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Abstract. Electrical resistivity ρ, specific heat C, and magnetic susceptibility χmeasurements
are reported on PrIr2Zn20−xGax for x=0.5 and 1.0. On cooling, ρ(T )’s monotonically decrease
to the residual values which are two orders of magnitudes larger than that of PrIr2Zn20. A
broad hump in Cm(T )’s at around 10 K can be reproduced by the two-level model with the
Γ3 doublet ground state and the Γ4 triplet excited state. The magnetic entropy release shifts
to higher temperatures with increasing x. The increase in χ(T ) at T < 5 K contrasts with
the saturation of χ(T ) for x=0. These observations indicate the splitting of the ground state
doublet due to the lowering of the local symmetry at the Pr site by the Ga substitution.

1. Introduction
Praseodymium-based cubic compounds with 4f2 configuration attract much attention because
they show various phenomena arising from (quasi-)degenerated ground states. In a Pr-
filled skutterudite PrOs4Sb12, the feasibility of superconductivity mediated by quadrupolar
fluctuations has been pointed out by the measurements of neutron scattering and nuclear
quadrupole resonance [1, 2, 3]. A well-known example of a 4f2 cubic system is PrPb3 with
the AuCu3-type structure, where the cubic crystalline electric field (CEF) splits the ninefold
multiplet of J = 4 into four multiplets. The CEF ground state of the Γ3 doublet carries no
magnetic dipole moment but electric quadrupoles. Thereby, the low temperature property is
governed by the interaction of the quadrupoles and the conduction electrons. In fact, PrPb3
undergoes an antiferroquadrupole (AFQ) transition at TQ = 0.4 K [4]. The combined analysis
of magnetization and neutron diffraction experiments identified the AFQ order parameter as the
quadrupole O0

2 [5, 6]. The quadrupole moments are aligned with an incommensurate sinusoidally
modulated structure even in the ground state. Thereby, the indirect RKKY-type interaction
between the quadrupoles plays the essential role. On the other hand, substituting La for Pr in
PrPb3 destroys the AFQ order at a small amount of x = 0.03 in Pr1−xLaxPb3 [7]. For x ≥
0.95, on the other hand, there appears non-Fermi liquid (NFL) behavior. Because the electric
quadrupole conserves the time-reversal symmetry, it has two orbital channels. If the localized
quadrupole is overcompensated by the conduction electrons, the following NFL behaviors would
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appear; the magnetic susceptibility χ ∼ lnT , specific heat C/T ∼ lnT and electrical resistivity
ρ−ρ0 ∝ 1+A

√
T , where ρ0 is residual resistivity and A is a coefficient [8]. More important is the

residual entropy of (1/2)Rln2 at zero temperature. The absence of AFQ order in PrAg2In [9]
and PrMg3 [10, 11] with the Γ3 doublets ground state has been discussed by taking the chemical
disorder effect into consideration.

Recently, much attentions are drawn to a family of a cubic system PrT2X20 (X=Al and Zn)
which show a variety of phenomena such as quadrupole order, heavy-fermion superconductivity,
and structural transitions [12, 13, 14]. The CEF ground state of most compounds is the non-
Kramers Γ3 doublet possessing no magnetic dipoles but electric quadrupoles [15, 16]. Among
them, PrIr2Zn20 undergoes an AFQ order at TQ=0.11 K and a superconducting transition at Tc=
0.05 K, suggesting a possible contribution of the quadrupole fluctuations to the superconducting
Cooper-pair formation [12, 13]. The coexistence of the AFQ order and the superconducting state
has been also observed in the isostructural PrRh2Zn20, PrTi2Al20, and PrV2Al20 [17, 18, 19]. In
PrTi2Al20, Tc=0.2 K at ambient pressure is enhanced up to 1 K under high pressure, for which
a quantum critical phenomenon due to the quadrupolar degrees of freedom has been proposed
[20]. On the other hand, in PrIr2Zn20, in the temperature range 0.2 <T< 0.8 K, above TQ, the
magnetic specific heat Cm and ρ(T ) exhibit NFL behavior; Cm/T and ρ are proportional to −lnT
and

