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Crystallographic and superconducting properties of filled skutterudite SrOs4P12
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The crystallographic and physical properties of the recently discovered filled skutterudite superconductor
SrOs4P12, synthesized by a high-pressure and -temperature technique, are studied by measuring electrical
resistivity, specific heat, and magnetization, and by performing electronic band calculations. X-ray powder
diffraction with Rietveld refinement indicates that the lattice parameter of SrOs4P12 is 8.093(2) Å and that
fractional coordinates of the P site are [0, 0.3607(9), 0.1450(9)], which is also confirmed by calculations based
on density functional theory. The electrical resistivity indicates a metallic nature of SrOs4P12, which is consistent
with the density of states at Fermi energy with 7.5 (states/eV)/f.u. deduced from the electronic band calculations.
The Sommerfeld coefficient γ and Einstein temperature θE of SrOs4P12 are deduced as γ ∼ 26 mJ/mol K2 and
θE ∼ 150 K, respectively. A larger isotropic atomic displacement parameter Ueq of Sr compared to other atomic
species as obtained from a Rietveld analysis and a specific heat anomaly around 30 K refers to anharmonic
lattice vibrations of Sr in SrOs4P12. SrOs4P12 exhibits two superconducting transitions at Tc1 = 1.6 K and
Tc2 = 1.0 K. Specific-heat data indicate that the observed superconductivity is of bulk nature with approximate
volume fractions of 27% and 38% for superconductivity at Tc1 and Tc2, respectively. The electrical resistivity
under field and pressure as well as the specific heat under field indicate that Tc1 is sensitive to the magnetic field
and Tc2 is sensitive to pressure. The results show that SrOs4P12 is an s-wave weakly coupled superconductor with
an electron-phonon mass enhancement λep ∼ 0.47.

DOI: 10.1103/PhysRevB.103.085139

I. INTRODUCTION

Filled skutterudite compounds have the general chemi-
cal formula AT4X12 (where A denotes alkaline-earth metal
and rare-earth metal, T denotes transition metal, and X de-
notes pnictogen) [1]. The A site, which is located at the
center of a regular icosahedron oversized cage, often ex-
hibits a characteristic motion in an anharmonic potential,
called rattling. Because of this rattling, several skutterudites
exhibit high thermoelectric performance [2] as well as spe-
cific superconducting features. In filled skutterudites, some
unique superconductors have been explored. Among them
are the heavy fermion superconductor PrOs4Sb12 [3], the
multiple gap superconductor LaRu4As12 [4–7], and RFe4P12

(R = Y,La) with a positive pressure dependence of the
superconducting transition temperature [8–10]. The ongo-
ing discovery of unique superconducting properties among
filled skutterudites motivates the search for new supercon-
ductors among these compounds. Although many physical
properties of rare-earth-based filled skutterudites RT4X12 (R
= rare-earth metal) have been investigated, much fewer
of the alkaline-earth-based filled skutterudite AT4X12 (A =
Ca, Sr, and Ba) are known and reported. This is because
it is difficult to synthesize these compounds at ambient
pressure. Some alkaline-earth-based filled skutterudite su-
perconductors have been reported, and they can only be
synthesized at high pressure and high temperature (HPHT),

such as CaOs4P12, BaOs4P12, SrOs4As12, and BaOs4As12

[11–14]. However, they have not yet been investigated with
respect to both physical properties and electronic band
calculations.

Recently, we succeeded in synthesizing SrOs4P12 by using
a HPHT procedure. In this article, the superconducting as
well as normal state properties of the alkaline-earth filled
skutterudite SrOs4P12 are investigated by means of electrical
resistivity, specific heat, magnetization measurements, and
by electronic band-structure calculations. SrOs4P12 shows
metallic behavior with a moderate rattling effect. It exhibits
superconductivity below the critical temperatures Tc1 = 1.6 K
and Tc2 = 1.0 K, where 27% and 38% of the volume fraction
becomes superconducting. Superconductivity at Tc1 and Tc2 is
easily suppressed by applying magnetic fields and pressure,
respectively. The Ginzburg-Landau parameter κ , the penetra-
tion depth λ, the coherence length ξ , and the electron phonon
coupling constant λep are deduced as 29, 273 nm, 33 nm, and
0.47, respectively; refer to Tc2.

