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Temperature-dependent magnetization, specific heat, and electrical resistivity measurements were performed
on single crystals of PrNi2Cd20 and PrPd2Cd20. Neither compound shows any evidence for magnetic order
above 2 K. Magnetization measurements suggest that Pr ions assume a nonmagnetic Γ1 singlet or non-Kramers
Γ3 doublet ground state. A broad peak, which is identified as a Schottky anomaly, is observed in the spe-
cific heat at low temperature. Low-lying excitations involving the 4f -electrons persist down to 2 K for both
PrNi2Cd20 and PrPd2Cd20 and related features are also observed in the magnetization and electrical resistivity.

PACS numbers: 71.27.+a, 72.15.Eb, 75.30.Mb, 75.40.Cx

I. INTRODUCTION

Exotic physical properties originating from strong elec-
tronic correlations in Pr-based cubic compounds have at-
tracted much attention. In these systems, if the crystalline
electric field (CEF) ground state of the Hund’s rule J = 4 mul-
tiplet is a nonmagnetic, non-Kramers doublet (Γ3), the fluctu-
ating quadrupolar moment can interact with the conduction
electrons to produce strongly-correlated behavior.1 Intrigu-
ing phenomena such as multipolar ordering and the multipo-
lar Kondo effect are expected to occur in such a scenario.1

The pseudobinary system Y1−xUxPd3 is the first example of
non-Fermi liquid (NFL) behavior in an f -electron system; its
behavior was originally interpreted in terms of a quadrupo-
lar Kondo effect,2–4 which is a version of a spin-1/2 two-
channel Kondo effect. The quadrupolar Kondo effect requires
that nearly localized tetravalent uranium ions in a cubic lo-
cal environment with CEF-split 5f energy levels are cova-
lently admixed with conduction band electron states, generat-
ing an antiferromagnetic exchange interaction which leads to
the Kondo effect.2–4 In the Russell-Saunders coupling scheme,
U4+ has the same series of CEF levels as Pr3+, indicating that
similar behavior can be observed in Pr-based compounds.5

Another prominent example of quadrupolar phenomena is
antiferroquadrupolar (AFQ) order arising from the doublet
ground state in PrPb3,6,7 in which chemical substitution of La
for Pr destroys the AFQ order at x = 0.03 in Pr1−xLaxPb3.8

NFL behavior in this system, observed in the specific heat for
x > 0.95, was attributed to the quadrupolar Kondo effect.8

On the other hand, if the ground state is a nonmagnetic sin-
glet (Γ1), superconductivity may be mediated by quadrupo-
lar fluctuations as apparently occurs in the Pr-based heavy
fermion superconductor PrOs4Sb12, which has a supercon-
ducting transition temperature Tc = 1.86 K.9–16

The Pr-based compounds PrM2X20 (M = Ti, V, Nb, Ru,
Rh, Ir; X = Al, Zn) with a cubic CeCr2Al20-type crystal struc-
ture have attracted much interest.17–25 In a cubic CEF, the J
= 4 multiplet of the Pr3+ ion splits into four levels: a Γ1

singlet, a Γ3 non-Kramers doublet, and Γ4 and Γ5 triplets.
One of the important features of the PrM2X20 compounds
is that, in most cases, the Γ3 doublet is considered to be
the ground state.18,21,22,25 Indeed, a recent inelastic neutron

scattering study23 and ultrasonic velocity measurements26

have confirmed that the Γ3 doublet is the ground state in
PrTi2Al20 and PrIr2Zn20. Recently, we succeeded in synthe-
sizing RM2Cd20 (R = rare earth; M = Ni, Pd) compounds in
single crystalline form.27 Systematic studies of the structural,
magnetic, electrical transport, and thermodynamic properties
of the RM2Cd20 family were recently published.27,28 Since
all of the known PrM2X20 (X = Al, Zn) compounds are heavy
fermion materials,17–25 we were motivated to study these X =
Cd compounds to ascertain whether they also exhibit strong
electronic correlations or multipolar order.

