-
pears at around 0.7K for H = 20kOe. Similar sharp
peaks ‘B’ and ‘C’ for H = 25kOe correspond to the
phase III/phase II and phase II/phase I transitions, re-
spectively. In the. field of 50kOe the specific heat of
Ceg.5Lag.5Bg shows a A-type peak ‘D’. These phase tran-
sition points are plotted in Fig. 1 using open circles. The
present results are consistent with the magnetic phase
diagram obtained by ultrasonic measurements.!)

The temperature dependence of the entropy of
Cep.sLag.5Bg for H = 0 is presented in Fig. 3. For calcu-
lation, we extrapolated the heat capacity of Ceg sLag 5Bs
as the linear function of 7' down to 0K and subtracted
the heat capacity of LaBg from that of Ceg sLag B¢ as
the phonon contribution. The entropy reaches nearly
In4 at 10 K. This means that the large specific heat of
Ceg.5Lag 5B is ascribed to the degrees of freedom of the
I's quartet of the localized 4f electrons. We cannot find
any indication of the phase transition of Ceg sLag 5Bs
from the smooth increase of entropy seen in Fig. 3. On
the contrary, in the more concentrated systems CeBg
and Ceg.75Lag 25Bg, clear anomalies of the entropy are
observed at around S/R = In2, associated with the an-
tiferromagnetic ordering at Tiy.!?

Next we compare the experimental result for H = 0
with the theoretical ones based on the Cogblin-Schrieffer
model of a single impurity.!® The numerical calcula-
tion was performed using the renormalization group
method.!®) In CeBg, an increase of the Iz—I% transition
energy was observed in the Raman scattering for decrease
of T from 20K to 4K.?) This increase of the transition
energy was interpreted in termes of a splitting of the
I; state. The specific heat calculation for the diluted
system Ce,Laj_.Bgs (z = 0.0132) based on the split [
state model has also been performed.!") However, ultra-
sonic experiment gave no evidence of a splitting of the
Ty state in CegLa;_,Bg.1>1®) For Ceg sLag sBs, consid-
erable decrease of the elastic constant Cy4 and increase
of the ultrasonic attenuation of the Cy4 mode have been
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Fig. 4. The low-temperature specific heat of Cep 5Lag.5Bg¢ for
H = 0 on an expanded scale. Here, the specific heat is ob-
tained as the heat capacity per Ceg.5Lag.5Be mole. The solid
line is fitted for the temperatures of 0.17K < T < 0.60K using
C/T =~ + BT?.

observed at temperatures lower than 1K.% Such behav-
iors are difficult to explain in terms of the split Iy state.
Therefore, at the present time, we assume the four fold
degenerated I's ground state of Ceg sLag 5Bg in the cal-
culations. The dotted line in Fig. 2 shows the calculated
result for Tx = 1K and the broken line, for Tx = 5.5 K.
The excited 77 level is neglected in the present calcula-
tion. The calculated results for Tk = 1 K show a broad
peak at around 0.27K (~ Tk /4), and are in poor agree-
ment with the experimental data. When we choose the
Kondo temperature as Tx = 5.5 K, the calculated results
of the broken line well reproduce the experimental data
at temperatures higher than 2K. However, Tx = 5.5K
of this calculation is much higher than the experimen-
tal value of Tx = 1K in the Ce;La;_,Bg system.!:19)
Moreover, a clear discrepancy between the experimental
and the calculated results for Tk = 5.5 K is found below
2 K. These disagreements may be ascribed to the fluctu-
ation effect due to the intersite interactions among the
magnetic and quadrupolar moments of the 4f electrons.
In spite of these disagreements, the Cogblin-Schrieffer
model of single impurity can be used to explain the tem-
perature dependence of the specific heat of Cey 5Lag 5Bg
at temperatures higher than 2K. The intersite interac-
tions among the 4 f electrons, which are neglected in the
impurity model, may result in the apparent increase of
Tk and the rather sharp specific heat peak.

The zero field specific heat is presented in Fig. 4 as a
function of 72 on an expanded scale. The specific heat
of Ceg 5Lag 5Bg roughly follows the C/T = vy + T2 law
at low temperatures. The solid line in Fig. 4 is the fit-
ted line. The specific heat coefficients v = 1.8 J/K? mol
and B = 2.9 J/K* mol of Ceg 5Lag 5B¢ are obtained. The
values of v = 0.25J/K?mol and 8 = 1.2J/K*mol for
CeBg and v = 0.3 ~ 0.4J/K?mol and 3 = 2.3J/K* mol
for Ceg.75Lag.25Bg have already been reported.’? These
coeflicients are summarized in Table I. In Cep sLag 5Bg,
the non magnetic ground state due to the Kondo effect
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Fig. 5. The low-temperature electric resistivity of Ceg.5Lag.5Bs

for H = 0. The magnetic resistivity at several temperatures are
shown in the inset. Here, the current is directed along the [110]
axis. The field is applied along the [001] axis. The phase transi-
tion points indicated by the arrows in the inset are presented in
Fig. 1 as open triangles.

Table I. Low-temperature specific heat coefficients of the Kondo
compounds CezLaj_Bg for a formula of C/T =~ + BT2.

sample v (/K2 mol) B (J/K* mol)
CeBg?) 0.25 1.2
Ce0.75Lao.25B6a) 0.4~0.3 2.3
Ceo.5Lao.5Bs 1.8 2.9

a) From ref. 12.

leads to very large specific heat coefficients at low tem-
peratures, which are in sharp contrast to the relatively
small coeflicients in the antiferromagnetic ordered sys-
tems CGBG and Ce0_75La0‘25B6.

The electric resistivity of Ceg sLag sBg are presented
in Fig. 5. The resistivity for H = 0 decreases with
decreasing temperature below 1.5K. However, no ob-
vious anomaly indicating phase transition is observed
down to 100mK. The resistivity of CegsLagsBg at
100 mK is about 21 uQcm. This large residual resistivity -
is not mainly a result of the scattering by the spheri-
cal Coulomb potential of the randomly distributed Ce®t
and Lat ions.!® As shown in the inset of Fig. 5, the
magnetoresistivity for T'= 0.60K and 0.45 K show only
weak field dependence in the fields lower than 17kOe.
However, the magnetoresistivity for 7 = 0.60K and
0.45 K show clear anomalies, corresponding to the phase
I/phase IIT transition, which are indicated by arrows.
The resistivity drastically decreases with development of
the magnetic long-range ordering. This implies that the
high residual resistivity in zero field is mainly ascribed
to the Kondo effect in the non ordered state.

We have performed the low-temperature specific heat
and electric resistivity measurements of Ceg sLag.5Bg.
The present results verify the magnetic phase diagram
obtained by the previous ultrasonic measurements. The
zero field specific heat of CegsLag5Bg shows a broad
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peak at around 0.9 K, which is a common characteris-
tic of diluted Kondo systems. The Cogblin-Schrieffer
model of a single impurity reproduces essential features
of specific heat for H = 0 at temperatures higher than
2K. The zero field specific heat of CepsLagsBg at low
temperatures roughly follows the C = vT + BT° law.
The large specific heat coefficients v = 1.8J/K? mol
and 8 = 2.9 J/K* mol indicate the non magnetic Kondo
ground state. In applying the magnetic field, phase I of
the non magnetic ground state of CegsLag sB¢ changes
to the long-range ordered phase II or phase III. Low-
temperature resistivity of CegsLagsBe for H = 0 is
21 pf2cm at 100 mK. This high residual resistivity is a
result of the Kondo effect.
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