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Multiband superconductivity in PrPt4Ge12 single crystals
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We report measurements of the London penetration depth �λ(T ) and the electronic specific heat Ce(T ) on
high-quality single crystals of the filled skutterudite superconductor PrPt4Ge12 (Tc � 8 K). Both quantities
show a weak temperature dependence at T � Tc, following �λ ∼ T n (n = 3.2 ± 0.1) and Ce/T ∼ T 2.8. Such
temperature dependences deviate from both conventional s-wave-type and nodal superconductivity. A detailed
analysis indicates that the superfluid density ρs(T ), derived from the penetration depth, as well as the electronic
specific heat can be consistently described in terms of a two-gap model, providing strong evidence of multiband
superconductivity for PrPt4Ge12.
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I. INTRODUCTION

The filled-skutterudite compounds MT4X12 (M = rare-
earth or alkaline-earth metals, T = Fe, Ru, Os, and X =
P, As, Sb) demonstrate remarkably rich physical properties.1

Particular attention has been paid to superconductivity (SC)
observed in the Pr-based compounds. For example, PrOs4Sb12

is a heavy-fermion superconductor with Tc = 1.85 K.2 Electric
quadrupole, rather than magnetic dipole, fluctuations are be-
lieved to mediate the Cooper pairs in this compound, which is
unique among heavy-fermion superconductors. The supercon-
ducting order parameter of PrOs4Sb12 remains controversial:
nodal SC3,4 as well as s-wave SC5 were proposed. More recent
experiments seem to support a scenario of multiband SC.6,7 On
the other hand, the isostructural compounds PrRu4Sb12 and
PrRu4As12 appear to be s-wave superconductors.8,9

Recently, a series of new skutterudite superconductors
with a germanium-platinum framework, i.e., MPt4Ge12 (M
= Sr, Ba, La, Pr), were successfully synthesized.10,11 Among
all the Pr-filled variants, PrPt4Ge12 shows an unexpectedly
high transition temperature of Tc = 7.9 K.11 The Sommerfeld
coefficient of PrPt4Ge12 (γn = 76 mJ/mol K2)12 is comparable
to that of PrRu4Sb12 (Ref. 8) and PrRu4As12 (Ref. 9) but much
smaller than that of PrOs4Sb12.2 Furthermore, the crystalline
electric field (CEF) splitting of the J = 4 Hund’s rule multiplet
of Pr3+ between the �1 singlet ground state and the first
excited triplet state is rather different among these Pr-based
superconductors, e.g., �

(2)
4 at �CEF = 7 K for PrOs4Sb12

13

and �
(1)
4 at �CEF =130 K in PrPt4Ge12.11,14 It is therefore of

great interest to systematically compare the superconducting
properties of these materials, which may help to elucidate their
pairing mechanisms. Similar to PrOs4Sb12, previous studies
on polycrystalline samples of PrPt4Ge12 showed controversial
results. Measurements of the specific heat and muon-spin
rotation (μSR) suggest the possible existence of point nodes
in the superconducting gap;12 zero-field μSR also provides
evidence of time-reversal symmetry breaking below Tc,15

similar to what was observed for PrOs4Sb12.16 However, 73Ge
nuclear quadrupole resonance (NQR) experiments display
a pronounced coherence peak in the spin-lattice relaxation
rate 1/T1 at temperatures just below Tc, suggesting s-wave
SC.17 Very recently, a possible scenario of multiband SC was

proposed for PrPt4Ge12 based on the analysis of the critical
fields18 as well as photoemission spectroscopy.19 However,
these experiments were performed on polycrystalline samples
at relatively high temperatures and therefore could not make a
clear assertion on the gap symmetry. The reasons underlying
such discrepancies of the gap structure in PrPt4Ge12 are not
yet clear, and further measurements, in particular those based
on high-quality single crystals, are badly needed.