In this article, we report DC magnetization M , electri-
cal resistivity ρ, and specific heat C measurements on single
crystalline samples of PrM2Cd20 (M = Ni, Pd) and a refer-
ence compound LaNi2Cd20. The monotonic increase of M
with H and a Van Vleck-like behavior at low temperatures
in M/H vs. T data indicate that the ground state of Pr in
PrNi2Cd20 and PrPd2Cd20 is a non-Kramers Γ3 doublet or Γ1

singlet. The C(T ) data exhibit a broad peak which resembles
a Schottky anomaly and the ρ(T ) data display a nearly linear
dependence on T below T ∼ 11 K; these features are related
to the low-lying excitations involving the 4f -electrons in both
PrNi2Cd20 and PrPd2Cd20.

II. EXPERIMENTAL DETAILS

Single crystals of PrM2Cd20 (M = Ni, Pd) and
LaNi2Cd20 were prepared by the Cd self-flux method. De-
tails of the sample preparation are described in Ref. 27. Crys-
tal structure and sample quality were primarily characterized
through analysis of powder x-ray diffraction (XRD) patterns
collected with a Bruker D8 Discover x-ray diffractometer.
Four-wire electrical resistivity measurements were performed
from 300 K down to∼1.1 K in a pumped 4He Dewar. Magne-
tization measurements were performed between 300 K and 2
K in a Quantum Design Magnetic Property Measurement Sys-
tem (MPMS). Specific heat measurements were performed
down to 1.8 K using a Physical Property Measurement Sys-
tem (PPMS) DynaCool. The specific heat measurements were
made using a standard thermal relaxation technique. The ori-
entation of single crystals was determined using a Bruker D8
Discover x-ray diffractometer.



2

FIG. 1: (Color Online) X-ray diffraction patterns for
PrNi2Cd20, PrPd2Cd20, and LaNi2Cd20 measured at room
temperature. The black circles and green and brown lines indi-
cate the observed intensity Iobs for LaNi2Cd20, PrNi2Cd20, and
PrPd2Cd20, respectively. The red line represents the calculated
intensity Icalc. A photograph of a PrNi2Cd20 single crystal is shown
in the inset where the small squares are 1 mm× 1 mm for reference.

III. RESULTS AND DISCUSSION

Analysis of the powder XRD patterns indicated that the
PrM2Cd20 (M = Ni, Pd) and LaNi2Cd20 samples are single
phase without any trace of impurity phases. The lattice pa-
rameter from the Rietveld refinements, which were conducted
on powder XRD patterns for each sample using GSAS29 and
EXPGUI30, are given in Table I. The CeCr2Al20-type cu-
bic crystal structure with space group Fd3m was observed
for all samples.27 XRD patterns for the PrM2Cd20 (M = Ni,
Pd) and LaNi2Cd20 single crystals are shown in Fig. 1, plot-
ted with their refined patterns for comparison. This crys-
tal structure provides an opportunity to study strongly corre-
lated electronic states, which can be associated with either f
or d electrons, and localized Pr magnetic moments that have
a large spatial separation.27,28 The larger spatial separation
between Pr ions of 6.74 Å and 6.80 Å for PrNi2Cd20 and
PrPd2Cd20, respectively, relative to that in Pr-based 1-2-20
compounds based on Zn and Al,21,31 would be expected to re-
sult in weaker hybridization between localized 4f and itiner-
ant electron states and smaller magnetic exchange interaction
strength in PrNi2Cd20 and PrPd2Cd20.

Magnetization divided by magnetic fieldM/H data are dis-
played as a function of temperature in Fig. 2(a). Measure-
ments were performed in magnetic fields µ0H = 0.1 T for
PrNi2Cd20, µ0H = 1 T for PrPd2Cd20, and µ0H = 5 T for
LaNi2Cd20, with H applied parallel to the <111> direction,
between 2 and 300 K. The PrNi2Cd20 and PrPd2Cd20 com-
pounds exhibit a Curie-Weiss-likeM(T )/H behavior with no
noticeable anomalies indicative of any magnetic order down
to 2 K. M is a linear function of H in Fig. 2(b) up to these
magnetic field values, so it follows that M/H ≈ χ where

χ(T ) is the magnetic susceptibility. The χ−1 vs. T data
for PrNi2Cd20 and PrPd2Cd20 were fitted using a Curie-Weiss
law,

χ− χ0 =
C0

(T −ΘCW)
, (1)

in the temperature range ∼ 20 - 300 K to determine the
Curie-Weiss temperature ΘCW and effective magnetic mo-
ment µeff of Pr. We extracted µeff from the Curie constant
C0 = NAµ

