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Abstract
To study the possible competition between unconventional and Bardeen–Cooper–Schrieffer
superconductivity in the filled skutterudites Pr(Os1−x Rux)4Sb12, the evolution of
superconductivity and the high field ordered phase in single-crystal specimens has been
investigated by means of electrical resistivity measurements in magnetic fields up to 18 T.
Whereas the upper critical field Hc2(T ) curves have conventional shapes for x < 0.4, the
Hc2(T ) curves are nearly linear for x � 0.4. For all x , Hc2(0) matches the calculated value
of the orbital critical field. Features in the electrical resistivity associated with the high field
ordered phase, observed clearly for PrOs4Sb12, weaken with increasing x and vanish
for x � 0.1.

1. Introduction

Extensive research on the filled skutterudite compound
PrOs4Sb12 has been motivated by the unusual physical
properties of this compound. Heavy fermion behavior was
inferred from the normal state specific heat coefficient γ , the
jump in the specific heat �C , and the slope of the upper
critical field curve Hc2(T ) near the zero-field superconducting
transition temperature Tc [1–3], and was later confirmed by
de Haas–van Alphen measurements [4, 5]. No Hebel–Slichter
coherence peak was observed in antimony nuclear quadrupole
resonance (Sb NQR) measurements, indicating that PrOs4Sb12

does not exhibit BCS superconductivity [6, 7]. An internal
magnetic field that breaks time reversal symmetry in the
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superconducting state of PrOs4Sb12 was observed in μSR
measurements [8], which suggests that the superconductivity
in PrOs4Sb12 may involve triplet spin pairing of electrons.
Upon suppression of the superconductivity by a magnetic field,
a high field ordered phase (HFOP) was observed [9], which
has been attributed to antiferroquadrupolar ordering [10]. The
crystalline electric field (CEF) energy level scheme of the Pr3+
ion in PrOs4Sb12 has also been established and consists of a
non-magnetic �1 singlet ground state (0 K), a low lying �

(2)
4

triplet first excited state (∼7 K), and, at much higher energies,
a �

(1)

4 triplet excited state (∼130 K), and a �23 doublet excited
state (∼200 K) in Th symmetry [11–13, 10, 14]. Usually, a
�1 non-magnetic singlet ground state should not give rise to
heavy fermion behavior. Therefore, it is possible that the heavy
electrons and unconventional superconductivity in PrOs4Sb12

result from either magnetic or quadrupole moment excitations
involving the �1 singlet ground state and the low lying �

(2)

4 first
excited state [15, 16, 11].

The analog compound PrRu4Sb12 displays superconduc-
tivity below Tc = 1.1 K. A coherence peak observed
in Sb NQR measurements indicates that PrRu4Sb12 dis-
plays BCS superconductivity with an isotropic energy gap
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� ≈ 1.5kBTc [6, 7]. Magnetic susceptibility χdc(T ) and elec-
trical resistivity ρ(T ) measurements on PrRu4Sb12 have been
interpreted in terms of a �1 singlet ground state and �4 triplet
first excited state separated by ∼70 K in the simplified Oh crys-
talline electric field [17, 18]. However, the first excited state
of PrRu4Sb12 is presumably a �

(2)
4 triplet in Th symmetry, as

found in PrOs4Sb12.
The Pr(Os1−x Rux)4Sb12 series of compounds has previ-

ously been studied through measurements of χ(T ), ρ(T ), spe-
cific heat C(T ) [19, 20], magnetic penetration depth λ(T ) [21],
and Sb NQR [22], revealing several interesting trends. The
superconducting critical temperature Tc is suppressed approx-
imately linearly from the stoichiometric compounds toward
x = 0.6, suggesting the competition of two types of supercon-
ductivity [19]. The CEF splitting between the ground and first
excited states increases monotonically and nearly linearly with
Ru concentration [20]. The appearance of nodes in the super-
conducting energy gap for samples with x � 0.3 was implied
by Sb NQR spin–lattice relaxation rate [22] and magnetic pen-
etration depth measurements [21], the latter of which indicate
the existence of point nodes in the energy gap at low temper-
atures. Furthermore, strong-coupling superconductivity only
appears in a quite narrow region for 0 � x � 0.1 [20, 23].
In order to further investigate the evolution of the unconven-
tional superconductivity, high field ordered phase, and upper
critical fields Hc2(x, T ) in the Pr(Os1−x Rux)4Sb12 system, we
have performed electrical resistivity measurements on single-
crystal specimens with various values of x between 0 and 1 in
magnetic fields up to 18 T.