II. METHODOLOGIES

Polycrystalline SrOs4P12 was synthesized at 4 GPa and
1320 K; this pressure and temperature were maintained for
90 min using a Kawai type-two stage multi-anvil high-
pressure apparatus under an argon atmosphere with an O2
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density of less than 5 ppm to prevent oxidation of Sr. The start-
ing material was richer in strontium (by 30%), while Os and P
have been supplied in stoichiometric amounts. The resulting
sample was characterized by electron probe micro analyzer
(EPMA) and x-ray powder diffraction (XRD). XRD experi-
ments at ambient pressure and under pressure were performed
with synchrotron radiation at a wavelength λ ∼ 0.6200 Å
at BL-18C (KEK, Tsukuba, Japan). The Rietveld refinement
was carried out employing RIETAN-FP [15]. Pressure for the
XRD experiment was applied by a diamond anvil cell and
was evaluated by the ruby fluorescent method. A mixture of
methanol and ethanol with a 4:1 ratio was used as a pres-
sure transmitting medium. The heat capacity of SrOs4P12 was
measured through a relaxation method using a commercial
physical properties measurement system (PPMS, Quantum
Design Ltd.). Magnetization was measured using a commer-
cial SQUID magnetometer, combined with a 3He insert [16].
The electrical resistivity ρ was obtained using a standard dc
four-terminal method. ρ under pressure and in the presence
of a magnetic field was measured using a 3He cryostat with a
12 T superconducting magnet. The direction of the magnetic
field is parallel to that of the applied current. Pressure for the
resistivity study was applied with a piston-cylinder-type pres-
sure cell and was evaluated by the ferromagnetic transition
temperature of HoCo2 [17]. Daphne 7373 oil was used as a
pressure transmitting medium.

Electronic band calculations were performed within the
density functional theory (DFT) framework using the QUAN-
TUM ESPRESSO package [18]. Correlation and exchange effects
of the electrons were handled employing the generalized gra-
dient approximation (GGA) of Perdew, Burke, and Ernzerhof,
revised for solids (PBEsol) [19]. Electron-ion interactions
were treated with the pseudopotential method [20,21] using
fully relativistic pseudopotentials constructed according to the
code supplied by the PSLibrary (version 1.0.0) [22]. For stron-
tium and osmium, 4s- and 4p-, and 5s-, 5p-, and 4 f -electrons
were treated as valence states. The electron wave functions
were expanded into plane waves with a kinetic energy cutoff
of 70 Ry. For the charge density, a kinetic energy cutoff of
560 Ry was used. The k-point mesh for each compound had
been constructed using the Monkhorst-Pack method [23] on a
grid of the size that guarantees less than 0.03 × 2π/Å spacing
between the k-points for the calculations related to the cell
parameter optimization procedure, and less than 0.02 × 2π/Å
spacing for the final optimized cell relaxation. The conver-
gence threshold for self-consistent-field iteration was set at
10−9 eV. The calculations were performed taking into account
spin-orbit interactions, assuming the total magnetization to be
zero. To optimize the cell parameters for the compound, total
energies have been calculated for the cells with the cell param-
eter evenly distributed in the vicinity of the experimentally
achieved data with the atomic positions being optimized ac-
cording to the Broyden-Fletcher-Goldfarb-Shanno algorithm.
Further, the cell parameter corresponding to the minimal en-
ergy was received using interpolation, and for the cell of
this size, the atomic positions were once again optimized.
All atomic positions were optimized until all forces became
smaller than 10−6 eV/Å. The details of the optimized cell
parameter of SrOs4P12 are described in the supplemental
material [24].

FIG. 1. Elemental mapping for Sr (left top), Os (right top), P (left
bottom), and secondary electron image (right bottom) of SrOs4P12

obtained by EPMA. Point analysis was also performed to the points
numbered.