2
eff/3kB , where NA is Avogadro’s number and

kB is Boltzmann’s constant. The fits of Eq. (1) to the data
were performed using a non-linear least squares regression.
The resulting best-fit parameter values for µeff and ΘCW are
tabulated in Table I. The theoretical Pr3+ free ion magnetic
moment is µeff = gJ [J(J+1)]1/2µB = 3.58 µB /Pr, where gJ
= 0.8 is the Landé g factor and J = 4. The values µeff = 3.51
and 3.60 µB /f.u., obtained from the fits of Eq. (1) to the χ(T )
data for PrNi2Cd20 and PrPd2Cd20, respectively, are close to
the theoretical Pr3+ free ion value which indicates that the 4f
electrons are well localized in these compounds. The nega-
tive values of ΘCW, −0.4 K for PrPd2Cd20 and −3.2 K for
PrPd2Cd20, reflect the weak antiferromagnetic interactions in
these compounds involving the first excited triplet CEF level.
Below ∼ 15 K, the dc magnetization deviates from the Curie-
Weiss fit and saturates towards a value of∼ 0.26 emu/mol-Oe
as T → 0 K for both PrNi2Cd20 and PrPd2Cd20, as shown in
Fig. 2(c). This behavior indicates that the ground state of the
Pr3+ ions is nonmagnetic (Γ1 or Γ3) with a low-lying triplet
excited state separated from the ground state.

The M vs. H data, measured at 2 K with H parallel to
the <111> direction for PrNi2Cd20 and PrPd2Cd20, are dis-
played in Fig. 2(b). The magnetization increases monoton-
ically with H up to 5 T without exhibiting any anomalies
or saturating. This is consistent with a nonmagnetic Γ1 sin-
glet or a non-Kramers Γ3 doublet ground state. The M(H)
isotherms at high temperatures are approximately linear for
both PrNi2Cd20 and PrPd2Cd20, as illustrated by the M vs.
H data measured at 50 K for PrPd2Cd20 with H parallel to
the <111> direction (see Fig. 2(c)).

No anomalies associated with superconductivity or mag-
netic order were observed throughout the temperature range
of the measurements. The lack of magnetic order above 2
K as well as the monotonic increase of M with H for both
PrNi2Cd20 and PrPd2Cd20 indicate that the Pr3+ ions have
a nonmagnetic ground state. The ninefold-degenerate Pr3+

J = 4 Hund’s rule multiplet splits in a cubic CEF into a Γ1

singlet, a Γ3 doublet, and Γ4 and Γ5 triplet states. Given
a nonmagnetic ground state, CEF fits to the M/H vs. T
data (see Fig. 2(b)) were performed for the cases of both
Γ1 singlet and Γ3 doublet ground states for PrNi2Cd20 (af-
ter the M/H vs. T data for LaNi2Cd20 were subtracted) and
PrPd2Cd20 (not shown here).5 The CEF parameters, xLLW

and W , used to make the fits, are from Lea, Leask, and Wolf
(LLW), where xLLW is the ratio of the fourth- and sixth-order
terms of the angular momentum operators in the crystal field
Hamiltonian and W is an overall energy scale.5 The best fit
for PrNi2Cd20 and PrPd2Cd20 with a Γ1 singlet ground state
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TABLE I: Summary of structural, magnetic, electrical transport, and thermodynamic data for PrM2Cd20 (M = Ni, Pd) compounds. Listed are
the cubic lattice parameter, a; Curie-Weiss temperature ΘCW; effective magnetic moment µeff ; residual resistivity, ρ0, measured at T ∼ 1.2
K; residual resistance ratio, RRR ≡ R(300 K)/R(1.2 K); and linear coefficient of the specific heat, γ.