√
T , respectively [21]. All data set of Cm and ρ(T ) in magnetic fields B ≤ 6 T are well scaled

with characteristic temperature T0. Because the constituent atoms are ordered periodically in
the high quality crystal with low residual resistivity of 0.2 µΩ cm, these temperature variations
of Cm and ρ strongly suggest the formation of a quadrupole Kondo lattice, in which quadrupole
moments are periodically placed and overcompensated by the conduction electrons, leading to
the NFL state with an energy scale of kBT0 [21, 22].

In the present work, the effects of the Ga substitution on the ground state of PrIr2Zn20−xGax
for x=0.5 and 1.0 were studied by the ρ(T ), C(T ), and χ(T ) measurements. Since the electronic
number of Ga is one more than that of Zn, it is expected that hybridization between the 4f
and conduction electrons could be enhanced by the increase of 4p electron density due to the
Ga substitution for Zn, and the NFL behavior would be modified.

2. Experimental
Single crystalline samples of PrIr2Zn20−xGax were synthesized by the melt-growth method
from the high-purity elements Pr (4N), Ir (3N), Zn (6N), and Ga (6N). The details of sample
preparation were reported in the previous paper [12].

The samples were characterized by the X-ray powder diffraction technique and electron-
probe microanalysis (EPMA). The X-ray diffraction patterns with using the Cu Kα radiation
for x=0, 0.5 and 1.0 are shown in Fig. 1. Almost all of the peaks can be indexed by the cubic
CeCr2Al20-type structure [23], although some impurity peaks are found in the pattern for x=1.0
as depicted with the arrows in Fig. 1. The inset of Fig. 1 shows the backscattered electron
image for x=0.5. There are small amounts of secondary phases in addition to the main phases.
The atomic compositions were determined by the EPMA using an electron beam of 20 keV
on a JEOL JXA-8200 analyzer. The crystal compositions of the main phases were determined
as PrIr1.9(1)Zn19.4(2)Ga0.49(2) and PrIr1.9(1)Zn18.9(5)Ga1.0(1) for x=0.5 and 1.0, respectively, by
averaging over 10 different regions for each crystal, where it was assumed that the Pr sites are
fully occupied. The crystal compositions of Ga equal the starting ones. The results confirmed
the chemical homogeneity of the samples used for the measurements of physical properties. The
solid solubility limit was found to be x= 1.3. The secondary phase for the x= 0.5 sample is
PrIr4.6Zn15.4Ga2.7. On the other hand, that for x= 1.0 is a nonmagnetic Ir(Zn,Ga)5.9. The
lattice parameters were determined by the Rietveld refinement of the X-ray diffraction patterns
using the program RIETAN-FP [24]. The lattice parameter for x=1.0 decreases by only 0.1%
from that for x=0.

TMU International Symposium 2015 IOP Publishing
Journal of Physics: Conference Series 683 (2016) 012011 doi:10.1088/1742-6596/683/1/012011

2



6

5

4

3

2

1

0

In
te

ns
ity

 (1
05  c

ps
)

80604020
2  (deg.)

x=0

0.5

1.0

x = 0.5 

0.5 mm

Figure 1. Powder X-ray diffraction patterns of PrIr2Zn20−xGax for x=0, 0.5 and 1.0. The data
are offset for clarity. The arrows indicate the peaks due to an impurity phase. The inset shows
the backscattering electron image of PrIr2Zn20−xGax for x=0.5.

