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Ultrasonic measurements have been carried out on the heavy-fermion compound YbCo2Zn20 to investigate
the elastic properties and the 4f electric state of Yb ion. A strong temperature dependence at low temperature
was found in elastic constants C11, �C11−C12� /2, and C44 of YbCo2Zn20. Furthermore, the elastic constants are
significantly magnetic field dependent at low temperatures. These experimental facts strongly suggest an
importance of the highly degenerated 4f low-lying level scheme of Yb ions under a crystalline electric field
effect, probably leading to such an extremely large Sommerfeld coefficient of YbCo2Zn20. We argue that the
near spherical distribution of neighboring Zn atoms centered at the Yb site is an essential requirement for the
formation of such an exotic heavy-fermion system.
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I. INTRODUCTION

Much attention has been focused on clathrate compounds
and filled skutterudites known as cagelike compounds to dis-
cern the nature of the strongly correlated electron system
derived from their cage structures.1–9 Such problems include
the interplay between superconductivity, magnetism, multi-
polar ordering, and heavy fermion �HF� behavior in structur-
ally related materials. In particular, anharmonic vibrations of
a guest ion in an oversized cage and strong hybridization
between localized f electrons and conduction bands owing to
the large number of the cage atom to the guest ion are of
central importance in these systems.

A new family of lanthanide intermetallic compounds
RX2Zn20 �R=lanthanide and X=transition metal� is one of
the ideal candidates for investigating them, as reported
previously.10,11 The RX2Zn20 compounds crystallize in the
cubic CeCr2Al20 structure belonging to the space group

Fd3̄m. A characteristic feature of the crystal structure in
these compounds is as follows. The rare-earth ion has the
four nearest neighbors as well as the twelve next-nearest
neighbors of Zn atoms. Namely, the rare-earth ion is coordi-
nated by a 16 atom Frank-Kasper polyhedron and has a cubic
point symmetry.12,13 It is expected, thus that relatively low
crystalline electric field �CEF� split levels are possibly real-
ized due to this near spherical distribution of neighboring Zn
atoms.

Thermodynamic and transport properties of YbT2Zn20
manifest strong electric correlations in the HF behavior.10,11

The intensive investigation of these compounds is certainly
motivated by the exceptionally enormous Sommerfeld coef-
ficient � of 7.9 J /mol K2 in YbCo2Zn20, evidenced by the
specific-heat measurement. Furthermore, the Sommerfeld co-
efficient ranges from 500 to 800 mJ /mol K2 even in other
YbT2Zn20 compounds, which is relatively large compared to
that in other Ce-based HF compounds. The temperature-

dependent magnetic susceptibility data of YbCo2Zn20 fol-
lows well a Curie-Weiss law down to 3 K, confirming the
presence of local magnetic moment derived from Yb ion and
the low CEF splitting levels. No indications of either mag-
netic order or superconductivity have been reported so far at
low temperatures down to 20 mK.10 The occurrence of such
an enormous � in YbCo2Zn20 has led to a systematic inves-
tigation of magnetic and structural properties of this com-
pound. The origins of the HF properties of YbCo2Zn20 are
still unclear. One of the most important and essential issues
to elucidate the mechanism, governed the low-temperature
properties is to determine the CEF splitting levels.

Elastic constant measurements are particularly well suited
to study ground-state properties, via a quadrupolar response
of 4f ion and a magnetoelastic interaction. It is because, in
general, the coupling of an acoustic strain � to an ionic quad-
rupole moment tensor Q is large and the coefficients of the
elastic constants depend in a characteristic manner on the
components of the charge susceptibility ��. As described be-
low in detail the elastic constants, as the charge susceptibil-
ity, measure the diagonal and off-diagonal quadrupolar ma-
trix elements which correspond to Curie terms and Van
Vleck terms in the charge susceptibility, respectively. This is
analogous to the magnetic susceptibility which samples the
magnetic dipole matrix elements. With a �3 or a �5
quadrupolar-active ground state of the Yb�4f13� ions one can
expect typical quadrupolar effects, especially in the tempera-
ture dependence of the elastic constants.

In this paper we present the results of ultrasonic measure-
ments to elucidate the underlying mechanism for the forma-
tion of Yb based strongly correlated-electron state observed
in YbCo2Zn20, mainly focused our attention on the ground-
state properties possibly formed by CEF effect.