Compound a (Å) ΘCW (K) µeff (µB) ρ0 (µΩ cm) RRR γ ( mJ
mol−K2 )

PrNi2Cd20 15.575(1) -0.4 3.51 0.64 21 14
PrPd2Cd20 15.699(1) -3.2 3.60 0.57 29 250
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FIG. 2: (Color Online) (a) Magnetic susceptibility, M/H , as a function of temperature, T , measured in magnetic fields µ0H = 0.1 T for
PrNi2Cd20 and µ0H = 1 T for PrPd2Cd20. The solid line represents a Curie-Weiss law, fitted to the data above 20 K. Inset: M/H vs. T
data for LaNi2Cd20, measured in a magnetic field µ0H = 5 T. (b) M vs. µ0H data with H applied parallel to the <111> direction for
PrNi2Cd20 and PrPd2Cd20 at T = 2 K and for PrPd2Cd20 at T = 50 K. (c) Plot of M/H vs. logT for PrNi2Cd20 and PrPd2Cd20 below 300 K.
The solid red and dashed blue lines are fits of M/H vs. T for PrNi2Cd20 based on a CEF model with Pr3+ Γ1 singlet and Γ3 doublet ground
states, respectively. The solid black line represents a Curie-Weiss law fit. See the text for an explanation of the parameters.

was found for xLLW = 0.4 and W = 0.38, which results in an
energy level splitting of 5.5 K between the Γ1 singlet ground
state and the Γ5 triplet first excited state in zero magnetic
field. The low-temperature behavior of the M/H data is not
accurately reproduced by the CEF fit, similar to the case of
PrOs4Sb12, which was determined to have a nonmagnetic Γ1

singlet ground state.9 For the case of a nonmagnetic Γ3 dou-
blet ground state, the best fit was found for xLLW = −0.5
and W = −0.39, resulting in an energy splitting of 10.5 K be-
tween the Γ3 ground state and the Γ5 first excited state in zero

magnetic field. The M/H data could also be fitted with pa-
rameters xLLW = −0.4 and W = −0.3, resulting in an energy
level splitting of 11.5 K between the Γ3 ground state and the
Γ5 first excited state in zero magnetic field. However, the lat-
ter scenario is unlikely because the parameters xLLW = −0.4
and W = −0.3 are at the point where the Γ4 and Γ5 excited
states are nearly degenerate, which requires a large entropy
according to theoretical calculations.5 However, the total en-
tropy ST attains a value of only ∼ 9.87 J mol−1 K−1 and ∼
10.5 J mol−1 K−1 for PrNi2Cd20 and PrPd2Cd20, respectively
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FIG. 3: (Color Online) (a) Electrical resistivity, ρ, vs. temperature,
T , for PrNi2Cd20, PrPd2Cd20, and LaNi2Cd20. Inset: Low-T ρ vs.
T for PrNi2Cd20, PrPd2Cd20, and LaNi2Cd20. The red solid lines
are guides to the eye marking a change in ∂ρ/∂T for PrPd2Cd20. (b)
ρ-ρ0 vs. T on a log-log plot together with a power-law fit (red solid
line) for PrNi2Cd20. The fit extends to a temperature T ∗ ' 11 K.
(c) Temperature dependence of the incremental electrical resistivity
∆ρ(T ) = ρ(T ) − ρlat(T ) − ρ0 vs. T on a semi-log plot together
with a power-law fit (red solid line) for PrNi2Cd20 (described in the
text).

(discussed later).
Electrical resistivity ρ vs. temperature T

data in zero magnetic field for the compounds
PrNi2Cd20, PrPd2Cd20, and LaNi2Cd20 are displayed in
Fig. 3. The current flows in the the <111> direction.
Metallic behavior is observed for each compound with
no indication of a coherence peak. The zero-field resid-
ual resistance ratios, RRR ≡ R(300 K)/R(1.2 K), for
PrNi2Cd20 and PrPd2Cd20 were found to be ∼ 20 and ∼
29, respectively, which indicates that the single crystals are
of high quality. The electrical resistivity decreases down
to 2 K without any other anomalies indicative of phase
transitions, consistent with a nonmagnetic CEF ground
state. Electrical resistivity ρ vs. T data below 50 K for
PrNi2Cd20, PrPd2Cd20, and LaNi2Cd20 are displayed in the
inset of Fig. 3(a) to highlight the nearly linear T dependence
of ρ at low temperatures below ∼20 K. The red solid lines in
the inset of Fig. 3(a) are guides to the eye showing the change
in ∂ρ/∂T for PrPd2Cd20.