III. RESULTS

A. Sample characterization and structural properties

The actual composition of the resulting SrOs4P12 sample
is evaluated by means of EPMA. Figure 1 shows the ele-
mental mapping and secondary electron image of SrOs4P12.
The numbered points indicate the analyzed spots for point
analysis. The rate of the composition of Sr to that of Os is
accurate because standard samples of Sr and Os were prepared
for the analysis of EPMA data. In contrast, the lack of a
standard sample for P, as well as light mass of P, results in
some inaccuracy of the elemental content in the sample. In
addition, the characteristic x-ray of M of Os and the absorp-
tion edge of L3 and L2 of Sr overlap that of Kα of P. Thus,
the content of P is considered to be overestimated. Table I
lists the resulting compositions as obtained from this spot

TABLE I. Composition ratio obtained by EPMA. The composi-
tion of P is considered to be overestimated (see the text for details).

No. Sr Os P Phase

1 0.99 4.00 20 SrOs4P12

2 1.01 4.00 20 SrOs4P12

3 1.06 4.00 20 SrOs4P12

4 0.97 4.00 20 SrOs4P12

5 0.99 4.00 20 SrOs4P12

6 0.99 4.00 20 SrOs4P12

7 5.14 4.00 22 secondary phases
8 4.67 4.00 29 secondary phases
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FIG. 2. Main panel: XRD pattern of SrOs4P12 (filled circles). The
solid black line behind the XRD pattern is the calculated profile.
The vertical marks show the positions of allowed reflections. The
differences between the observed and calculated patterns are shown
at the bottom. Inset: Pressure dependence of V/V0. The solid line
indicates the fitting line according to the Birch-Murnaghan equation
of state. The dashed-dotted line and the dotted line indicate the fitting
line from DFT calculations and the fitting line by fixing B1 = 4.7,
respectively (see the text for details).

analysis. The contents of Sr and P are normalized to that of Os.
Numbers 1–6 in Fig. 1 are deemed to represent the matrix of
the sample. In contrast, Nos. 7 and 8 are deemed to represent
secondary phases. Sixteen spots on four different surfaces of
the sample were analyzed. The results observed indicate that
the Sr content varies from 0.97 to 1.06, while the average
value is 1.00 (compare Table I). Hence, the averaged Sr site
of SrOs4P12 is fully filled.

In the following, the possible influence of the detected sec-
ondary phases will be discussed. Some parts indicated by No.
7 or No. 8 in Fig. 1 consist of secondary phases. These sec-
ondary phases can be explained by the combination of SrP3,
OsP2, and SrO. The gross area estimated by element mapping
is ∼5% of the total area. Although physical properties of
these three compounds at ∼1 K have not been reported yet
to the best of our knowledge, superconductivity observed in
the present skutterudite is not attributable to these secondary
phases. This is because the secondary phases of ∼5% cannot
explain superconductivity of 27% or 38% of the bulk, as
observed from specific-heat measurements. In addition, the
lack of magnetic elements in SrP3, OsP2, and SrO indicates
that these secondary phases do not substantially contribute to
superconductivity observed for filled skutterudite SrOs4P12.

Figure 2 shows the XRD pattern of SrOs4P12 and the re-
sults of a Rietveld analysis. All distinct peaks of the XRD
pattern can be indexed by the structure of filled skutterudites.
The reliability factors based on the weighted profile Rwp and
on the Bragg intensities RI were 4.10% and 3.48%, respec-
tively. The lattice parameter of SrOs4P12 is deduced as a =
8.093(2) Å, which is in good agreement with isostructural
compounds, i.e., it is larger than a = 8.084 Å of CaOs4P12

TABLE II. Lattice parameters and fractional coordinates of
SrOs4P12 deduced from Rietveld refinement of XRD and DFT cal-
culations. Sr is at the 2a (0,0,0) site, Os at the 8c (1/4,1/4,1/4) site,
and P at the 24g (0,y, z) site in the cubic filled skutterudite structure
(space group Im3, No. 204).

