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Elastic anomalies associated with possible charge order and other phase transitions in a
mixed-valent compound YbPd were investigated by ultrasonic measurements. A pronounced
elastic anomaly was observed at a possible charge-ordering temperature of 125 K, accompanied with a distinct hysteresis. On the other hand, a slight but clear elastic anomaly was
observed at other phase transitions at 1.9 K and 105 K. We argue that the data can be
described in terms of 4f low-lying level scheme of Yb ions under a crystalline electric field
effect and a possible charge ordering although Yb seems to go into a mixed-valent state in
YbPd.
PACS numbers: 43.35.Cg, 71.27.+a, 74.62.-c, 71.70.Ch, 75.25.Dk, 75.30.Mb

I. INTRODUCTION

In recent years, much attention has been focused on Yb compounds due to a rich variety of physical phenomena derived from a mixed-valent state of Yb ion, such as magnetism,
multipolar ordering, charge ordering, heavy fermion (HF) behavior, non-fermi liquid behavior and superconductivity. In particular, the mixed-valent state of Yb ions is of central
importance in these systems.[1–3] The magnetic properties of compounds with such unstable f shells are particularly interesting because of the potential competition between the
hybridization of the f electron with the conduction band, which tends to dissolve the crystalline electric field (CEF) fashioned f -shell moment, and the exchange interactions, which
can act to stabilize these moments. The key point here is that Yb ions fluctuate between
the nonmagnetic Yb2+ (J = 0) and the magnetic Yb3+ (J = 7/2) states. Thus, magnetic
order or/and multipolar ordering of Yb ions is quite unexpected in metals to date.
The cubic CsCl-type compound YbPd is one of such rare metals in the Yb-based
compounds. It undergoes four phase transitions at 0.5 K, 1.9 K, 105 K, and 125 K determined by specific heat, thermal expansion, and electrical resistivity measurements.[4]
Furthermore, a comprehensive experimental study was also made using different microscopic techniques. From magnetic susceptibility measurements, the transition at 0.5 K is
found to be magnetic. The 170 Yb Mössbauer effect measurements suggest that another
magnetic ordering occurs at 1.9 K, and the saturated spontaneous magnetic moment is
1.15 µB , which is lower than that in any of the Yb3+ cubic crystalline electric levels.[5]
These facts turn out that YbPd is a very interesting system since the magnetic ordering
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occurs clearly at fractional valence, being near configurational crossover of 4f 13 and 4f 14 .
It suggests that 4f –conduction-band hybridization would be present and play an important
role in this system. YbPd is, in fact, found to be a homogeneous mixed-valence compound
with the valence changing from 2.82 at 300 K to 2.80 near T = 0, confirmed by LIII x-ray
measurements. [4]
On the other hand, distinct inelastic excitations were observed by inelastic magnetic
neutron scattering measurements on YbPd.[6] These spectra can be interpreted in terms
of CEF theory for trivalent Yb in cubic symmetry. Hund’s rule ground multiplet of 4f 13
configuration is as follows: Yb3+ is J = 7/2, which splits into Γ8 quartet, Γ7 doublet, and
Γ8 doublet under the cubic CEF. They propose the corresponding CEF level scheme of Γ8 (0
K) – Γ7 (55 K) – Γ6 (142 K). It seems surprising to have such a small total splitting less than
55 K, which is approximately the same magnitude of the highest transition temperature
of 125 K. This fact also suggests that the four phase transitions in YbPd would possibly
involve the all 4f states, Γ8 quartet, Γ7 doublet, and Γ6 doublet. It should be mentioned
here that the unequivocal existence of two inelastic excitations suggests a 4f well-localized
character of Yb3+ , which is totally inconsistent with mixed-valent argument of Yb ions
above. It still remains a tough enigma.
YbPd exhibits other two phase transitions at 105 K and 125 K, which can be observed as strong anomalies in the specific heat and the thermal expansion data.[4] These
mechanisms have not been fully understood at present. Initially, these transitions were considered to be structural, although this could not be confirmed. The 170 Yb Mössbauer effect
measurements also suggest that two different Yb charge states are present in equal proportions at the lowest temperature, which implies charge ordering, although Yb ion occupies
only one crystallographic site in the CsCl-type structure.[5] Thus, one of the transitions
seems to be charge ordering. Another feature is that YbPd shows an enhanced Sommerfeld
coefficient of the specific heat γ exceeding 600 mJ/mol K2 , indicating HF behavior. If the
ground-state properties in this compound are governed by the competition between the
RKKY interaction and the Kondo interaction, the system is located near a valence and
resultant magnetic instability. Thus, it seems that YbPd is an interesting system due to
its proximity to a magnetic quantum critical point (QCP) in this sense.
In this way, although extensive studies on YbPd compound has been done and revealed unusual properties attributed to the mixed-valent state of Yb ions, the situation is
far from reaching a consensus on complete understanding.
In this study, we performed ultrasonic measurements on a polycrystalline sample of
the mixed-valent compound YbPd to investigate the elastic property in the vicinity of the
phase transition temperatures. A pronounced elastic anomaly was observed in the temperature dependence of longitudinal and transverse modes at the possible charge-ordering
temperature of 125 K, being accompanied with a clear hysteresis. On the other hand, a
slight but clear elastic anomaly was observed in the temperature dependence of longitudinal
and transverse modes at other phase transitions at 1.9 K and 105 K. Since no single crystals are available to date for this compound, we show and discuss only the experimentally
accessible modes, i.e., CL and CT .
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II. EXPERIMENTAL