In this paper, we probe the superconducting gap symmetry
of PrPt4Ge12 by measuring the London penetration depth
�λ(T ) and the specific heat Cp(T ) of high-quality single crys-
tals. Precise measurements of the penetration depth changes
at low temperatures show �λ ∼ T n with n = 3.2 ± 0.1,
indicating that PrPt4Ge12 is actually neither a simple BCS
nor a simple nodal superconductor. A detailed analysis of
the superfluid density ρs(T ), converted from λ(T ), and the
electronic specific heat Ce(T ) provides strong evidence of
two-band SC for PrPt4Ge12.

II. SAMPLE PREPARATIONS AND
CHARACTERIZATIONS

High-quality single crystals of PrPt4Ge12 were synthesized
by applying multistep thermal treatments. First, polycrys-
talline samples were prepared from the nominal compositions
of Pr (Ames, 99.9%), Pt foil (Chempur, 99.9%), and Ge pieces
(Chempur, 99.9999%) by arc melting on a copper hearth in
a purified Ar atmosphere. The obtained buttons, subsequently
enclosed in a glassy carbon crucible and a Ta container, were
thermally treated in a sealed and evacuated silica tube at 800 ◦C
for 120 h before quenching in cold water.

The so-obtained samples were characterized by x-ray pow-
der diffraction (XRD) performed on a HUBER imaging plate
Guinier camera (CuKα1 radiation, 2θ interval of 3◦–100◦),
which identified them as a single phase (filled skutterudite
LaFe4P12 type, space group Im3̄). From the differential
scanning calorimetry (DSC) measurements it can be inferred
that PrPt4Ge12 melts congruently but exists only in a narrow
temperature range of 810–869 ◦C. Therefore, recrystallization
heat treatment was chosen as a method to synthesize sizable
single crystals of PrPt4Ge12.
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FIG. 1. (Color online) (a)–(f) Single crystals obtained from the
samples after recrystallization heat treatment performed close to the
melting point. For crystals (e) and (f), an enlarged fragment of their
surfaces is shown, where the detected phases are indicated.

The PrPt4Ge12 samples were then powdered and sieved (40
μm mesh) and pressed into six pellets (diameter of 10 mm),
which were placed into glassy carbon crucibles, welded into
Ta containers, and sealed in evacuated silica tubes. To avoid
possible contamination with oxygen, the above procedures
were performed inside an argon-filled glove box. Further
thermal treatment was performed at 867 ◦C for 60 days.
The obtained crystals have a size up to 2 mm (see Fig. 1).
A few crystals were powdered for XRD analysis. Phase
analysis performed on the obtained powder pattern revealed
the presence of two phases in the crystals: PrPt4Ge12 [a =
8.6105(2) Å, in good agreement with that reported before11]
and the minority PtGe2 phase. Multiphase Rietveld refinement
showed that the filled skutterudite content is 98.5(5) wt. %.
To clarify the phase distribution of the synthesized crystals,
energy-dispersive x-ray spectroscopy (EDXS) on a Jeol JSM
6610 scanning electron microscope equipped with an UltraDry
EDS detector (ThermoFisher NSS7 system) and an ESEM FEI
Quanta 200 FEGi system (Genesis 2000 EDAX detector) was
performed. The intensities of the lines GeKα , PtLβ , and PrLβ

were determined at an excitation current of 50 nA at 25 keV.
The average compositions of the PrPt4Ge12 phase, obtained
from three independent measurements for each of the crystals
shown in Fig. 1, as well as other detected phases are listed
in Table I. The compositions of the PrPt4Ge12 phase are very
close to the 1:4:12 stoichiometry. Taking into account this fact
as well as the refined unit-cell parameters, we conclude that
all the crystals have a stoichiometric composition. As shown
in Fig. 1, a small number of impurity phases, including the

TABLE I. Phase compositions of the PrPt4Ge12 crystals shown
in Fig. 1 from the EDXS analysis. The symbol A marks those black
spots on the sample surfaces which indicate the glue from the pad.