Rietveld refinement DFT calculations

Lattice parameter a (Å) 8.093(2) 8.073(6)
P 24g site:y 0.3607(9) 0.3583(6)
P 24g site:z 0.1450(9) 0.1441(3)
Sr Ueq (Å) 0.0059(6)
Os Ueq (Å) 0.0039(11)
P Ueq (Å) 0.0049(5)

[11] and smaller than a = 8.124 Å of BaOs4P12 [12] or a =
8.561 Å of SrOs4As12 [13]. Less than 2% of the intensity,
compared to that of the filled skutterudite structure, is at-
tributable to a secondary phase (OsP2).

As a result of DFT calculations, the lattice parameter of
SrOs4P12 was obtained as a = 8.073(6) Å, in close agreement
with the experimental data of a = 8.093(2) Å. Fractional
coordinates of each atomic site were refined using the re-
laxation procedure described above, and they are presented
in Table II together with the data from the Rietveld analysis
of the XRD pattern, from which they differ by not more
than 1%. The resulting fractional coordinates of the P site
[0, 0.359(1), 0.144(1)] for SrOs4P12 are comparable to those
of LaOs4P12 with [0, 0.3576(1), 0.1434(1)] [25]. By using
the lattice parameter and fractional coordinates, a guest-free
distance (GFD) for AOs4P12 (A = alkaline earth or rare earth)
can be defined, which is given as

rGFD = rA-P − rA − rP. (1)

Here, rA-P is the distance between A and P, rA is the effective
ionic radius of A for a 12-coordination-number site, and rP is
the covalent radius of P [26]. The rGFD = 0.62 Å for SrOs4P12,
whereas rGFD = 0.69 Å for LaOs4P12. The smaller rGFD value
for SrOs4P12 expectedly causes smaller rattling effects than
those observed for LaOs4P12. The effect of rattling is also
detected in the isotropic atomic displacement parameter Ueq of
the Rietveld refinement, since the value of Ueq of Sr is larger
than that of Os or P.

XRD studies under pressure indicate that the skutterudite
structure of SrOs4P12 is stable within the measured pressure
range. The inset of Fig. 2 illustrates the pressure-dependent
volume (V ), normalized at ambient pressure (V0) at 300 K.
V/V0 decreases monotonically with pressure, which indicates
that SrOs4P12 lacks any structural change or distortion up to
9.3 GPa at 300 K. The bulk modulus, B0, was deduced by fit-
ting the P-V/V0 curve of SrOs4P12 with the Birch-Murnaghan
equation of states [27],

P = 3

2
B0

[(
V

V0

)− 7
3

−
(

V

V0

)− 5
3

]

×
{

1 + 3

4
(B1 − 4)

[(
V

V0

)− 2
3

− 1

]}
. (2)
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TABLE III. The B0 and B1 of AOs4P12 (A = Sr,Y,La,Ce).

a (Å) B0 (GPa) B1

SrOs4P12 (expt.) 8.093 145(5) 9(1)
SrOs4P12 (DFT) 8.073 180 4.7
YOs4P12 [29] 8.0615 189 4
LaOs4P12 [29] 8.0844 190 4
CeOs4P12 [30] 8.071 150 11

B1 is the pressure derivative of the bulk modulus. The ex-
perimentally derived values Bexp

0 and Bexp
1 are deduced as

145(5) GPa and 9(1), respectively. From the lattice parameter
as a function of energy, obtained from the DFT calculations,
BDFT

0 and BDFT
1 are deduced as 180 GPa and 4.7, respectively

[24]. Bexp
0 , Bexp

1 , BDFT
0 , and BDFT

1 of SrOs4P12 are listed in
Table III. In addition, isostructural counterparts AOs4P12 (A =
Y,La,Ce) with the similar lattice parameters are listed. Con-
sidering the error bar, Bexp