2. Experimental details

The Pr(Os1−xRux)4Sb12 single crystals were prepared by
means of an antimony flux growth method as described
in [24]. X-ray powder diffraction measurements confirmed
that the Pr(Os1−x Rux)4Sb12 samples have the cubic LaFe4P12-
type structure [25], and the lattice parameter decreases
approximately linearly from 9.30 to 9.27 Å as the ruthenium
concentration x increases from 0 to 1 [19]. Electrical resistivity
ρ(H, T ) measurements were performed using a standard four-
wire technique in a transverse geometry (H ⊥ current)
with the samples mounted in a 3He–4He dilution refrigerator
for magnetic fields H between 0 and 18 T. The constant
current used was either 100 or 300 μA. High magnetic
field experiments (9–18 T) were carried out at the National
High Magnetic Field Laboratory at Los Alamos National
Laboratory.

3. Results

Displayed in figure 1 is the zero-field superconducting phase
diagram, Tc versus x , of Pr(Os1−x Rux)4Sb12 from present
and previous measurements [19, 20, 26]. The almost linear
suppression of Tc from both end member compounds reaches
a minimum value of ∼0.8 K at x = 0.6. The large
superconducting transition widths (vertical bars in figure 1)
and the significant distribution of Tc values for x = 0.4–
0.5 apparently arise from an inhomogeneity of Os and Ru

Figure 1. Zero-field superconducting transition temperature Tc

versus ruthenium concentration x . Some of the data are
from [19, 20, 26]. The two solid lines drawn from x = 0 and 1
toward x = 0.6 are guides to the eye.

atoms in this composition range despite efforts to overcome
this problem by thoroughly mixing elemental powders of Os
and Ru with a mortar and pestle.

Figure 2 shows the temperature dependence of the
upper critical fields at various ruthenium concentrations;
each data point is defined at the 50% drop of �ρ at the
superconducting transition. Residual resistivity ratios RRR
(≡ρ(300 K)/ρ(2 K)) of the samples used for the Hc2(T )

measurements are displayed in figure 3(a). When extrapolated
to 0 K, Hc2(0) decreases almost monotonically with increasing
x (shown in figure 3(b)). For x � 0.4, Hc2(T ) has an
approximately linear T dependence. The kink in the Hc2(T )

data for x = 0.2 at ∼0.6 T is due to the occurrence of the
peak effect, which may result in lower values in the estimation
of Hc2(0) and the orbital critical field H ∗

c20; details will be
discussed later. The Ginzburg–Landau coherence length at
0 K, ξGL(0), can be determined from the formula Hc2(T ) =
	0/[2πξ 2

GL(T )]. Figure 3(a) shows the x dependence of
ξGL(0), which varies almost linearly from 122 Å at x = 0 to
363 Å at x = 1.

The ρ(T ) data from 0 to 18 T and the ρ(H )

isotherms below 2.1 K in Pr(Os0.95Ru0.05)4Sb12 are shown
in figures 4(a)–(c). Below 2 T and ∼1.7 K, a sharp drop
in ρ(T ) results from the superconducting transition. In
PrOs4Sb12, the high field ordered phase (HFOP) was identified
with antiferroquadrupolar order by means of elastic neutron
scattering measurements [10]. The HFOP boundaries in
PrOs4Sb12 appear as kinks in the ρ(H ) isotherms below 1.5 K
and a shoulder in the constant-field ρ(T ) curves between 4.5
and 15 T [3, 9]. However, these features in the ρ(T, H )

data become much smaller when only 5% of ruthenium is
substituted into osmium sites. In order to extract the boundary
of the HFOP in Pr(Os0.95Ru0.05)4Sb12, kinks and peaks in
dρ/dH and dρ/dT are employed (displayed in figures 5(b)
and (c)). The H –T phase diagram of Pr(Os0.95Ru0.05)4Sb12

determined in this manner is plotted in figure 5(a). The
superconducting phase resides below ∼2.3 T, while the HFOP

2
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Figure 2. (a) Upper critical field Hc2 versus temperature T for ruthenium concentrations x between 0 and 0.5. The horizontal or vertical bar
associated with each data point represents the transition width, with endpoints corresponding to 10% and 90% of the drop in resistivity due to
the superconductivity. (b) Hc2 versus T for 0.5 � x � 1.

