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Possible Observation of the Quadrupolar Kondo Effect in Dilute Quadrupolar System
PrxLa1�xPb3 for x � 0:05
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We have studied non-Fermi-liquid (NFL) behavior in PrxLa1�xPb3 with �3 quadrupolar moments in the
crystalline-electric-field ground state. The specific heat C=T shows NFL behavior in the very dilute region
for x � 0:05, which is scaled by a characteristic temperature T� in each Pr concentration. The application
of a magnetic field leads to a sharp increase of C=T, demonstrating the shift of the entropy existing in the
lower temperature region at H � 0 T. Moreover, Fermi-liquid behavior emerges at higher fields, in
contrast with NFL behavior at lower fields. The observed features indicate that NFL behavior is caused by
the quadrupolar Kondo effect.
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The description of Fermi-liquid theory is the basis to
understanding the electronic properties in various kinds of
metals, while a large number of Ce- and U-based com-
pounds have been found to show a non-Fermi-liquid (NFL)
behavior. The multichannel Kondo effect [1] leads to the
breakdown of the Fermi-liquid state and gives rise to NFL
behavior [2,3]. As a special case of the two-channel Kondo
effect (TCKE), the quadrupolar Kondo effect (QKE) is
expected to be realized in f-electron compounds with the
quadrupolar moments of a �3 doublet in the crystalline-
electric-field (CEF) ground state [4]. U4� ion with the 5f2

configuration or Pr3� ion with the 4f2 configuration under
cubic symmetry can have the �3 doublet in the CEF ground
state. In this situation, the fluctuation of the quadrupolar
moments would be quenched by the conduction electrons
[4–6]. The scattering path between the �3 doublet and the
charge of the conduction electrons involves two electron
channels, giving an overcompensation of the �3 quadrupo-
lar moment by conduction electrons below a characteristic
temperature TK. Since QKE corresponds to TCKE in the
magnetic system, QKE causes the peculiar features such as
NFL behavior, e.g., the logarithmic temperature depen-
dence of the specific heat, C=T / � lnT, and the residual
entropy of 0:5R ln2 at the ground state, where R is a gas
constant. However, there has been no experimental evi-
dence of QKE [7–13].

We have focused on PrPb3 substituted by nonmagnetic
La ions [14–16]. It is well established that the base-
compound PrPb3 has a �3 doublet in the CEF ground state
and exhibits the antiferroquadrupolar ordering at TQ �
0:4 K [17]. We have demonstrated from the specific heat
and susceptibility measurements that the �3 doublet in the
CEF ground state does not change by La substitution for
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the whole range of Pr concentration, implying that
PrxLa1�xPb3 is a good candidate to study QKE.

In this Letter, we report the specific heat study in
PrxLa1�xPb3 at the dilute region of the quadrupolar mo-
ments x � 0:05. The specific heat C=T shows NFL behav-
ior, which is scaled by a characteristic temperature T� in
each Pr concentration. The magnetic field effect of C=T
can be explained by the shift of the entropy at lower
temperatures at H � 0 T predicted from the theories on
QKE [2,18,19]. These facts provide strong support for the
scenario that QKE is responsible for NFL behavior.

The samples of PrxLa1�xPb3 were prepared by the same
procedure reported in the previous papers [14,15]. The
magnetization is measured by a Quantum Design SQUID
magnetometer. The specific heat is measured by a quasia-
diabatic heat-pulse method using a dilution refrigerator.

Prior to the results in the very dilute region of Pr ions, we
summarize results in the higher concentrations. TQ is
strongly suppressed by La substitution, and the ordering
exists only for the Pr concentration larger than x� 0:98
[14]. In a wide range for 0:1 � x � 0:95, the specific
heat shows a T-linear variation with a large � coefficient
(�C=T) at low temperatures, which is almost reproduced
by the model for amorphous materials with a random
configuration of a two-level system (RTLS) [14].