Crystal Composition Phases on the surface

a Pr1.1(2)Pt4.1(2)Ge11.9(2) PtGe2, Ge, A
b Pr0.8(2)Pt4.1(2)Ge12.2(2) PtGe2, Ge, Pr0.3Pt0.3Ge9.4, A
c Pr1.0(2)Pt3.9(2)Ge12.0(2) PtGe2, Ge, Pr0.1Pt0.4Ge9.5, A
d Pr0.8(2)Pt3.9(2)Ge12.2(2) PtGe2, Ge
e Pr0.9(2)Pt4.1(2)Ge12.0(2) PtGe2, Ge, A
f Pr0.8(2)Pt4.0(2)Ge12.1(2) PtGe2,Pr0.3Pt0.4Ge9.3

FIG. 2. (Color online) Temperature dependence of the electrical
resistivity ρ(T ) for PrPt4Ge12. Insets (a) and (b) show the super-
conducting transitions in the electrical resistivity ρ(T ) and magnetic
susceptibility χ (T ), respectively.

nonmagnetic, nonsuperconducting PtGe2, free Ge, and a solid
solution of Pr, Pt, and Ge with unknown physical properties,
are located on the crystal surfaces. This can be best seen on
crystal e [see Fig. 1(e)], which was broken off from a large
piece. In the ternary phase diagram we observe an equilibrium
only between PrPt4Ge12, PtGe2, and Ge. No other ternary
phases were detected in this region, and a small enlargement
of the lattice parameter of Ge may indicate the solubility of
other components in its lattice. It is noted that the Pr-containing
additional phases on the surface may exhibit a pronounced
upturn in the low-temperature specific-heat data, as previously
seen in the polycrystalline samples.12

In this context, we study the physical properties of
PrPt4Ge12 by using the samples from the same batch as crystal
a. In order to get rid of these surface contaminations, we have
carefully polished the samples prior to the measurements,
which enables us to probe the true behavior of PrPt4Ge12.
The samples are characterized by measurements of electrical
resistivity and magnetization. Figure 2 presents the electrical
resistivity ρ(T ) for PrPt4Ge12, which shows an S-shape
behavior upon cooling down from room temperature, as
often observed in d-band materials. A sharp superconducting
transition, evidenced from both the electrical resistivity ρ(T )
[inset (a)] and the magnetic susceptibility χ (T ) [inset (b)],
together with a large resistivity ratio [ρ(300 K)/ρ(8 K) = 19]
confirm the high quality of our single crystals. Furthermore, the
superconducting transition temperatures Tc, determined from
the zero resistivity and the onset of the magnetic susceptibility,
are nearly the same (Tc � 7.8 K), proving good homogeneity
of the samples.

III. PENETRATION DEPTH AND SUPERFLUID DENSITY

Precise measurements of the resonant frequency shift
�f (T ) were performed by utilizing a tunnel diode oscillator
(TDO) based self-inductance method at an operating frequency
of 7 MHz down to about 0.5 K in a 3He cryostat.20 The
change of the penetration depth is proportional to the resonant
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FIG. 3. (Color online) Temperature dependence of the penetra-
tion depth �λ(T ) for PrPt4Ge12. Solid, dash-dotted, and dashed
lines represent the fits of �λ ∼ T 3.2, �λ ∼ T 2 (point node), and
the single-gap BCS model, respectively. The inset shows �λ(T ) over
the entire temperature range.

frequency shift, i.e., �λ(T ) = G�f (T ), where G is solely
determined by the sample and coil geometries.4 In this
context, �λ(T ) is extrapolated to zero at T = 0 by polynomial
regression, i.e., �λ(T ) = λ(T ) − λ0. Here the value of zero-
temperature penetration depth, λ0 = 114 nm, was adopted
from previous μSR experiments.12

The inset of Fig. 3 shows the change of the penetration
depth �λ(T ) up to 9 K, which reveals a sharp superconducting
transition at Tc � 8.1 K. Here G = 2.13 Å/Hz. It is noted that
we have measured the penetration depth for several samples
and the data are well reproducible. The values of Tc, derived
for different samples by distinct methods, are nearly the same
too. In the main plot of Fig. 3, we present �λ(T ) at low
temperatures, together with the fits of various models to the
data. Obviously, the standard BCS model cannot describe the
experimental data. Moreover, the penetration depth �λ(T )
deviates also from that of nodal SC, for which a linear and
quadratic temperature dependence is expected for the case
of line and point nodes, respectively. Instead, a power law
of �λ ∼ T n (n = 3.2 ± 0.1) presents a reasonable fit to the
experimental data. An enhanced power-law exponent n, e.g., a
quadratic temperature dependence in d-wave superconductors,
may arise from nonlocal effects or impurity scattering.21 How-
ever, such possibilities are excluded for PrPt4Ge12 because
both the penetration depth (λ0 = 114 nm)12 and the mean free
path (l = 103 nm) are much larger than the coherence length
(ξ0 = 13.5 nm),12 implying that the samples are in the clean
and local limit. Here we estimate the mean free path from