The electrical resistivity ρ was measured by a standard four-probe AC method using a
laboratory built system. A Gifford-McMahon type refrigerator was used in the temperature
range for 3 ≤ T ≤ 300 K. The specific heat C between 0.4 and 20 K was measured by a
thermal relaxation method using a Quantum Design physical property measurement system.
Magnetic susceptibility χ was measured using a commercial SQUID magnetometer (Quantum
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Figure 2. Temperature dependence of the electrical resistivity of PrIr2Zn20−xGax for x=0, 0.5,
and 1.0.
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Figure 3. Temperature dependence of the
magnetic susceptibility of PrIr2Zn20−xGax for
x=0 [12], 0.5, and 1.0 measured in the
magnetic field of B=0.1 T.
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Figure 4. Temperature dependence of the
magnetic susceptibility of PrIr2Zn20−xGax for
x=0 [12], 0.5, and 1.0 measured in the
magnetic field of B=0.1 T.

Design MPMS) between 1.8 and 300 K.

3. Results and discussion
The temperature dependence of the electrical resistivity ρ(T ) of PrIr2Zn20−xGax for x=0, 0.5 and
1.0 are shown in Fig. 2. On cooling, ρ(T ) monotonically decreases with an upward curvature.
The values of residual resistivity for x=0.5 and 1.0 are 36 µΩ cm, whose values are two orders of
magnitudes larger than that for x=0. The values of the residual resistivity ratio (RRR) defined
as ρ(300K)/ρ(2K) for x= 0.5 and 1.0 are 2.8 and 2.6, respectively. The decrease of RRR by the
Ga substitution probably results from the atomic disorder due to the Ga substitution, which
prevents us from detecting a change of the

√
T dependence of ρ(T ) observed for x=0.

Figure 3 shows the temperature dependence of the inverse magnetic susceptibility χ−1(T ) for
x=0 [12], 0.5 and 1.0 measured in a field of B= 0.1 T. Above 20 K, χ−1(T )’s for x=0.5 and
1.0 are linear in T as is expected from the Curie-Weiss law. The effective magnetic moments of
µeff =3.66 µB/Pr-ion for x=0.5 and 1.0 are close to 3.49 µB/Pr-ion for x=0. The paramagnetic
Curie temperatures θp’s for x=0.5 and 1.0 are −5.2 and −5.6 K, respectively, indicating that
the intersite magnetic interactions between the magnetic moments of CEF excited states of
the trivalent Pr ions are weakly antiferromagnetic. Figure 4 shows χ(T ) of PrIr2Zn20−xGax
measured in a magnetic field of B=0.1 T. As T goes down to 2 K, χ(T )’s for x=0.5 and 1.0
continue to increase, although that for x=0 is saturated below 5 K [12]. The origin of the
increment of χ(T ) at T< 5 K for x=0.5 and 1.0 will be discussed later.

We turn our attention to the change in the specific heat by the Ga substitution. Figure 5
shows the temperature dependence of the magnetic specific heat divided by temperature Cm/T
for PrIr2Zn20−xGax with x=0 [13], 0.5, and 1.0. The values of Cm for x=0.5 and 1.0 were
estimated by subtracting the specific heat of LaIr2Zn20−xGax for x=0.5 and 1.0, respectively,
as the lattice and conduction electron contributions from those of PrIr2Zn20−xGax. For x= 0,
the broad peak appears at around 10 K as was previously reported, which was reproduced by
the Γ3 doublet - Γ4 triplet two-level model with an energy split of 30 K, as shown with the solid
curve [13]. For x= 0.5, the peak is much broadened than that for x= 0. The magnitude at T
> 7 K is comparable to the calculation for the Γ3 doublet ground state rather than that for
the the Γ1 singlet ground state shown with the dashed curve in Fig. 5. For x= 1.0, Cm/T is
monotonically increases on cooling. The magnitude of Cm/T for T > 7 K is more comparable
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Figure 5. Temperature dependence of the
specific heat of PrIr2Zn20−xGax for x=0 [13],
0.5, and 1.0. The solid and dashed curves are
calculations using two-level models with the
Γ3 doublet and the Γ1 singlet ground states,
respectively, as shown in the inset.
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Figure 6. Temperature variation of the
magnetic entropy Sm of PrIr2Zn20−xGax for
x=0 [13], 0.5, and 1.0, which are estimated
by integrating Cm/T with respect to the
temperature. It was assumed that Sm reaches
Rln2 at 5 K.