II. EXPERIMENTAL DETAILS

Single crystal YbCo2Zn20 was grown in Zn flux. The ma-
terials were placed in the ratio Yb:Co:Znª1:2 :100: in a
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Ta crucible and sealed under vacuum in a quartz ampoule.
Residual Zn flux was etched from the surface of the crystals
using diluted HCL or acetic acid. Specimen used for the
present ultrasonic measurement was cut into a rectangular
shape with two axes along the �001� and �110� directions.
The specimen used in our study has a size of 2.5�3.4
�2.4 mm3 with the crystallographic �100� axis directed
along the largest dimension.

The sound velocity, as the elastic constant was measured
by an ultrasonic apparatus based on a phase comparison
method at temperatures down to 0.5 K in magnetic field up
to 12 T. Plates of LiNbO3 was used for the piezoelectric
transducer. The fundamental resonance frequency of LiNbO3
transducer is 5–30 MHz. The transducer was glued on the
parallel planes of the sample by an elastic polymer Thiokol.
The absolute value of the sound velocity was obtained by
measuring the delay time between the ultrasonic echo signals
with an accuracy of a few percent. The elastic constant was
calculated as C=�v2 by using the sound velocity v and the
density � of the crystal. The lattice constant of YbCo2Zn20 at
room temperature a=14.15 Å was used for the estimation of
the density �=7.9 g /cm3.

III. EXPERIMENTAL RESULTS

We measured the longitudinal as well as transverse ultra-
sonic velocity. We used 10–30 MHz for the measurement of
C11 and 5–15 MHz for �C11−C12� /2 and C44. Figure 1 shows
an overview of the longitudinal �C11� and transverse ��C11
−C12� /2 and C44� elastic constants as a function of tempera-
ture for the cubic YbCo2Zn20. The absolute values of each

elastic constants and calculated bulk modulus CB= �C11
+2C12� /3 and Poisson ratio �P=C12 / �C11+C12� from C11
and �C11−C12� /2 at both 77 and 4.2 K are listed in Table I.
These data show normal behavior at higher temperature; a
stiffening with decreasing temperature. However, a strong
softening was found below around 30 K in the temperature
dependence of all modes. The softening for C11, �C11
−C12� /2, and C44 amounts to 13%, 11%, and 6%.

TABLE I. The absolute values of each elastic constants and bulk
modulus CB= �C11+2C12� /3 and Poisson ratio �=C12 / �C11+C12� at
both 77 and 4.2 K.

Mode

Elastic constants

at 4.2 K at 77 K

C11 118.7 GPa 120 GPa

�C11−C12� /2 30.9 GPa 31.5 GPa

C44 21.5 GPa 21.3 GPa

CB= �C11+2C12� /3 77.5 GPa 78.0 GPa

�=C12 / �C11+C12� 0.32�4� 0.32�2�
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FIG. 1. Temperature dependence of elastic constants C11, �C11

−C12� /2, and C44 of YbCo2Zn20.
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FIG. 2. �Color online� Temperature dependence of elastic con-
stant C44 of YbCo2Zn20 in the selected fields. A grayed circle de-
notes the experimental results. Blue and red lines denote the calcu-
lation results based on the formulas �3� and �4�, respectively. Inset
shows the magnetic field dependence of the bandwidth determined
by the results.
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A gray circle in Fig. 2 shows the temperature dependence
of �C11−C12� /2 at low temperatures under the selected mag-
netic fields along �110� axis, offset for clarity in ascending
order from bottom to top. The softening below around 30 K
becomes suppressed gradually with increasing the magnetic
field. It should be noted here that a dip structure at a certain
temperature shows up in a field of 3 T. The dip, however,
shifts to higher temperatures and becomes smaller as the fur-
ther increasing magnetic field crosses 4 T and finally unde-
tectable above 5 T.

A gray circle in Fig. 3 shows the temperature dependence
of C44 at low temperatures under the selected magnetic fields
along �100� axis, offset for clarity in ascending order from
bottom to top. The softening below around 30 K becomes
suppressed gradually with increasing the magnetic field.
Also, it is noted here that a dip structure at a certain tem-
perature shows up in a field of 3 T. The dip, however, shifts
to higher temperatures and becomes pronounced as the in-
creasing magnetic field above 5 T.