0 , Bexp
1 , BDFT

0 , and BDFT
1 are similar

to the isostructural counterparts. However, Bexp
0 and Bexp

1 of
SrOs4P12 are somewhat different from BDFT

0 and BDFT
1 . The

V/V0 versus P curve from DFT calculations is illustrated by
the dashed-dotted line in the inset of Fig. 2. The difference be-
tween experiment and DFT calculations is primarily attributed
to the difference of B0. The experimentally lower value of B0

refers to a softer lattice. Two circumstances can be considered
for the smaller Bexp

0 : (i) The experimentally derived lattice
parameter of SrOs4P12 is slightly larger than that deduced
from DFT calculations. In general, the larger the volume of the
unit cell, the smaller is B0 [28]. Thus, the larger volume is one
of the reasons for a smaller B0. (ii) Another cause are possible
vacancies in the crystal structure corroborated by the small
residual resistivity ratio (RRR) value of electrical resistivity.
As for B1, it is difficult to account for the accuracy of the
experimental value of 9. If B1 is fixed to the value of the DFT
calculation of 4.7, Bexp

0 = 158 GPa (illustrated as a dotted line
in the inset of Fig. 2). Both the dotted and the solid line are
applicable, considering the experimental error. An enlarged
value of B1 is also observed for CeOs4P12. The larger B1 can
be related to the Grüneisen parameter of SrOs4P12 and to its
anharmonicity. To evaluate the Grüneisen parameter and the
validity of B1, measurements of the thermal expansion would
be required.

B. Electrical, thermodynamic, and magnetic properties

The main panel of Fig. 3 shows the temperature-dependent
electrical resistivity ρ(T ) under pressure, at magnetic fields
μ0H = 0 and 0.5 T. At ambient pressure without magnetic
field, ρ starts to drop at 1.7 K, revealing zero below 1.1 K. ρ

in the normal state of SrOs4P12 is relatively high, 8.1 m
 cm
at 2 K and 9.7 m
 cm at 300 K. ρ(T ) decreases with temper-
ature, similar to a metallic compound attaining a RRR ∼ 1.2.
The overall resistivity behaviors of AOs4P12 (A = Ca,Sr,Ba)
are similar to one another. At 300 K, ρ300 K = 4.8 m
 cm and
RRR = 1.4 for CaOs4P12, whereas ρ300 K = 13.3 m
 cm and
RRR = 1.6 for BaOs4P12 [11,12]. Absolute ρ(T ) values for
these three compounds are above 1 m
 cm, thus referring to
bad metals.

FIG. 3. Temperature dependence of resistivity at a pressure of
0 GPa (triangles), 0.8 GPa (squares), 1.4 GPa (inverted triangles),
and 1.9 GPa (circles) without magnetic field (open symbols) and
exposed to a field of μ0H = 0.5 T (solid symbols). The inset shows
the pressure dependence of Tc without a magnetic field (open circles)
and with a field of 0.5 T (solid circles).

The residual resistivity (RR) of the normal conducting
state is depressed upon increasing pressure, at least up to
1.4 GPa, for both μ0H = 0 T and at 0.5 T, as illustrated
in the main panel of Fig. 3. This is attributed to a decrease
of the electrical resistance between grain boundaries of the
sample by the application of pressure. It can be assumed
that the contact between grain boundaries at 1.4 GPa is
sufficient, such that the RR value becomes almost pressure-
independent above 1.4 GPa. The inset of Fig. 3 illustrates the
pressure-dependent critical temperature of the superconduct-
ing transition Tc. Here, Tc is defined as the temperature of the
middle point of the resistive transition. Tc at 0 T increases
with pressure at a rate of 40 mK/GPa, whereas Tc at 0.5 T
decreases with increasing pressure at a rate of −120 mK/GPa.
Thus, a positive pressure dependence is observed at 0 T. A
similar dependence is reported for isostructural YFe4P12 and
LaFe4P12 [8–10]. The different pressure response of Tc is
presumably due to an enhancement of the density of states at
the Fermi energy and an increase of the Hopfield parameter,
where the Hopfield parameter corresponds to the electron-
phonon interaction strength [10,31].