For x � 0:05, the low-temperature properties are
changed dramatically as reported in our previous papers
[15,16]. We show the concentration dependence of the
electronic specific heat Cel=T at H � 0 T in Fig. 1.
Cel=T shows NFL behavior with a monotonical enhance-
ment, while that for x � 0:1 is almost constant at low
temperatures. The data for x � 0:05 can be scaled by a
characteristic temperature T� as shown in the inset. These
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FIG. 2 (color online). (a) Temperature dependence of the
specific heat for the single crystal in H k 	100
 at representative
magnetic fields. The data from bottom to top at T � 1 K
correspond to the results for H � 0, 2, 6, and 4 T, respectively.
The dashed line shows the phonon contribution Cph for H � 1 T
estimated from the specific heat of LaPb3. (b) Magnetic field
dependence of A1=2

n in the nuclear specific heat obtained by the
fitting from Eq. (1) and that calculated from the magnetization at
T � 2 K for x � 0:05.

FIG. 1 (color online). Cel=T at H � 0 T plotted on a logarith-
mic temperature scale measured in a single crystal for x � 0:05
and polycrystals for x � 0:1, 0.03, and 0.01. Cel=T for x � 0:1 is
almost constant at low temperatures, while that for x � 0:05
shows NFL behavior (see text). Inset: CelT�=T versus log �T=T��
at H � 0 T. T� is taken to be 1 K for x � 0:05, 0.65 K for x �
0:03, and 0.40 K for x � 0:01.
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results represent two significant features: NFL behavior
appears in the dilute limit of the �3 moments and is under-
stood as the single-ion effect of the �3 moments. In addi-
tion, we observed important characteristics in the magnetic
susceptibility and the electrical resistivity [15,16]. The
susceptibility increases gradually below 5 K with decreas-
ing temperature. The electrical resistivity ��T� for x �
0:05 exhibits a marked decrease deviating from the
Fermi-liquid behavior in the temperature region where
NFL behavior was observed in the specific heat. These
features for x � 0:05 suggest that NFL behavior comes
from Kondo effect arising from the correlation between the
�3 moments and the conduction electrons.

Next we explore the magnetic field dependence of the
specific heat C�H�. As mentioned above, there exists the
residual entropy at low temperatures in the quadrupolar
Kondo system. In this case, the peculiar features such as
the enhancement of the � coefficient should be observed
when a magnetic field, lifting the degeneracy of the �3

doublet, is applied [2,18,19].
We show the temperature dependence of C�H� in x �

0:05 at representative fields in Fig. 2(a). The sharp peak at
around 3.2 K at H � 0 T, which is due to the supercon-
ducting transition in LaPb3 [15,20], shrinks rapidly by
applying a small external field. Within the resolution of
the measurements, the anomaly is indistinguishable above
H � 0:05 T, which is lower than the upper critical field of
the transition. Thus, we neglect the additional specific heat
due to the superconducting transition in the following
discussion above H � 1 T. The specific heat C�H� is
largely modified with increasing magnetic field. An upturn
with 1=T2 dependence appears at low temperatures, and
grows with increasing magnetic field. This upturn is caused
by a nuclear Schottky specific heat. To extract the field
02721
dependence of Cel, we tentatively express C�H� as

C�H� �
�
An
T2

�
� Cph � Cel: (1)

An=T
2 and Cph represent the nuclear and lattice contribu-

tions, respectively. From the fit of the upturn with 1=T2

dependence, we estimate the coefficient An and plot the
results in Fig. 2(b). The value of A1=2

n exhibits a huge
nuclear specific heat, which leads to the increase of a
thermal relaxation time between the nuclear spin and
lattice system [21]. In the present experiments, the devia-
tion from the 1=T2 dependence is detected at lowest tem-
peratures in high field region, e.g., below T � 0:25 K at
H � 6 T. The estimation of An, therefore, is carried out
carefully in the region where the 1=T2 dependence is
observed [22]. We emphasize that the ambiguity of An
does not affect the qualitative features discussed later.
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FIG. 3 (color online). (a) Magnetic field dependences of Cel=T
in H k 	100
 in the single crystal. Inset: The magnetic field
dependence of Cel=T at representative temperatures. The dashed
lines are guides for eyes. (b) Magnetic field dependences of
Cel=T in the polycrystal. The inset shows the magnetic field
dependence of Cel=T at representative temperatures.
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PrPb3 is of the hyperfine enhanced system [23], meaning
that the field at Pr nuclei is enhanced by (1� K) due to the
hyperfine field generated by the Van Vleck susceptibility
through the off-diagonal matrix element of the total angu-
lar momentum J � 4, where K is the enhancement factor.
Since K� 1, Anis approximated by