to the calculation of the two-level model with the Γ3 doublet ground state than that with the
Γ1 singlet ground state. Considering the moderate agreement between the experimental data
and the calculation for T > 7 K, we expect that the CEF ground state of the Pr3+ ion in the
Ga substitution system would remain in the Γ3 doublet as in PrIr2Zn20. Note that Cm/T ’s for
x=0.5 and 1.0 at T < 7 K diverge upward from the two-level model calculation with the Γ3

doublet ground state. This divergence suggests that the doubly degenerated state is split by the
Ga substitution. With respect to the NFL behavior for the specific heat, the −lnT dependence
of Cm/T observed in PrIr2Zn20 varnishes for x=1.0, and instead, Cm/T shows a broad peak at
around 1 K, indicating collapse of the NFL state.

The magnetic entropy Sm for x=0.5 and 1.0 estimated by integrating Cm/T with respect to
the temperature is shown in Fig. 6. Here, it was assumed that Sm’s commonly reach Rln2 at 5 K.
The curve of Sm(T ) shifts to higher temperatures with increasing x, indicating that the entropy
of Rln2 due to the two-fold degeneracy of the Γ3 doublet is removed at higher temperature. It
is reasonable because Cm/T ’s for x=0.5 and 1.0 diverge from the two-level model calculation at
T < 7 K as mentioned above.

Let us discuss possible mechanisms for the enhancement of χ(T ) at T < 5 K and the release
of the magnetic entropy at the higher temperatures in the Ga substituted system. One is the
enhancement of the hybridization between the 4f and conduction electrons due to the increase
of 4p electron density. Recently, emergence of a Fermi liquid state accompanied with a free
magnetic spin in the vicinity of the non-Fermi liquid state has been theoretically pointed out for
Pr-based compounds with the Γ3 doublet ground state, where competition between the magnetic
and quadrupole Kondo effects was considered on the basis of an extended two-channel Kondo
model.[25] If this is the case, χ(T ) could be enhanced compared with that for x=0. In addition,
if the NFL state would collapse by the Ga substitution, then the characteristic temperature
shifts to higher temperatures and the magnetic entropy is released at the higher temperatures.

However, it is elusive whether the hybridization could be strengthen by the small amount of
the substitution for x ≤ 1.0. More plausible mechanism is the lowering of local symmetry at the
Pr site by the atomic disorder. In this case, the Γ3 doublet is split into two singlets, whose energy
is statistically distributed. Thereby, the magnetic entropy is released at higher temperatures.
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Furthermore, χ(T ) is increased on cooling until the thermal population of the upper singlet
becomes negligible. If the splitting energy is less than 1 K, then χ(T ) would continuously
increase down to 2 K. The splitting of the doublet ground state probably makes the two-channel
orbitals anisotropic. By the channel anisotropy, emergence of a crossover from NFL to FL
state was theoretically proposed.[26] In any events, the NFL state in PrIr2Zn20 arising from the
formation of the quadrupole Kondo lattice becomes unstable by the Ga substitution. To reveal
the ground state of the Ga substituted system, further measurements at lower temperatures
below 0.4 K are on going.

4. Conclusion
The transport and magnetic properties of Ga substituted system PrIr2Zn20−xGax for x=0.5
and 1.0 were studied by the measurements of the ρ(T ), Cm(T ), and χ(T ). ρ(T ) monotonically
decreases on cooling. The high residual resistivity is attributed to the atomic disorder. The
hump in Cm(T )/T at around 10 K can be moderately reproduced by the two-level model with
the Γ3 doublet ground state. The release of the magnetic entropy estimated from Cm shifts to
higher temperatures. χ(T ) increases on cooling at T < 5 K, which is in contrast to the saturation
behavior for x=0. These observations indicate the splitting of the ground state doublet due to
lowering of the local symmetry at the Pr site by the Ga substitution.
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