Figure 3. (a) Residual resistivity ratio RRR (≡ρ(300 K)/ρ(2 K)) (left vertical axis) and zero-kelvin Ginzburg–Landau coherence length
ξGL(0). (b) Zero-kelvin extrapolation of experimentally determined upper critical field Hc2(0), estimated orbital critical field H ∗

c20
(equation (1)), and Pauli-limiting field Hp0 versus ruthenium concentration x .

is located between ∼6 and ∼13 T and below ∼0.6 K. For
x � 0.1, no features related to the HFOP were observed
in ρ(T, H ). Figure 6 summarizes the H –x diagram of the
Pr(Os1−x Rux)4Sb12 system at T ∼ 0 K.

Electrical resistivity data ρ(T, 0 T � H � 18 T) and
ρ(H, 0.02 K � T � 2.75 K) for Pr(Os0.8Ru0.2)4Sb12 are
shown in figures 7(a)–(c). Below 2.5 K and 2 T, ρ(T ) in
the normal state is approximately independent of temperature;
above 2 T, there is a slight increase in ρ(T ) as T increases
(figures 7(a) and (c)). The ρ(H ) isotherms below 2.8 K exhibit
a broad shoulder at ∼1.7 T; otherwise, the ρ(H ) curves have
positive linear slopes as H increases (figure 7(c)). No features
related to the HFOP are observed in ρ(H, T ) in high magnetic
fields. A peak effect (PE) appears in the superconducting

state above 0.4 T. Selected ρ(T ) data in the PE region are
shown in figure 7(b). It is interesting that the PE in ρ(T )

has an unusual shape with double peaks. The ρ(T ) data at
0.8 T, represented by the solid lines in figures 7(a) and (b),
serve as a good example that illustrates the structure in ρ(T )

associated with the PE. Below the superconducting transition,
ρ(T ) exhibits a sudden increase at Tp+ that marks the high T
end of the PE, then at Tp−, ρ(T ) drops to zero, demarcating
the low T end of the PE. Two peaks in ρ(T ) appear at Tpk1 and
Tpk2 with a local minimum at Tpm where Tpk2 < Tpm < Tpk1.
The current density used in the resistivity measurements was
26.4 μA cm−2. The superconducting H –T phase diagram of
Pr(Os0.8Ru0.2)4Sb12 is summarized in figure 8.

3
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Figure 4. (a) Electrical resistivity ρ versus T in magnetic fields H from 0 to 3 T for Pr(Os0.95Ru0.05)4Sb12. The ρ(T ) data displayed between
0 and 0.5 T are at H = 0, 0.02, 0.04, 0.09, 0.15, 0.2, 0.3, 0.4 T, from right to left. The sharp drop in ρ is due to the superconducting transition.
(b) ρ versus T in H from 3 to 18 T. (c) ρ versus H isotherms from 0.02 to 2.10 K.

Figure 5. (a) Magnetic field H versus temperature T phase diagram for Pr(Os0.95Ru0.05)4Sb12. The phase boundary of the high field ordered
phase (HFOP) is determined from dρ/dH kinks in (b) and dρ/dT peaks in (c).

4. Discussion

The pronounced minimum of Tc(x) at x = 0.6 in the
Pr(Os1−x Rux)4Sb12 system (figure 1) has been speculated
to originate from the competition of the unconventional
superconductivity in PrOs4Sb12 and the conventional BCS-
type superconductivity in PrRu4Sb12 [19]. However,
experimental indications of unconventional superconductivity
have been found only at x < 0.3. In the following,
an alternative explanation is presented. The high Tc of
PrOs4Sb12 (1.85 K) relative to that of LaOs4Sb12 (0.74 K) in
the La1−xPrx Os4Sb12 substitutional series has been ascribed

to aspherical Coulomb scattering [11, 27]. The argument is
based on a model given by Fulde and co-workers [15, 28],
which considers competition between the effects of aspherical
Coulomb and exchange scattering between the singlet ground
state and the magnetic first excited CEF state. The former
interaction serves to enhance Tc, while the latter reduces
Tc. Their competition affects the rate of suppression of Tc

with substitution of rare earth ions into a superconductor,
in which the CEF energy level scheme remains unchanged.
Experimental verification of the existence of these two
mechanisms was obtained from measurements of Tc and
the specific heat jump at Tc versus Pr concentration in