l = [ ξ−2
0 −1.6×1012ρ0γnTc

1.8×1024(ρ0γnTc)2 ]0.5,22 where ρ0, ξ0, and γn represent the

electrical resistivity at Tc = 7.8 K (ρ0 = 3.5 × 10−6 � cm),
the aforementioned coherence length, and the Sommerfeld
coefficient at Tc (γn = 1795 erg cm−3 K−2), respectively.
On the other hand, multiband effects may also give rise to
power-law-like behavior at low temperatures with a large
exponent n, which will be further elucidated by the analysis of
both the superfluid density and specific heat.

FIG. 4. (Color online) Superfluid density ρs(T ) vs normalized
temperature T/Tc. The inset expands the low-temperature region.
Circles and diamonds display the experimental data derived from
TDO measurements (this study) and μSR experiments (from Ref. 12),
respectively. Lines shows theoretical fits of various gap functions as
listed in Table II.

The superfluid density ρs(T ) provides an important char-
acterization of the superconducting gap symmetry. Figure 4
shows the temperature dependence of the normalized super-
fluid density ρs(T ) for PrPt4Ge12 (circles), which is calculated
by ρs = [λ0/λ(T )]2. For comparison, in Fig. 4 we also include
the superfluid density from the μSR results determined on
polycrystalline samples (diamonds).12 Obviously, these two
data sets are quite compatible, although the μSR data have a
poor resolution when compared with the TDO results. Thus,
the TDO data allow us to probe the gap structure of PrPt4Ge12

in a much more precise way than before.
The superfluid density can be calculated by

ρs(T ) = 1 + 2

〈∫ ∞

0

∂f

∂E

E√
E2 − �2

k(T )
dE

〉
FS

, (1)

where f = (e
√

E2+�2
k (T )/kBT + 1)−1 is the Fermi distribution

function and 〈· · ·〉FS denotes the average over the Fermi
surface. For the temperature dependence of the energy gap, we
take �(T ) = �0 tanh{πkBTc

�0
[ 2

3
�Ce

γnTc
( Tc

T
− 1)]0.5}.23 Here �Ce is

the specific-heat jump at Tc. Note that Eq. (1) is applicable
for various gap functions �k [= �(θ,φ)] in the pure/local
limit. Given a gap function �(θ,φ), one can fit it to the
experimental data. Here θ and φ denote the angles away
from the z axis and x axis in k space, respectively. In this
analysis, the zero-temperature gap amplitude �0 is the sole
fitting parameter.

Possible symmetries of the order parameter have been
theoretically investigated for the skutterudite superconductors
with tetrahedral point-group symmetry (Th).24 Various gap
functions �(θ,φ), restrained by the crystal symmetry, have
been adopted to fit the superfluid density ρs(T ) of PrOs4Sb12.4

Following the methods used in Ref. 4, here we apply a
similar analysis to the experimentally obtained ρs(T ) data
of PrPt4Ge12. Figure 4 presents the fits of different gap
functions allowed by the crystal symmetry; the derived fitting
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TABLE II. Summary of various gap functions and so-derived
fitting parameters �0.