These characteristic behavior will be discussed below in
detail, based on the both 4f-localized and itinerant electronic
state.

IV. ANALYSIS

A. Quadrupolar moment-strain interaction (localized picture)

First, let us discuss elastic anomalies showing up at low
temperatures. Characteristic elastic softening toward low
temperature, observed in a temperature dependence of the
elastic constants is a feature of quantum phenomena. The
elastic softening of a localized f electrons system can be
usually understood as the quadrupolar response of the system
to an external strain associated with a sound wave. The vol-
ume strain �B=�xx+�yy +�zz with �1 symmetry associated
with a bulk modulus CB= �C11+2C12� /3 couples to the Cou-
lomb multipole moment OB=O4

0+5O4
4. A softening in CB is a

characteristic phenomena for the valence fluctuation system
as SmB6.14 In general, CB increases with decreasing the tem-
perature due to the anharmonicity of the lattice vibration in
such compounds with stable 4f electron, and even in the
Kondo ones. The elastic strain �v=�xx−�yy and �u= �2�zz
−�xx−�yy� /�3 associated with the transverse �C11−C12� /2
mode couples to the quadrupolar moment O2

2=Jxx−Jyy and
O2

0= �2Jz
2−Jx

2−Jy
2� /�3, respectively with �3 symmetry. On

the other hand, the elastic strain �xy associated with the trans-
verse C44 mode couples to the quadrupolar moment Oxy with
�5 symmetry. These effects have its origin in the modulation
of the CEF potential by the strain. The lowest order term of
this perturbation can be described by

Hqs = �
i

g�O��i���. �1�

Here, O��i� is the equivalent quadrupolar operator at the
ith Yb site and g� �� denotes the irreducible representation
of the point group, i.e., �3 and �5� is the coupling constant.
The scattering of the conduction electrons by the electric
quadrupolar moments of 4f electrons leads to a quadrupolar
interaction such as the Ruderman-Kittel �-Kasuya� -Yoshida
�RKKY� mechanism. This means that the quadrupolar mo-
ment O��i� of ith Yb site couples to the moment of the other
sites by way of the conduction electrons with the same
mechanism as RKKY interaction. This intersite quadrupolar
interaction can be described by

Hqq = �
i

g���O��O��i� . �2�

Here, g�� is the quadrupolar coupling constant and �O�� is
the mean field of the quadrupolar moment. The temperature
dependence of the symmetric elastic constant C� is described
as,15–17

C��T� = C�
�0��T� −

Ng�
2��

�s��T�
1 − g����

�s��T�
. �3�

Here, N denotes the number of Yb ions in unit volume,
C�

�0� and ��
�s��T� denote the background without quadrupolar-

strain interaction and the quadrupolar susceptibility, respec-
tively. In the Yb ion case, the Curie term in the quadrupolar
susceptibility due to the �8 state with orbital degeneracy
gives rise to the elastic softening proportional to reciprocal
temperature at low temperatures in transverse �C11−C12� /2
mode and C44, whereas the �6 and �7 states have no Curie
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FIG. 3. �Color online� Temperature dependence of elastic con-
stant �C11−C12� /2 of YbCo2Zn20 in the selected fields. A grayed
circle denotes the experimental results. Blue and red lines denote
the calculation results based on the formulas �3� and �4�, respec-
tively. Insets show the magnetic field dependence of the bandwidth
determined by the results �right bottom� and model of a rectangular
density of states for a quasiparticle band in YbCo2Zn20 �left top�.
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term, but Van Vleck one in the quadrupolar, resulting in
much less elastic softening in both �C11−C12� /2 and C44
mode. This distinctness helps us to determine the 4f-ground
state of rare-earth ion in rare-earth compounds.

B. Deformation potential approximation (itinerant picture)

Second, we discuss the elastic anomalies at low tempera-
tures in the different way apart from the CEF effect. If the
system has a large density of states of quasiparticles in the
vicinity of Fermi level formed by the hybridization, a cou-
pling between quasiparticles and the relevant elastic strain
associated with sound waves becomes significantly strong.
This also causes an elastic anomaly at low temperatures. In
heavy-fermion compounds, thus, a deformation potential
coupling to heavy quasiparticles is of great importance,
forming by the strong hybridization between 4f states and
conduction electron states. In order to explain the elastic
softening toward low temperature in YbCo2Zn20, the model
of the quasiparticle band is employed. For the simplicity, a
rectangular density of states and total bandwidth are assumed
as shown in the inset of Fig. 3. In the framework of this
model with the assumption, the elastic constant C� may be
described by14,18–22

C� = C�
0 −

4d2

W
tanh	�W

4

 , �4�

where C�
0 and d denote the background elastic constant and

coupling constant, respectively. Here, a rectangular density
of states and total bandwidth W are assumed as shown in the
inset of Fig. 3.