Polycrystalline sample of YbPd was prepared by an ingot of ytterbium metal with the
purity of 99.9 % and 99.95 % as a starting material.[7] The mixture of shavings of the Yb
metal and the Pd powder in a ratio of 1.3:1 was pressed into a pellet. The pellet, which was
sealed into a tantalum tube under argon atmosphere by using an arc-furnace, was heated
at 1450 ˚C for 40 h. Powder x-ray diffraction pattern shows that the sample is in the cubic
CsCl-type structure with a lattice constant of a = 3.439 Å. The sample used in our study
has a size of 2.1 × 1.9 × 2.2 mm3 .
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 as 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 = gρv 2 by using the
sound velocity vand the density ρ of the crystal. The lattice constant of YbPd at room
temperature a = 3.439 Å was used for the estimation of the density ρ = 11.41 g/cm3 .

III. EXPERIMENTAL RESULTS

We measured the longitudinal as well as transverse ultrasonic velocity. We used 10–30
MHz for the measurement of CL and 5–15 MHz for CT . Figure 1 shows the temperature
(T ) dependence of longitudinal and transverse modes measured on the polycrystalline YbPd
sample. The absolute values of elastic constants and calculated Lamé’s constants λ and µ
at both 77 K and 4.2 K are listed in Table I. Lamé’s constants λ and µ are described by
CL and CT as CL = λ + 2µ and CT = µ. Thus, bulk modulus K, Young’s modulus Y ,
and Poisson’s ratio σ are calculated by K = λ + 2µvzs Y = µ (3λ + yµ)/(λ +gµ), and
σ = λvy(λ +gµ), respectively. There are several anomalies at around the phase transition
temperatures of 1.9 K, 105 K, and 125 K. A pronounced elastic softening was observed
in CL and CT at a critical temperature of 125 K. The ultrasonic signal becomes so small
and unstable at around 125 K that it is so hard to measure the complete change in the
sound velocity that takes place at the phase transition. This behavior is typical for the
discontinuous phase transition such as a charge ordering, valence phase transition.[8–10]
The elastic constants CL and CT change about 14% and 10%, respectively, at the phase
transition temperature of 125 K. It is noted that a rather slight anomaly was observed at the
critical temperature of 105 K in both CL and CT , which is much smaller than that observed
at around 125 K. The softening for CL and CT amounts to 0.4% and 0.6%, respectively. On
the other hand, a sudden elastic hardening was observed below 1.9 K in both CL and CT .
This behavior is typical for a magnetic phase transition.
Figure 2 shows the temperature dependence of longitudinal and transverse modes
measured on the polycrystalline YbPd sample under the selected magnetic fields, which are
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FIG. 1: The temperature dependence of elastic constants CL and CT of YbPd. The solid lines denote
the calculated curves based on the formula (3) in text. The dotted lines are the background elastic
constants CΓ0 for fitting. The arrows and vertical dotted lines indicate the transition temperature
points.

TABLE I: The absolute values of longitudinal elastic constants CL , transverse one CT , Lamé’s
constants λ, bulk modulus K, Young’s modulus Y , and Poisson’s ratio σ at both 77 K and 4.2 K.