Model Gap function �(θ,φ) �0/kBTc

A �0 1.76
B |�0 sin θ sin φ| 4.0
C |�0 sin θ | 2.7
D �0(1 − sin4 θ cos4 θ ) 2.9
E �0[1 − (sin4 φ + cos4 φ) sin4 θ ] 3.2

parameters of �0 are summarized in Table II. Apparently,
the gap functions B and E cannot reproduce the experimental
data. On the other hand, the fits of functions A, C, and D are
close to the experimental data but show significant deviations
at low temperatures (inset of Fig. 3). We note that models C
and D, both having point nodes in the superconducting gap,
were previously assumed to present a good fit to the μSR
data,15 which are rather scattered at low temperature. The
more precise measurements of the penetration depth �λ(T )
and the corresponding superfluid density ρs(T ) indicate that
the conventional one-gap BCS model as well as the nodal-gap
model D provide a poor fit to the low-temperature data.
Nodal-gap model C can fit the TDO data relatively well, but
significant deviations remain below 0.3Tc. Instead, a two-gap
model is capable of giving a much better fit to our experimental
data.

In the case of two-band superconductors, the superfluid
density can be extended to the following linear combination:25

ρ̃s(T ) = xρs

(
�1

0,T
) + (1 − x)ρs

(
�2

0,T
)
, (2)

where �i
0 (i = 1,2) represent the size of two gaps at zero

temperature and x is the relative weight of the contributions
from �1

0. For the simplest scenario (BCS SC), the two energy
gaps are isotropic. As shown in Fig. 4, the two-gap BCS model
nicely fits the experimental data of PrPt4Ge12 over the entire
temperature region we measured. The so-derived parameters
of �1

0 = 0.8 kBTc, �2
0 = 2.0 kBTc, and x = 0.15 meet the

theoretical constraints that one gap is larger than the BCS
value and the other one is smaller,26 as demonstrated in the
prototype two-gap BCS superconductor MgB2.25

IV. SPECIFIC HEAT

The superconducting gap symmetry of PrPt4Ge12 is further
characterized by measuring the heat capacity in a 3He cryostat
using a relaxation method. In Fig. 5, we present the low-
temperature specific heat Cp(T ) of a polished PrPt4Ge12

single crystal. A sharp superconducting transition is observed
at Tc = 7.7 K, being close to that determined from other
experiments on this crystal. The specific-heat data above Tc

can be fitted by a polynomial expansion Cp(T ) = γnT + βT 3.
Here Ce = γnT and Cph = βT 3 denote the electronic and
phonon contributions, respectively. This yields the Sommer-
feld coefficient in the normal state, γn = 69 mJ/mol K2,
and the Debye temperature �D = 190 K, which are close
to those found in the case of polycrystalline samples.12 For
polycrystals,12 a pronounced upturn was previously reported in
the low-temperature specific heat Ce(T )/T . Similar specific-
heat anomalies were also observed in some as-grown single

FIG. 5. (Color online) Temperature dependence of the electronic
specific heat Ce(T )/T of a PrPt4Ge12 single crystal at zero field.
Dash-dotted lines (green and blue) and the solid line show the
individual and total contributions of the two gaps to the specific
heat Ce(T )/T , respectively. Inset (a) shows the total specific heat,
Cp(T )/T , plotted as a function of T 2. Inset (b) shows the electronic
specific heat Ce(T )/T at low temperatures, fitted by Ce/T ∼ T 2.8

(dotted line). The dashed line refers to the standard BCS model.

crystals. A careful examination showed that such an upturn in
Ce(T )/T has to be attributed to a nuclear Schottky anomaly
caused by the Pr-containing surface contaminations. Indeed,
the specific-heat anomaly disappears for the polished single
crystal, as shown in Fig. 5, allowing us to accurately analyze
its low-temperature behavior.

The electronic specific heat of PrPt4Ge12, obtained after
subtracting the phonon contributions, is presented in the main
part and inset (b) of Fig. 5 as Ce/T vs T , together with
the fits of various models. As shown in inset (b), the data
can be well described by a power law, Ce/T ∼ T 2.8. This
behavior deviates from the quadratic temperature dependence
of Ce(T )/T reported in Ref. 12. The discrepancy is likely to
result from the nuclear Schottky anomaly of the polycrystalline
samples discussed before. With the previous data,12 a proper
subtraction of this Schottky anomaly is difficult, and therefore,
deviations from the true specific-heat behavior become likely
at low temperatures. Furthermore, the standard BCS model
is not sufficient to fit the experimental data [Fig. 5(b)], while
the two-gap BCS model presents the best fit to the Ce(T )/T

data (main figure). According to the phenomenological two-
gap BCS model, the heat capacity is taken as the sum of
contributions from the two bands, each one following the
BCS-type temperature dependence.27 In the main panel of
Fig. 5, we plot the contributions from the two superconducting
gaps, �1