The main panel of Fig. 4 shows the temperature-dependent
specific heat C(T ) of SrOs4P12 under magnetic fields up to
μ0H = 0.8 T. At 0 T, C(T ) exhibits two anomalies at Tc1 ∼
1.6 K and at Tc2 ∼ 1.0 K. Although both Tc1 and Tc2 are
suppressed by the application of magnetic fields, the decrease
rate of Tc1 is higher than that of the Tc2. Then, these two
anomalies merge at 0.2 T. The resulting anomaly decreases
with further increasing field; no distinct anomaly is observed
above 0.6 T.

Since the application of a magnetic field μ0H = 5 T
reliably suppresses superconductivity, the values of the Som-
merfeld coefficient (γ ) and of the coefficient of the Debye T 3
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FIG. 4. Main panel: Specific heat as a function of temperature
C(T ) of SrOs4P12 in the presence of an applied magnetic field.
Top inset: Phonon contribution of the specific heat as a function of
temperature (C − γ T )/T 3 (T ) above 10 K. Bottom inset: Electronic
contribution to the specific heat divided by temperature as a function
of temperature Ce/T (T ) below 2 K.

law (β) can be deduced from C = γ T + βT 3 below 3 K at
5 T by least-squares fitting [24]. The parameters γ and β of
SrOs4P12 are deduced as 26 mJ/mol K2 and 0.81 mJ/mol K4,
respectively. γ ∼ 26 mJ/mol K2 of SrOs4P12 is comparable
to γ ∼ 21 mJ/mol K2 of CaOs4P12 and slightly smaller than
γ ∼ 44 mJ/mol K2 of SrOs4Sb12 [32]. The smaller Sommer-
feld value of SrOs4P12 as compared to SrOs4Sb12 implies a
lower density of states at the Fermi energy of the former.
This is one of the reasons for the high resistivity values
(9–10 m
 cm) for SrOs4P12, compared to those of SrOs4Sb12

with 0.2–0.6 m
 cm [32]. It is noted here that the density of
states at the Fermi energy is mainly due to both Os d-states
and P p-states as discussed in Sec. III C. The Debye tempera-
ture θD of SrOs4P12 is estimated from θD = (12π4nR/5β )1/3

as ∼340 K. Here n = 17 is the number of atoms per formula
unit, and R is the gas constant. θD of SrOs4P12 is lower than
that of CaOs4P12 with 560 K, reflecting the larger volume of
the unit cell as well as the larger mass of Sr.

The bottom inset of Fig. 4 illustrates the temperature-
dependent electronic contribution to the specific heat Ce

divided by temperature. Ce is deduced from Ce = C − βT 3.
The magnitude of the jump of the specific heat at the su-
perconducting transition temperatures at Tc1 (�Ce/γ Tc1) and
at Tc2 (�Ce/γ Tc2) is 0.38 and 0.17, respectively. The total
value is 0.55, which is less than the weak-coupling BCS
prediction (�Ce/γ Tc = 1.43). The �Ce/γ Tc1 of 0.38 and the
total value of 0.55 are 27% and 38% of the ideal BCS value
of �Ce/γ Tc = 1.43, respectively. Thus, this infers that weak-
coupling SrOs4P12 possesses two superconducting transitions
and that about 27% of the bulk becomes a superconductor
at Tc1 (SC1) and 38% of the bulk becomes a superconductor
at Tc2 (SC2).

FIG. 5. Main panel: Isothermal magnetization curve of SrOs4P12.
The magnetization from the normal conducting state is subtracted.
Bottom inset: Low-field magnification of the isothermal magne-
tization curve. Top inset: Temperature dependence of magnetic
susceptibility 4πχ at 2 mT in the process of FC (triangle) and ZFC
(filled circle) and at 0.5 mT in the process of ZFC (open circle).