4.2 K
77 K

CL
(GPa)
119.15
116.94

CT = µ
(GPa)
35.81
35.09

λ
(GPa)
47.53
46.76

K
(GPa)
71.40
70.15

Y
(GPa)
92.04
90.23

σ
0.285
0.286

offset for clarity in ascending order from bottom to top. There are several features seen in
the field dependence of the elastic constants as a function of temperature. First, the abrupt
decrease in elastic constantCL and CT shifts hardly, but slightly to lower temperatures and
then the decrease becomes suppressed slightly by applying the magnetic field. Here, red
and blue lines denote the results on heating and cooling, respectively. It should be noted
that a distinct hysteresis is observed under the magnetic field, which indicates a first-order
phase transition that will be discussed in detail below. The slight anomaly observed CL –T
and CT –T around 105 K in zero field becomes suddenly obscure, implying that the origin
might be magnetic.
On the other hand, the sudden elastic hardening observed below 1.9 K in both CL –T
and CT –T shifts significantly to lower temperatures and the hardening becomes gradually
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FIG. 2: The temperature dependence of the transverse mode measured on the polycrystalline YbPd
sample under the selected magnetic fields. Here, red and blue lines denote the results on heating
and cooling, respectively. The arrows indicate the transition temperature points.

depressed on applying the magnetic field as shown in Fig. 3. Above 3 T, the anomaly is
undetectable, indicating that the ground state has a magnetic character.
From these experimental results, the magnetic (H–T ) phase diagram of YbPd was
deduced as shown in Fig. 4. The boundary of the low-temperature phase indicated by the
closed black circles goes up to the higher field side with a negative curvature and closes
completely around 2.8 T. Again, this behavior is typical for a magnetic phase transition,
being in consistent with prediction by the 170 Yb Mössbauer effect measurements.[5]

IV. DISCUSSION

First, let us discuss elastic anomalies showing up around 125 K. The pronounced
elastic softening toward the transition temperature of 125 K, as observed in CL –T and
CT –T can be approached by different theories, depending on the origin. We will analyze
this elastic anomaly by the two following scenarios: 1) CEF effect and 2) charge ordering.
However, we can show the only experimentally accessible analysis 2) since no single crystals
are available for YbPd in the c present study. It should be noted here that we do not rule out
scenario 1). According to the proposed CEF level scheme, the ground state of Yb3+ (4f 13 )
is the well-isolated Γ8 quartet in YbPd.[6] Thus, one would expect typical quadrupolar
effects in CL –T and CT –T for T > 125 K since the Γ8 quartet ground state of the Yb3+
ions is both of Γ3 and Γ5 quadrupolar – active. Scenario 1) will be discussed in detail in a
separated article soon after the same measurements on single crystals are completed.[11]
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FIG. 3: Low temperature part of the elastic constant CT of YbPd. The arrows indicate the transition temperature points.
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FIG. 4: Magnetic (H–T ) phase diagram of
YbPd as deduced from the present results. The
dotted lines are a guide to the eyes. Inset shows
the low temperature part of the phase diagram.

The elastic softening of a localized f electrons system is usually understood as the
quadrupolar response of the system to an external strain associated with a sound wave. A
detailed derivation should be referred somewhere.[12–16] The temperature dependence of
the symmetric elastic constant CΓ is finally described as
CΓ = CΓ0 −

N gΓ2 χsΓ
1 − gΓ′ χsΓ

(1)

Here, N denotes the number of Yb ions in unit volume, CΓ0 the background elastic constant,
χsΓ the corresponding strain susceptibility, gΓ the magnetoelastic coupling constant, and gΓ ′
the wave vector q = 0 interaction between the quadrupoles in the Hamiltonian
∑
∑
H=−
gΓ εΓ OΓi −
gΓ′ ⟨OΓ ⟩ OΓi ,
(2)
i