4
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Figure 6. Zero-kelvin H–x phase diagram for Pr(Os1−x Rux )4Sb12.
The superconducting phase (open triangles) occurs below 2.3 T. The
high field ordered phase HFOP (solid diamonds) is located between
4.5 and 15 T and vanishes abruptly above a ruthenium concentration
x = 0.05. The dashed line and the gray area are guides to the eye.

the La1−x PrxSn3 system [29]. A recent study, which has
extended the original theoretical framework and applied it
to the La1−x Prx Os4Sb12 system, confirms that quadrupolar
excitations play an important role in the enhancement of Tc

in PrOs4Sb12 over that of LaOs4Sb12 [30].
In contrast to the La1−x PrxOs4Sb12 series,

Pr(Os1−x Rux)4Sb12 exhibits a splitting �
�1�

(2)
4

between the

singlet ground state and the first excited state of Pr3+ that in-
creases monotonically and nearly linearly from �

�1�
(2)
4

≈ 10 K
at x = 0 to �

�1�
(2)
4

≈ 50 K at x = 1 [19, 20]. Due to the
much greater magnitude of �

�1�
(2)
4

in PrRu4Sb12, the low Tc

of PrRu4Sb12 (1.1 K) relative to that of LaRu4Sb12 (3.58 K)
has been attributed to the aspherical Coulomb scattering be-
ing much weaker than the magnetic exchange scattering, which
leads to no Tc enhancement [31].

The preceding arguments suggest that in Pr(Os1−x Rux )4Sb12,

aspherical Coulomb interactions are stronger than magnetic

Figure 8. Superconducting H–T phase diagram of
Pr(Os0.8Ru0.2)4Sb12. The current density is ∼0.264 A m−2. Tp+
marks the high T end of the PE, Tp− is where ρ(T ) drops to zero,
demarcating the low T end of the PE. Two peaks in ρ(T ) appear at
Tpk1 and Tpk2 with a local minimum at Tpm where
Tp− < Tpk2 < Tpm < Tpk1 < Tp+ (see figure 7(b)).

exchange interactions at low x and that the decrease of
Tc as x increases can be attributed to two effects: the
increase in �

�1�
(2)
4

, which weakens both aspherical Coulomb
and magnetic exchange interactions, and a decrease in the
strength of the aspherical Coulomb effect relative to the
magnetic exchange. For x > 0.6, the magnetic exchange
interaction dominates the aspherical Coulomb interaction and
Tc increases with x because the increase of �

�1�
(2)
4

leads to a
weakening of the pair-breaking magnetic exchange interaction.
Moreover, the linear shape of Hc2(T ) at the high ruthenium
end could result from the temperature dependence of exchange
scattering between the CEF ground and first excited states as
discussed later. This model can be checked experimentally
by measuring the evolution of Tc in the La(Os1−xRux)4Sb12

system. Since the La3+ ion does not contain f electrons, there

Figure 7. (a) Electrical resistivity ρ versus T for 0 T � H � 18 T in Pr(Os0.8Ru0.2)4Sb12. (b) Enlarged ρ versus T in the peak effect region.
(c) ρ versus H isotherms from 0.02 to 2.75 K.

5
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is no energy level scheme associated with CEF splitting in
La3+ of La(Os1−xRux)4Sb12. Therefore, there should exist
an x0 for which Tc is equivalent for La(Os1−x0Rux0)4Sb12

and Pr(Os1−x0Rux0)4Sb12, where the aspherical Coulomb
scattering and magnetic exchange interactions have equal
strength and cancel each other in Pr(Os1−x0Rux0)4Sb12.

Independent of the CEF effects, another possible expla-
nation for the minimum in Tc for Pr(Os1−x Rux)4Sb12 is the
existence of two-band superconductivity throughout the whole
series. Two-band superconductivity in PrOs4Sb12 has been in-
ferred from measurements of thermal conductivity [32]. In
PrOs4Sb12, a strong-coupling unconventional superconducting
band dominates, while in PrRu4Sb12, a BCS superconduct-
ing band dominates, and across the series, superconductivity
of one band screens the other and results in the minimum
in Tc. Indeed, linearity of Hc2(T ) in the ruthenium-rich end
can also result from two-band superconductivity like that of
MgB2 [33], which will be discussed more later. Recent thermal
conductivity measurements on PrRu4Sb12 indicate that two-
band superconductivity occurs in this compound as well as
PrOs4Sb12 [34].