An exemplary log-log plot of the temperature dependence
of ρ − ρ0 vs. T below 50 K for PrNi2Cd20, where ρ0 is the
residual resistivity, is presented in Fig. 3(b). In order to ana-
lyze the behavior of the electrical resistivity, the ρ(T )−ρ0 data
were fitted with a power-law of the form ρ− ρ0 = BTn. The
best-fit parameter values for ρ0 are listed in Table I. The val-
ues of the exponent n for both PrNi2Cd20 and PrPd2Cd20 be-
low ∼ 11 K are n ' 1.2, indicating that each could exhibit
NFL (n < 2) behavior.32,33 To further evaluate the contribu-
tion to the electrical resistivity due to scattering from local-
ized 4f electron states in PrNi2Cd20, ∆ρ(T ), (sometimes ex-
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FIG. 4: (Color Online) (a) Specific heat divided by tempera-
ture, C/T , vs. temperature, T , for PrNi2Cd20, LaNi2Cd20, and
PrPd2Cd20 in zero magnetic field. (b) 4f electron contribution
to the specific heat divided by temperature, ∆C/T , vs. T for
PrNi2Cd20 (see text for details). The dashed blue line is a fit to a two-
level Schottky anomaly, scaled by a factor of 0.4, assuming a Pr3+

Γ1 ground state. The solid blue line is a fit to a two-level Schottky
anomaly, scaled by 0.9, assuming a Pr3+ Γ3 ground state. The level
splittings δ were taken from our fits of M/H data. (c) 4f electron
contribution to the specific heat divided by temperature, ∆C/T , vs.
T for PrPd2Cd20 (see text for details). The solid red line is a fit to
a two-level Schottky anomaly and an electronic term γ assuming a
Pr3+ Γ3 ground state (see text for details).

pressed as ρ4f (T )) the electron-phonon scattering component
has been subtracted using ρ(T ) data for the LaNi2Cd20 ref-
erence compound which does not contain 4f electrons. A
shoulder-like feature near T ∼ 11 K in the zero-field ρ(T )
curve for PrNi2Cd20 reflects the reduction in scattering of con-
duction electrons by the Pr-ions due to the depopulation of the
excited-state triplet with decreasing temperature. This feature
is consistent with the temperature where M/H starts to devi-
ate from Curie-Weiss behavior. Since we were unable to syn-
thesize a reference compound for PrPd2Cd20, we could not
analyze the change in ∂ρ/∂T below 20 K for this compound.

Plots of C/T vs. T for PrNi2Cd20, PrPd2Cd20, and
LaNi2Cd20 are shown in Fig. 4(a). A Schottky-like peak in
the specific heat data of PrNi2Cd20 and PrPd2Cd20 is visi-
ble below ∼20 K and ∼15 K, respectively. In order to an-
alyze the conduction electron and 4f electron to the spe-
cific heat for PrNi2Cd20 in zero magnetic field, ∆C(T )/T
= (γ + C4f (T ))/T , we subtracted the phonon contribution,
estimated from C(T )/T data for LaNi2Cd20, from C(T )/T
data for PrNi2Cd20. The result is shown in Fig. 4(b). The
similar slopes of the data for T > 30 K indicate that the
lattice contribution for PrPd2Cd20 is comparable to that of
the nonmagnetic reference compound LaNi2Cd20. Therefore,
the C(T ) data for LaNi2Cd20 were scaled by a factor of
1.02 to account for slight differences in ΘD. The resul-
tant ∆C(T )/T data for PrPd2Cd20, after subtracting the
phonon and conduction electron contributions, are shown
in Fig. 4(c). Further evidence for a splitting δ ∼ 10
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- 15 K between the Pr3+ Γ1 or Γ3 nonmagnetic ground
state and Γ5 triplet first excited state was derived from a
fit of the Schottky-like anomaly in the ∆C(T )/T data for
PrNi2Cd20 and PrPd2Cd20. The Schottky-like anomaly, cen-
tered around 4 K for PrNi2Cd20 (Fig. 4(b)) and 3 K for
PrPd2Cd20 (Fig. 4(c)), was fitted from 1.8 to 30 K and 1.8
to 20 K for PrNi2Cd20 and PrPd2Cd20, respectively, using
the equation ∆C(T )/T = γ + ACSch(T )/T . Here, CSch(T )
= (δ/T )2(ga/gb)exp(−δ/T )[1 + (ga/gb)exp(−δ/T )]−2 ,
where ga(gb) is the degeneracy of the ground state (first ex-
cited state), δ is the energy level splitting, and A is a scale
factor. Any nuclear contribution was assumed to be negligi-
ble in this temperature range. The best fits for PrNi2Cd20 are
shown in Fig. 4(b) for a Γ1 singlet ground state and a Γ5 triplet
first excited state scaled by A = 0.4 (blue dashed line) with a
splitting δ ≈ 5.5 K, and for a Γ3 doublet ground state and a
Γ5 triplet first excited state scaled by A = 0.9 (red solid line)
with δ = 12 K and an additional electronic contribution γ ≈ 14
mJ/mol-K2. The scaling of the Schottky anomaly required to
achieve an accurate fit for a Γ3 doublet ground state (A = 0.9)
could be a result of significant hybridization of the localized
4f and itinerant electron states. Such a transfer of entropy
from the localized 4f electrons to the conduction electrons has
been observed previously in the heavy fermion superconduc-
tor PrOs4Sb12.10 One can see that the Γ1 ground state fit to
the ∆C(T )/T data is not suitable using a similar δ value de-
termined from CEF fitting of the M/H vs. T data. We were
able to obtain a better fit by allowing δ to vary, but the result-
ing value is inconsistent with the analysis of the M/H vs. T
data; this may be an indication that the ground state Γ3 CEF
scheme is more appropriate. However, since this low-lying
excitation is spread out in a wide temperature range below
20 K for PrNi2Cd20 and PrPd2Cd20, it is difficult to describe
the Schottky-like anomaly with a definite energy scale arising
from the CEF splitting of the Pr3+ energy level. In order to
reveal the details of the low-lying excitation, it is essential to
measure the specific heat at lower temperatures.