i

where εΓ denotes the symmetry strain and OΓ is the corresponding quadrupolar operator.
Details should be referred somewhere. If one replace the quadrupolar operator OΓ with
another order parameter QΓ , which can be due to the charge fluctuation mode characterized
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by the wave vector q = 0 at the Brillouin zone center Γ point, then the above formula (1)
can be rewritten as follows:
)
(
0 T − TQ
,
(3)
CΓ = CΓ
T −Θ
where CΓ0 is the background elastic constant, TQ a critical temperature, and Θ the paramagnetic Curie-Weiss constant. This formula is used for the cooperative Jahn-Teller effect.[10]
The critical temperature TQ corresponds to the elastic instability point for the second-order
transition represented by TQ =gΘ + A, where A is the coupling energy between the fluctuation mode of order parameter and elastic strains εΓ . The fitting curves, as shown in
Fig. 1 for CL –T and CT –T for T > 125 K based on the formula (3), give us important
microscopic parameters as follows:CL0 = 126.9 – 0.0223 × T (GPa), TQ = 126.2 K and
Θ = 125.9 K for CL , and CT0 = 41.23 – 0.0212 × T (GPa), TQ = 129.6 K and Θ =
129.4 K for CT . Here, it should be noted that the paramagnetic Curie-Weiss constantgΘgs
closely related to the coupling constant between order parameters. If the order parameter
is the quadrupolar operatorOΓg s expected by scenario 1), an extremely large quadrupolar
interaction would be mediated among quadrupolar moments of Yb3+ ions. As a result, one
can naturally expect that a quadrupolar ordering will occur at 125 K, which would be the
highest transition temperature so far. At present, we cannot conclude this origin whether
the transition is due to a quadrupolar ordering or not.
Next let us discuss this transition in terms of other scenario 2). A pronounced elastic
softening toward the transition temperature is expected when a charge ordering occurs
as seen in Yb4 As3 , Fe2 O3 , for example.[8–10] According to the calculation based on the
formula (3), one obtains the coupling energy A as 0.3 K, which corresponds to the coupling
constant between the charge fluctuation mode and the elastic strain one. This rather small
coupling constant value might lead to the lack of a structural phase transition. Since so
far, no structural phase transition neither nor change of valence is observed at around 125
K by the x-ray, thermal expansion, and LIII absorption measurements, doubt about the
relevance of charge ordering for the interpretation would raise. However, if the configuration
of Yb2+ and Yb3+ ions is assumed as shown in Fig. 5 in which Yb2+ and Yb3+ ions occupy
alternatively in three-dimensional space, then one can observe no structural phase transition
at 125 K. This interpretation can be one candidate.
Finally, we would like to mention the other phase transitions showing up at 1.9 K
and 105 K. As mentioned above, the transition at 1.9 K seems to be a magnetic ordering as
judged from the magnetic (H–T ) phase diagram of YbPd. However, another problem then
rises about what happens at 0.5 K where a clear cusp-like anomaly with a clear hysteresis
is observed in the magnetic susceptibility. This point is an open problem.
To date, there is no idea regarding the transition showing up at 105 K, although
a distinct peak was observed in the specific heat measurement. [4] Since the magnitude
of elastic anomaly is much less compared to that of other ones, it seems that neither a
structural nor charge phase transition occurs at 105 K. This is still an open question.
However, it should be mentioned here that our recent same measurements under pressure
indicate a growth of the anomaly originated from the transition showing up at 105 K by
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FIG. 5: The possible charge-ordered structure below 125 K in YbPd in which no structural phase
transition takes place.

applying the pressure. We will present the pressure dependence of the elastic properties in
a separate article soon. [11]

V. CONCLUSIONS

In this paper, we presented the elastic properties of polycrystalline YbPd. We measured the temperature and field dependences of elastic constantsCL and CT . From these
experiments, we obtained the following conclusions. A pronounced elastic softening towards
the transition temperature of 125 K was observed in the temperature dependence of CL and
CT . The magnetic phase diagram of this transition was made, which reveals that the ordering is quite robust against magnetic fields. This means that the phase transition showing up
at 125 K would be of a nonmagnetic origin, such as charge ordering or quadrupolar one. A
slight elastic anomaly was observed at around 105 K in the temperature dependence of CL
and CT . This anomaly is much less remarkable than that observed at 125 K although the
specific heat data exhibits a clear and sharp peak at 105 K. A clear hardening was observed
below 1.9 K in the temperature dependence of CL and CT . This behavior makes us reminiscent of antiferromagnetic phase, which is consistent with the previous results. However,
how the mixed-valent state of Yb ions in YbPd works as a magnetic or/and quadrupolar
ordering mechanism is still an open question. For deeper understanding of the origin of
four successive ordering in YbPd, microscopic experiments such as neutron diffraction and
nuclear magnetic resonance measurements are highly desired. For further discussion, the
same measurements performed under high pressure are currently in progress. In our very
recent experiment, the phase transition below 105 K is enhanced and it becomes stabilized
on applying pressure. Both the transitions at 105 K and 125 K are largely dependent on
the pressure, most probably reflecting on the mixed-valent state of Yb ions in YbPd. Fur-
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thermore, in order to elucidate the low temperature phase showing up below 0.5 K, the
same measurements are also currently taken by means of a 3 He/4 He dilution refrigerator,
which is cooled down to the temperature of 40 mK. We believe that the present study
deserves further investigation to obtain a deeper insight into the mixed-valent state in Yb
compounds.
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