V. DISCUSSIONS

First, we consider the CEF splitting of the 4f level of
Yb+3 in YbCo2Zn20. The Hund’s ground state of multiplet
5F3 in 4f13 configuration of Yb+3 ion is J=7 /2, which split
into �8 quartet, �7 doublet, and �6 doublet under the cubic
symmetry. Previous reports on magnetic susceptibility of
YbCo2Zn20 shows no deviation from the Curie-Weiss law
down to 3 K, indicating that the CEF splitting is significantly
small. The blue lines in Figs. 2 and 3 show the calculated
results based on the formula �3�, where we set the total en-
ergy difference 	=0. Since the explicit level scheme has not
yet determined, we cannot conclude the level scheme split by
the CEF effect. Nevertheless, the agreement between the ex-
periment and calculation is reasonable in higher magnetic
fields, but less in low fields as mentioned above. A deviation
between experiment and calculation can be significant in
lower magnetic fields if one tries to reproduce a minimum
showing up under external magnetic fields based on the for-
mula �3�. We cannot obtain the better agreement if we set the
other energy difference 	 of 3 K or 5 K, although we do not
show them here. The fitting curves as shown by a blue line
give us important microscopic parameters such as quadrupo-
lar coupling and intersite quadrupolar interaction constants
as follows: g�3� =35.3 K and g�3=1.07 K for �C11−C12� /2
in Fig. 2, and g�5� =30.7 K and g�5=1.07 K for C44 in
Fig. 3.

Second, we would like to discuss the deviation of the
experimental results from behavior predicted by the CEF ef-
fect in lower fields in more detail. One might speculate about
the origin of this deviation due to Kondo effect, reminiscent
of the similar behavior observed in PrFe4P12 and
PrInAg2.23–25 Again, our results show the reasonable agree-
ment with calculation based on the cooperative effect of the
CEF and Zeeman effect under external magnetic fields, in
particular, above 5 T.

Let us then examine the low-field elastic behavior from a
different angle. One can obtain better agreement if one ap-
plies the deformation potential approximation to reproduce
the experimental data in low fields below 5 T, based on the
formula �4�. A red line in Figs. 2 and 3 shows the theoretical
results. As shown in those figures, the calculated results
based on the deformation potential are in better agreement
with the experimental data, in particular, under low fields
than those based on the CEF model as shown in Figs. 2 and
3 by a blue line. On the other hand, the fit based on the
deformation potential under high magnetic fields is some-
what difficult to reproduce a minimum showing up around 5
K above a field of 5 T.

Third, we would like to discuss the itinerant and localized
nature of 4f electrons in YbCo2Zn20. The insets of Figs. 2
and 3 show the magnetic field dependence of the bandwidth
estimated by the formula �4� under the condition where the
coupling constant d is kept constant, namely, independent of
the field. The both of coupling constants d are determined by
the elastic constants, �C11−C12� /2 and C44. The bandwidth
changes less below 3 T. However, it increases dramatically
above around 3 T with increasing the magnetic field.

An increase in the bandwidth W with increasing magnetic
fields suggests a tendency toward the broadening of 4f level
to gain the Zeeman energy, leading to the suppressed HF
behavior. We note that these results are consistent with the
recent specific-heat measurements which show the signifi-
cant suppression of the huge Sommerfeld coefficient � by the
applied field.26 The suppression of the HF behavior seems to
be magnetic sources, probably different from the novel
mechanism due to the other ones such as rattling motion,
multipolar degrees of freedom discusses energetically in
SmOs4Sb12, KOs2O6, and PrFe4P12.