The best fit for the Schottky anomaly in PrPd2Cd20 is
shown in Fig. 4(c) for a Γ3 doublet ground state and a Γ5

triplet first excited state with A = 1, δ = 11 K, and γ ≈ 250
mJ/mol-K2. However, the precise values of the fit parameters
ga/(gb), δ, and A, are subject to uncertainty because of the
broadened nature of the Schottky-like anomaly in C(T )/T
for both PrNi2Cd20 and PrPd2Cd20. This might be related to
broken cubic symmetry, lattice instability, or site disorder. It
is very likely that a small amount of Pr or Cd ions may oc-
cupy some of the Ni or Pd sites.27 In order to confirm the
proposed CEF splitting scenario, further experiments, such
as low-temperature C(T ) measurements and inelastic neutron
scattering in high applied magnetic fields, are required. How-
ever, it should be noted that Cd is a strong neutron absorber;
therefore, a sample would need to be synthesized using one of
the less-absorbing Cd isotopes like 114Cd to conduct neutron
scattering measurements.34

The 4f electron contribution to the specific heat, ∆C(T ),
(described above) of PrNi2Cd20 and PrPd2Cd20 is displayed
in Figs. 5(a) and (b), respectively (left axis). The entropy,
S =

∫
(∆C/T )dT , (extrapolating a power-law T -dependence
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FIG. 5: (Color Online) (a) ∆C/T (left axis) vs. T and the entropy,
S, (right axis) vs. T for PrNi2Cd20. (b) ∆C/T (left axis) vs. T and
the entropy, S, (right axis) vs. T for PrPd2Cd20. ST represents the
total entropy at 20 K and 15 K for PrNi2Cd20 and PrPd2Cd20, re-
spectively.

.

of ∆C/T to 0 K to estimate the magnetic entropy below
1.8 K) is displayed in Figs. 5(a) and (b) for PrNi2Cd20 and
PrPd2Cd20, respectively, (right axis). S ≈ S4f + Sel attains a
value of ∼ 9.9 J mol−1 K−1 at 20 K for PrNi2Cd20 and S ∼
10.5 J mol−1 K−1 for PrPd2Cd20 at 15 K. This latter value
includes the electronic contribution, Sel ∼ 5 J mol−1 K−1 to
the entropy. Therefore, S4f reaches a value of S4f ∼ 5.5 J
mol−1 K−1 for PrPd2Cd20. At ∼ 6.5 K and ∼ 6 K, respec-
tively, the entropy isRln2, implying that the pronounced peak
in C(T )/T corresponds to a Γ3 doublet ground state; how-
ever, the possibility of a Γ1 singlet ground state cannot be dis-
missed. Additionally, the presence of a fractional residual en-
tropy of 1

2Rln2, predicted for the quadrupolar Kondo model,1

might be ruled out because we observe the full degeneracy of
the ground state for both PrNi2Cd20 and PrPd2Cd20.