The top inset of Fig. 4 displays the temperature-dependent
phonon contribution of the specific heat of SrOs4P12 above
10 K plotted as (C − γ T )/T 3 versus T . Filled skutterudites
are characterized by a rattling behavior of the electropositive
element at the A site of the crystal structure [33], which can
be observed as a broad peak in a (C − γ T )/T 3 (T ) represen-
tation. It originates from low-lying optical phonon branches,
and it can be explained in terms of an Einstein frequency,
where the Einstein temperature θE is estimated from Tmax

by θE = 4.92 Tmax [34]. Because of such low-lying optical
modes, hybridization or even avoided crossing of acoustic
and optical phonon branches can be present in filled skut-
terudites. They strongly influence thermoelectric properties
and presumably affect superconductivity, too. θE of SrOs4P12

is deduced as ∼150 K. This value is comparable to that of
CaOs4P12, with θE ∼ 150 K [11], but slightly higher than that
of LaOs4P12, with θE ∼ 131 K [34]. The higher θE value im-
plies that the rattling effect is reduced in the case of AOs4P12

(A = Ca,Sr) compared to LaOs4P12, which is consistent with
the smaller rGFD of SrOs4P12 compared to that of LaOs4P12 as
discussed in Sec. III A. It is noted here that Os atoms have both
a large atomic mass and relatively high values of Ueq, as listed
in Table II. Although a systematic study of AT4X12 compounds
(A = La,Sm,Gd; T = Fe,Ru,Os; X = P,As,Sb) revealed that
a broad peak in (C − γ T )/T 3 (T ) at low temperatures can be
attributed to low-lying optical modes of the A [34], similar
contributions of Os are not yet verified for SrOs4P12.

The top inset of Fig. 5 shows the temperature-dependent
magnetic susceptibility (4πχ ) of SrOs4P12. The effect of the
demagnetizing field due to the sample shape is subtracted. De-
magnetization due to the Meissner effect below 1.6 K provides
further proof of bulk superconductivity in SrOs4P12. The value
of 4πχ in zero-field cooling (ZFC) at the lowest temperature
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implies that 10% and 19% of the volume fraction becomes
superconducting for fields of 2 and 0.5 mT, respectively.
These volume fractions were confirmed by measuring mag-
netization of almost the same size of Sn. The volume fraction
of superconductivity deduced from χ (T ) is smaller than that
derived from specific-heat data (38%). This difference is not
attributable to sample differences, since the sample used for
magnetization measurements is the same as that for specific-
heat measurements. Rather, it can be attributed to pinning
effects. The relatively large difference in the ZFC process and
the field-cooling (FC) process indicates that there are a lot of
pining centers present in the sample. The applied magnetic
fields of 2 mT or 0.5 T and the magnetic flux trapped at the
pinning centers can reduce the absolute value of χ . Hence, the
volume fraction deduced from specific heat without magnetic
field is the more realistic volume fraction of superconductiv-
ity. The difference in the ZFC process and the FC process also
indicates that SrOs4P12 is a type II superconductor.

The main panel of Fig. 5 shows isothermal magnetization
curves, from which the paramagnetic contribution, estimated
from the isothermal curve at 1.8 K, is subtracted. The isother-
mal curves for the positive and negative fields are symmetric.
The upper critical field μ0Hc2 from magnetization measure-
ments is defined at the crossing point of the isothermal curve
and the magnetic field axis. The bottom inset of Fig. 5 shows a
magnification of low-field magnetization measurements. The
isothermal curves at each temperature are linearly dependent
below 2 mT, followed by a minimum value. The lower critical
field μ0Hc1 is determined by the cross point of the extrapola-
tion from low fields with that from high fields as indicated by
solid lines. The linear extrapolation of μ0Hc1 to zero is 7.4 mT.

Figure 6(a) summarizes μ0Hc2 versus T of SrOs4P12 as
deduced from specific heat, resistivity, and magnetization
measurements. In C(T ), two anomalies due to supercon-
ducting transitions are observed, as shown in Fig. 4. Their
transition temperatures Tc1 and Tc2 have different field re-
sponses; Tc1 and Tc2 decrease with increasing fields at rates
of 2.3 and 0.7 K/T, respectively. In contrast, the temperature-
dependent μ0Hc2 values taken from ρ(T ) vary in a distinct
nonlinear manner. The rate of change of Tc versus magnetic
field is 2.3 and 0.6 K/T in the low- and high-field regions,
respectively. The similarity of the field dependence of Tc as
obtained from C(T ) with that deduced from ρ(T ) indicates
that μ0Hc2 versus T gained from resistivity at low fields, and
that at high fields it corresponds to SC1 and SC2, respectively.