An � R�Ahf�
VVH=gJ�B�

2I�I � 1�=3; (2)

where Ahf , �VV , gJ, �B, and I are the magnetic dipole
hyperfine constant of Pr nuclei with the value of 0.052 K
[24], the Van Vleck susceptibility, the Landé g factor, the
Bohr magneton, and Pr nuclear spin moment of I � 5=2,
respectively. We evaluated A1=2

n from the magnetization by
using Eq. (2) as plotted in Fig. 2(b). The values of A1=2

n

obtained from the specific heat and the magnetization
measurements are in reasonable agreement above H �
2 T, reflecting the consistency of the two measurements.
On the other hand, there is a discrepancy between them at
H � 1 T, suggesting that the susceptibility at H � 1 T
increases below 2 K. We observed the similar field depen-
dence of the susceptibility in the dilute quadrupolar com-
pound PrxLa1�xInAg2 [25]. The susceptibility increases
remarkably below 15 K at low fields, while the increase
is suppressed with increasing magnetic field.

In Figs. 3(a) and 3(b) we show the magnetic field de-
pendences ofCel=T for x � 0:05 estimated from Eq. (1) for
the single crystal in H k 	100
 and for the polycrystal,
respectively. When appropriate magnetic fields of H � 2
and 3 T are applied, the slope of Cel=T exhibits a sharp
increase preserving NFL behavior as shown in the figures.
The value of C=T in Ce- and U-based compounds reported
to show NFL behavior so far is monotonically suppressed
with increasing magnetic field up to the field at which
Fermi-liquid behavior emerges [9,10,26]. Thus, the in-
crease of Cel=T in the present compound demonstrates
that the origin of NFL behavior is different from that in
Ce- and U-based compounds, in which the origin is thought
to be magnetic fluctuations.

As magnetic field is further increased, the breakdown of
the NFL state becomes apparent. At H � 4 T, a round
shape is seen at around 0.7 K, implying the beginning of
the suppression of NFL behavior. Above H � 6 T, Cel=T
is almost constant. Recalling the fact that ��T� at H � 6 T
follows approximately T2 dependence for the observed
temperature region, while a marked decrease of ��T� is
found below H � 5 T [15,16], we can conclude that
Fermi-liquid state emerges above H � 6 T. This feature
is extremely important for the evidence of the nonlocal
nature of the �3 moments. The application of the magnetic
field leads to the energy splitting of the �3 doublet due to
the Van Vleck term through the off-diagonal matrix ele-
ment, which is the same at every Pr site. Thus, if the �3

moments were localized, NFL behavior should have been
observed to higher fields, that is, the magnetic field could
not have changed the qualitative feature of the ground state
properties.
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Here, we discuss the present results under magnetic
fields based on the field effect on the two-channel Kondo
model (TCKM) because the quadrupolar Kondo model
(QKM) can be mapped on TCKM which has been exten-
sively studied. The magnetic field in QKM acts as the
channel field in TCKM [5]. In addition, the splitting of
the �3 doublet by magnetic field should be taken into
account in real compounds, which corresponds to the
case of the application of the spin field in TCKM. The
application of the channel or spin field in TCKM brings
about a large increase of the � coefficient in the specific
heat because of the residual entropy at the ground state
[2,18]. In other words, the entropy, which exists in the
lower temperature region, should shift to higher tempera-
tures by applying the channel or spin field. Qualitatively,
the same features have to be observed in QKM by applying
magnetic field, because this situation corresponds to the
case in the application of the channel and spin fields in
TCKM as described above.