To simplify analysis of the superconducting upper critical
field in Pr(Os1−x Rux)4Sb12, the BCS formalism has been
followed. Although this rudimentary approach leads only to
estimates, it is justified for x > 0.3, in which no nodes have
been observed in the superconducting energy gap [22, 21], and
for clarity has been extended to all values of x . The Pauli-
paramagnetism-limited upper critical field at 0 K follows the
relation Hp0 = 1.84 T K−1 × Tc [35, 36]. From the initial
slope of Hc2 and zero-field Tc, the orbital critical field can be
calculated from equation (1):

H ∗
c20 ≈ 0.693Tc

(
dHc2

dT

∣∣∣∣
Tc

)
. (1)

Note that 0.693 is the value for the dirty limit; however,
in the clean limit, the value is 0.705, which is less than
1% different, so we use the value of 0.693 for estimation.
The x dependences of Hp0 (open triangles) and H ∗

c20 (open
circles) are shown in figure 3(b), in comparison with the
Hc2(0) experimentally extrapolated from Hc2(T ) at each
concentration. The extrapolated value of Hc2(0) lies much
lower than Hp0 and is very close to H ∗

c20, indicating that the
superconducting pair-breaking effect primarily comes from the
orbital motion of electrons in this substituted system.

Near Tc, ξGL and the BCS coherence length ξ0 are related
as [37]

ξGL(T ) =

⎧⎪⎪⎨
⎪⎪⎩

0.74
ξ0

(1 − T/Tc)
clean limit (ξ0/� � 1),

0.855
(ξ0�)

1/2

(1 − T/Tc)
dirty limit (ξ0/� � 1),

(2)
where � is the mean free path. Therefore, at T = 0 K

H ∗
c20 =

⎧⎪⎪⎨
⎪⎪⎩

	0

1.1πξ 2
0

clean limit,

	0

1.46πξ0�
dirty limit.

(3)

The mean free path � can be estimated using the Drude model
with a simplified isotropic Fermi surface ρ0 = m∗/(ne2τ ) =
m∗υF/(ne2�) = h̄kF/(ne2�), where ρ0 is the measured
residual resistivity, m∗ is the electron effective mass, υF is
the Fermi velocity, n is the density of the charge carriers,
which is approximated by two holes per unit cell for all
concentrations, and kF = (3π2n)1/3 is the Fermi momentum.
However, due to the small size of the samples, it is difficult
to determine the geometrical factor accurately so as to obtain
reliable estimates of � for all x . From the values of the
RRR (300 K/2 K; figure 3(a)) and the assumption that room
temperature resistivities are roughly the same for all samples,
we infer that PrOs4Sb12 is in the clean limit, PrRu4Sb12 in the
dirty limit, and the rest of the samples are in the intermediate
regime with ξ0/� ranging from 0.5 to 6, where equation (3)
is not applicable. Therefore, from ξ0 = 0.18h̄υF/(kBTc)

and h̄kF = m∗
scυF, the values of the superconducting electron

effective mass m∗
sc of PrOs4Sb12 and PrRu4Sb12 are ∼23 me

and ∼5 me, respectively.
The linear T dependence of Hc2(T ) for x � 0.4 is quite

peculiar (figure 2(b)). For a conventional BCS superconductor,
the upper critical field Hc2(T ) curve has a convex shape and
is linear near the zero-field Tc and saturates at low temperature
T with zero slope as T → 0. For Pr(Os1−x Rux)4Sb12, the
convex Hc2(T ) occurs for unconventional superconductivity,
while the approximately linear Hc2(T ) curve occurs near
the region of conventional superconductivity. Two possible
scenarios for a BCS superconductor that may result in a
linear Hc2(T ) curve are (I) by means of CEF effects and
(II) via two-band superconductivity. In scenario (I), two
competing pair-breaking effects play dominant roles in a BCS
superconductor with a fixed amount of rare earth impurities
with a singlet ground state upon the application of a magnetic
field: one simply is the applied magnetic field and the
other comes from the inelastic exchange scattering between
the CEF ground and first excited states of the rare earth
ion. Due to the decrease of the inelastic scattering between
the CEF ground and first excited states as T decreases,
this pair-breaking effect decreases and the curve of Hc2