IV. SUMMARY

Measurements of electrical resistivity, magnetization, and
specific heat have been performed on single crystals of the
cage compounds PrM2Cd20 (M = Ni, Pd). No evidence indi-
cating a phase transition was observed down to 1.1 K. Features
observed in the temperature dependence of ρ around 11 K can
be interpreted in terms of CEF splitting of the multiplet levels
of the Pr3+ ion. The monotonic increase of M with H and
Van Vleck-like behavior at low temperatures in M/H vs. T
data indicate a non-Kramers Γ3 doublet or Γ1 singlet ground
state. The precise value of γ is subject to uncertainty because
of experimental constraints imposed by the Schottky-like
anomaly for PrNi2Cd20 below 20 K and for PrPd2Cd20 below
15 K. The large spatial Pr-Pr separation of order 6.74 Å and
6.80 Å for PrNi2Cd20 and PrPd2Cd20, respectively, may be
the cause of the weak exchange interaction between Pr mag-
netic moments in PrNi2Cd20 and PrPd2Cd20. Because of the
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large spatial separation of Pr ions, a small electronic spe-
cific heat coefficient for PrNi2Cd20 and PrPd2Cd20 is ex-
pected. The electrical resistivity data for PrNi2Cd20 and
PrPd2Cd20 could exhibit NFL behavior below T ∼ 11 K in
which ρ ∝ Tn with n ' 1.2. On the other hand, the non-
quadratic temperature dependence of the electrical resistiv-
ity at low temperature might reflect a reduction of the scat-
tering of conduction electrons by the Pr-ions due to the de-
population of the excited-state triplet state with decreasing
temperature. A CEF modification of the low-temperature
electrical resistivity by thermal depopulation of a low lying
triplet 7 K above a singlet ground state was observed in the
heavy fermion compound PrOs4Sb12.35 The specific heat and
magnetization data for PrNi2Cd20 and PrPd2Cd20 cannot be
described by a logarithmic divergence or power-law behav-
ior at low temperatures. However, such features associated
with NFL behavior might be obscured by the Schottky-like
anomaly for PrNi2Cd20 and PrPd2Cd20. Non-Fermi liq-
uid behavior was observed for the isostructural heavy-fermion
compound PrNb2Al20 with a Γ3 doublet ground state which
is related to the quadrupole degrees of freedom.25

Further experiments are needed to unambiguously identify
the ground state of these new PrM2Cd20 (M = Ni, Pd) com-
pounds. Measurements of the magnetic field dependence of
the low-temperature specific heat are in progress.
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H. Amitsuka, D. Aoki, Y. Ōnuki, and Z. Kletowski, J. Phys. Soc.
Jpn. 70, 248 (2001).

7 E. Bucher, K. Andres, A. C. Gossard, and J. P. Maita, J. Low
Temp. 2, 322 (1972).

8 T. Kawae, K. Kinoshita, Y. Nakaie, N. Tateiwa, K. Takeda, H. S.
Suzuki, and T. Kitai, Phys. Rev. Lett. 96, 027210 (2006).

9 M. B. Maple, P.-C. Ho, V. S. Zapf, N. A. Frederick, E. D. Bauer,
W. M. Yuhasz, F. M. Woodward, and J. W. Lynn, J. Phys. Soc.
Jpn. 71, 23 (2002).

10 E. D. Bauer, N. A. Frederick, P.-C. Ho, V. S. Zapf, and M. B.
Maple, Phys. Rev. B 65, 100506 (2002).

11 M. B. Maple, Z. Henkie, W. M. Yuhasz, P.-C. Ho, T. Yanagisawa,
T. A. Sayles, N. P. Butch, J. R. Jeffries, and A. Pietraszko, Journal
of Magnetism and Magnetic Materials 310, 182 (2007), Proceed-
ings of the 17th International Conference on Magnetism.

12 M. Kohgi, K. Iwasa, M. Nakajima, N. Metoki, S. Araki, N. Bern-
hoeft, J.-M. Mignot, A. Gukasov, H. Sato, Y. Aoki, et al., J. Phys.
Soc. Jpn. 72, 1002 (2003).

13 H. Sugawara, S. Osaki, S. R. Saha, Y. Aoki, H. Sato, Y. Inada,
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