27–29 Recently the con-
nection between the formation of heavy-fermion system and
the rattling motion are intensively studied both experimen-
tally and theoretically. Since the HF state in YbCo2Zn20
would be destroyed easily by external magnetic field, we
suppose that the formation of HF state would not be due to
the rattling motion, but magnetic origin. Actually, no ultra-
sonic dispersion has been observed so far in the frequency
range up to 50 MHz in YbCo2Zn20, indicating the absence of
rattling motion. Thus, the possible rattling motion of Yb ion
in a cage of Zn may be ruled out. Another factor need to be
considered is the additional value possibly added to the huge
Sommerfeld coefficient �. It is absolutely difficult to explain
such a huge � value of 7.9 J /mol K2 in YbCo2Zn20 only by
the conventional scenario due to magnetic origin.30,31

We naively suggest that these observations point to a pos-
sibility that the fluctuation of the quadrupolar moments, con-
sequently and/or the fluctuation of magnetic ones are playing
an essential role for the formation of such a huge � value
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additionally. Furthermore, a magnetic fluctuation associated
with a valence one in Yb ion may play a key and unique role
as well in YbCo2Zn20 to form the huge � value. Anyway our
results indicate experimentally that such an anomalous state,
probably including a magnetic fluctuation would be sup-
pressed strongly by external magnetic fields within around 3
T. This picture is in good agreement with a small value of
Kondo temperature of 3 K in YbCo2Zn20, estimated by pre-
vious other measurements.10

From these results, thus, we may conclude that the tem-
perature dependence of elastic constants of single crystalline
YbCo2Zn20 give indication that quadrupolar effects play a
significant role for the temperature-dependent elastic proper-
ties of this material. We expect that the quadrupolar interac-
tion constant g� should be strongly reduced possibly due to a
growth of quadrupolar fluctuations at low temperatures. As
an effect of the application of a magnetic field would reduce
the fluctuation, via energy splitting of mostly degenerated 4f
ground state to gain the Zeeman energy. As a result the soft-
ening effects would be recovered reflecting CEF effect under
the magnetic fields. It naively suggests here that we specu-
late that such a huge � value in YbCo2Zn20 might also be
formed by the fluctuation between f and conduction elec-
trons, as pointed out by the recent theoretical studies.32

Finally, the results of our measurements add to the experi-
mental indications that there is a critical field of around 3 T,
in which the bandwidth W shows a minimum value as shown
in the insets of Figs. 2 and 3. We infer that the 4f electron
system shows a crossover from itinerant nature to localized
one at low temperature in YbCo2Zn20. Actually, magnetic
field can be one of the efficient control parameters. So far, it
is highly nontrivial how the quantum critical point �QCP� is
control by applying magnetic field.33 Nevertheless, the itin-
erant behavior observed in the present experiment might sug-
gest the valence fluctuation due to the hybridization formed
by the 4f level located near the Fermi level. Again, this in-
stability with the highly quantum degeneracy seems to be a
key mechanism for understanding such a huge � value in
YbCo2Zn20 added to the enhanced effective mass under low
fields.

VI. CONCLUDING REMARKS

In this paper we presented the elastic properties of single
crystalline YbCo2Zn20. We measured the temperature and
field dependences of elastic constants C11, �C11−C12� /2, and
C44. From these experiments we obtain the following conclu-
sions. The highly degenerated orbital degree of freedom,
which realized due to the near spherical CEF potential, is
responsible for the elastic softening of C11, �C11−C12� /2,
and C44 below around 30 K. However, the softening cannot
be explained only by the CEF effect under zero and low
fields below around 3 T, giving an indication that the qua-
drupolar moments would be screened significantly, possibly
based on the magnetic fluctuation which is associated with
quadrupolar moment or/and Yb valence. However, the elastic
anomalies would be reproduced reasonably by CEF field ef-
fect and Zeeman effect under magnetic fields above around 4
T. We found the characteristic evolution of the bandwidth W
which might indicate the crossover from itinerant 4f elec-
tronic state to localized one. It is indicated and reconfirmed,
from this work, that YbCo2Zn20 is a possible candidate for
the system being the proximity to a QCP, which would give
rise to the novel ground state that the crossover from the
itinerant to localized 4f state may be realized, being tuned by
a magnetic field. In order to check our proposal, microscopic
experiments such as neutron diffraction and nuclear mag-
netic resonance measurements are highly desired. For a fur-
ther discussion, the same measurements under high pressure
are currently in progress.
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