straightens in the low temperature region [38]. Such behavior
has been found previously in Hc2(T ) of (La1−x Prx)3In and
(La1−x Tbx)Al2 [39, 40]. In scenario (II), because there are
two different Hc2(T ) curves for two-band superconductivity,
the resulting Hc2 could have a nearly linear T dependence.
The archetype of a two-band superconductor MgB2 has a
quite linear Hc2(T ) curve [33, 41]. It is unclear whether this
linear behavior of Hc2(T ) results from CEF effects, because
such linearity is also observed in LaOs4Sb12 [42], which is
a BCS superconductor without the complications of the CEF
effects. However, currently there is no experimental evidence
indicating two-band superconductivity in LaOs4Sb12, although
evidence does exist for PrRu4Sb12, as noted earlier [34].
Further thermal conductivity measurements on LaOs4Sb12

could clarify this issue.
Regarding the disappearance of the HFOP above x =

0.1 in Pr(Os1−x Rux)4Sb12, a similar trend also appears in
previously published specific heat studies [20]. The x
dependence of the superconducting specific heat jump divided

6
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by Tc, �C/Tc, shows a sharp drop from x = 0 to 0.1 (a
reduction in size of ∼7 times), and for x � 0.1, �C/Tc

remains approximately constant. An interesting correlation is
also observed in recent μSR studies: the spontaneous moment
in the superconducting state vanishes by x ∼ 0.2 [23]. The
connection between these three experiments strongly suggests
that the large γ enhancement and unconventional nature of the
superconducting state in PrOs4Sb12 are related to the existence
of strong quadrupolar interactions.

The double-peak structure in the PE has been previously
observed in a critical current density study on PrOs4Sb12

by Sato and co-workers [43]. They attributed the PE in
PrOs4Sb12 to two superconducting phases with different order
parameter symmetries (twofold and fourfold) found in thermal
conductivity measurements [44]. The PE usually occurs in
very clean samples where the pinning of the flux line lattice
is weak and rarely occurs in chemically substituted samples
where pinning due to disorder is usually very strong. As a
rough indication of disorder, the value of the residual resistivity
ratio RRR(300 K/2 K) of the Pr(Os0.8Ru0.2)4Sb12 sample is
rather low: 7.2. Thus the mechanism causing the PE in
Pr(Os0.8Ru0.2)4Sb12 is not currently understood. However,
the previous measurements of the magnetic penetration
depth suggested that point nodes in the superconducting
energy gap disappear at the concentration x ∼ 0.3 in
Pr(Os1−x Rux)4Sb12 [21]. An anomalous PE at x = 0.2 could
result from the proximity to the crossover of two types of
superconductivity. More experiments are needed to clarify this
situation.

5. Summary

Competition between unconventional and conventional super-
conductivity in Pr(Os1−x Rux)4Sb12 was observed throughout
the Ru substituent dependence of Tc and the curvature of
Hc2(T ). On the basis of this resistive upper critical field study,
the orbital motion of electrons is the main factor that limits
Hc2(T ) in Pr(Os1−x Rux)4Sb12. Possible explanations for the
minimum of Tc and the shape of the Hc2(T ) curves, includ-
ing CEF effects and two-band superconductivity, are discussed.
A simplified analysis based on the BCS theory indicates that
PrOs4Sb12 is in the clean limit, PrRu4Sb12 is in the dirty limit,
and the rest of the samples are in the intermediate regime. The
estimated effective masses of the superconducting electrons are
∼23 me for PrOs4Sb12 and ∼5 me for PrRu4Sb12, respectively.

The rapid suppression of the HFOP, �C/Tc, and the
spontaneous moment in the superconducting state for x ∼
0.2 in Pr(Os1−x Rux)4Sb12 suggest that electric quadrupole
interactions may be involved in the formation of the
heavy fermion state and unconventional superconductivity in
PrOs4Sb12. The peak effect with a double-peak structure was
observed in the Pr(Os0.8Ru0.2)4Sb12 sample with a low RRR
value of ∼7.2, although the mechanism behind it is unclear.
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