Indeed, the field dependence of Cel=T is consistent with
that expected from QKM under magnetic fields as follows
[2,18,19]. The sharp increase of Cel=T is observed at H �
2 T, which demonstrates the presence of the entropy in the
lower temperature region. Cel=T at H � 1 T, on the other
0-3



PRL 96, 027210 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
20 JANUARY 2006
hand, seems to keep the value atH � 0 T as shown in each
of the insets in Figs. 3(a) and 3(b), which implies that the
field is insufficient to raise Cel=T, i.e., to shift the entropy
up to the observed temperature region predicted in Fig. 2 or
Fig. 6 in Ref. [2]. The entropy calculated by integrating
Cel=T between T � 0:2 and 2 K in the single crystal is
0:64R ln2 at H � 0 T and changes to 0:82R ln2 at 2 T,
0:92R ln2 at 3 T and 0:87R ln2 at 4 T. Moreover, it will
gradually decrease at higher fields. The field dependence of
Cel=T reflects the shift of the entropy existing in the lower
temperature region to higher temperatures as a function of
the magnetic field. The calculated entropy at H � 0 T
already exceeds the theoretical value of 0:5R ln2 in QKE.
This can be ascribed to the distortion of CEF because of the
difference of the ion radius between Pr3� and La3�, which
causes lifting the degeneracy of the �3 doublet even at zero
field and raising Cel=T at low temperatures, which is dis-
cussed in the previous papers [14,15].

The suppression of NFL behavior at higher fields can be
related with the crossover effect from NFL to Fermi-liquid
state by decreasing temperature [5]. The crossover tem-
perature is predicted to be about �2=TK in QKM for �
TK, where � is the effective field, which includes the
contributions from both the channel field and the splitting
of the �3 doublet due to the Van Vleck term, and TK is
Kondo temperature. The first excited level in the present
compound is at�15 K, leading to the large splitting of the
�3 doublet, whereas the effect of the channel field is
obscure. For simplicity, we take account of only the split-
ting due to the Van Vleck term in the present case. At H �
4 T, � in the [100] direction is evaluated to be �1:8 K
from the CEF scheme, while TK is considered to be �5 K
from the electrical resistivity results [15,16]. The evaluated
value is in reasonable agreement with the crossover tem-
perature of�0:7 K at H � 4 T, although � is close to TK.
The crossover temperature shifts to higher temperatures
with increasing magnetic field, resulting in the emergence
of Fermi-liquid behavior for a wide temperature region
above H � 6 T.

As shown above, the observed features indicate that
QKE is responsible for NFL behavior for x � 0:05. In
addition, the correlation between the �3 moments and the
conduction electrons may play the crucial role for the novel
features even in the Pr concentration for x � 0:1. In PrPb3,
the correlation may bring about a nonsquare modulated
structure in the quadrupolar ordering as reported by
Onimaru et al. [17]. For 0:1 � x � 0:95, the T-linear
specific heat reproduced by the model for amorphous
materials with RTLS suggests appearance of a glasslike
state of the �3 moments [14]. This state seems to be
realized due to the competition of two kinds of correla-
tions, (i) the correlation between the �3 moments and the
conduction electrons and (ii) the intersite correlation be-
tween the �3 moments. Further experimental and theoreti-
cal studies are needed to clarify the novel features arising
02721
from the correlation between the �3 moments and the
conduction electrons.

In conclusion, we have revealed the following features
on NFL behavior in PrxLa1�xPb3. NFL behavior of Cel=T
appears in the dilute limit of the �3 moments for x � 0:05,
and is understood as the single-ion effect of the �3 mo-
ments. With increasing magnetic field, the sharp increase
of Cel=T is observed for x � 0:05, which reflects the shift
of the entropy existing at lower temperatures at H � 0 T.
In contrast to NFL behavior at lower fields, Fermi-liquid
behavior emerges above H � 6 T. The observed features
indicate that NFL behavior for x � 0:05 is caused by QKE
due to the correlation between the �3 moments and the
conduction electrons.
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