0 = 0.8kBTc and �2
0 = 2.0 kBTc, as well as their

sum (solid line). The weight contributed from the first gap,
�1

0, is x = 0.12. All these fitting parameters are remarkably
consistent with those obtained from the superfluid density
ρs(T ), providing strong evidence of two-gap SC for PrPt4Ge12.
The small x suggests that superconductivity in PrPt4Ge12 is
mainly carried by the band with a large energy gap. It is noted
that one cannot yet exclude the possibility of a different gap
structure for the small gap due to its low weight x.
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V. DISCUSSION

Evidence of BCS-like SC, including the two-gap type, has
been observed in several skutterudite compounds. For exam-
ple, PrRu4Sb12,8 PrRu4As12,9 and their non-4f counterparts12

are believed to be s-wave superconductors. Recent mea-
surements indicate that PrOs4Sb12 is an extreme two-band
superconductor;6,7 here energy nodes were assumed to exist
in the small gap, and the isotropic large gap dominates the
superconducting properties near Tc,7 or when a sufficiently
large magnetic field is applied.28 Two-gap BCS SC was also
proposed for both PrRu4Sb12 (Ref. 7) and LaOs4Sb12,29 the
latter one suggesting that 4f electrons are not the origin
of multiband SC. In PrPt4Ge12, band structure calculations
indicate only a minor contribution of the 4f electrons to the
density of states at the Fermi energy, suggesting that the 4f

electrons may not be playing a significant role on SC in this
compound either.11 Indeed, the thermodynamic properties and
low-lying CEF scheme of PrPt4Ge12 are rather different from
those of the heavy-fermion compound PrOs4Sb12 but resemble
other skutterudite compounds.8,9 Indications of two-gap SC
for PrPt4Ge12 were also inferred from recent measurements
of the upper and lower critical fields18 and photoemission
spectroscopy.19 Furthermore, multiband SC is compatible with
the observations of a coherence peak in the NQR measure-
ments just below Tc.17 Such a multigap structure seems to be
characteristic for the skutterudite superconductors; the small
gap, either with or without nodes, is rather subtle and can be
easily destroyed by external effects, e.g., a magnetic field, so
that the large gap is predominant. Recent μSR measurements
performed on polycrystalline samples of PrPt4Ge12 showed
evidence of time-reversal symmetry breaking.15 To confirm it
and check the possible existence of nodes in the small gap
of PrPt4Ge12, it would be important to repeat the μSR mea-
surements with high-quality single crystals and to measure the
thermodynamic properties with high precision down to lower

temperatures. Detailed calculations of its electronic structure
are also highly desirable in order to further elucidate the multi-
band structure in PrPt4Ge12. Moreover, comparative studies of
the Pr-based skutterudites and the non-f electron isostructural
compounds, e.g., MPt4Ge12 (M = Sr, Ba, and La), are
necessary to reveal the potential role of f electrons on SC.

VI. CONCLUSION

In summary, we have studied the superconducting order
parameter of PrPt4Ge12 by measuring the penetration depth
�λ(T ) and specific heat Cp(T ) on high-quality single crystals.
For T � Tc, both quantities demonstrate a weak temperature
dependence and can be fitted by a power-law behavior with
a large exponent, i.e., �λ ∼ T 3.2 and Ce/T ∼ T 2.8, which is
inconsistent with both a single-gap BCS model and nodal-gap
SC. Instead, we can describe the superfluid density ρs(T ) and
the electronic specific heat Ce(T ) in terms of a phenomeno-
logical two-gap BCS model with consistent gap parameters
of �1

0 = 0.8 kBTc, �2
0 = 2.0 kBTc, and x = 0.12 ∼ 0.15, the

weight contributed by the small gap. These findings have
elucidated the controversial results found in the literature and
provide strong evidence of multiband SC for PrPt4Ge12.
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