The resistive SC transition at 0.5 T is more narrow than the
transition at 0 T (see Fig. 3), which contrasts the common
trend of an increase of the transition width in ρ(T ) with
increasing magnetic fields. Thus, this observation suppos-
edly supports the presence of two different superconducting
phases, too. As a result, Tc anomalies observed in ρ(T ) at 0
and 0.5 T are attributed to SC1 and SC2, respectively.

From the initial slope of μ0Hc2 against temperature
(dμ0Hc2/dT )T =Tc , the upper critical field μ0Hc2(0) is esti-
mated employing Eq. (3), based on the Werthamer-Helfand-
Hohenberg (WHH) theory [35,36],

μ0Hc2(0) = −0.693Tc(dμ0Hc2/dT )T =Tc . (3)

μ0Hc2(0) for SC1 and SC2 are deduced as 0.3 and 1.6 T,
respectively. The thermodynamic critical field Hc is obtained

FIG. 6. (a) Temperature dependence of μ0Hc2 deduced from
resistivity (circle), specific heat (square for SC1 and triangle for
SC2), and from magnetization (diamond) of SrOs4P12. Temperature-
dependent μ0Hc deduced from specific heat (solid line) and μ0Hc1

deduced from magnetization (inverted triangle) is multiplied by 10
for clarity. (b) μ0Hc2 vs T deduced from resistivity at various pres-
sures. The dotted lines are intended to guide the eyes in both figures.
See the text for details.

by integrating the entropy difference between the normal and
superconducting states, as given by

μ0H2
c (T )

2
=

∫ T

Tc

∫ T ′

Tc

Cs − Cn

T ′′ dT ′′dT ′, (4)

where Cs and Cn are the specific heat in the superconducting
state and in the normal state, respectively. The temperature de-
pendence of μ0Hc is also plotted in Fig. 6(a). An extrapolation
of μ0Hc(T ) toward zero yields 16.5 mT.

Figure 6(b) shows μ0Hc2 versus T of SrOs4P12 at vari-
ous pressures. The rate of change of the upper critical field
μ0Hc2/T at high field is gradually diminished from −1.6 T/K
at 0.0 GPa to −0.6 T/K at 2.1 GPa, indicating that SC2 is
more rapidly depressed by pressure than SC1. μ0Hc2 versus T
under pressure is reproduced even when measuring different
pieces of the sample [24].

C. Electronic structure

The total density of states from −15 to 5 eV for SrOs4P12

is presented in Fig. 7 together with the partial density of
states for individual atomic species. The compound exhibits
a finite density of states of around 7.5 (states/eV)/f.u. at the
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FIG. 7. Electronic density of states of SrO4P12 together with
the partial densities of state for each atomic species. The inset
shows the site-projected electronic density of states of Sr, Os, and P
below −5 eV.

Fermi level, hinting toward a metallic behavior. The electronic
specific heat coefficient γ , corresponding to the DFT result, is
equal to

γband = 1
3π2αk2

BN (EF) = 17.7 mJ/mol K2, (5)

where kB is a Boltzmann constant and α is a constant deter-
mined by the units used for N (EF), k, and γ . The comparison
with the experimental data, γexp = 26 mJ/mol K2, reveals an
electron-phonon enhancement factor (1 + λep) = 1.47, being
typical for weakly coupled superconductors. The states at
the Fermi level almost completely belong to Os and P, with
the former having a slightly stronger influence [around 4.6
(states/eV)/f.u.], while the effect of strontium is negligible
[∼0.1 (states/eV)/f.u.]. An earlier DFT and de Haas–van
Alphen study of LaOs4P12 revealed at the Fermi energy ∼1.9
states/eV for P, ∼1.1 states/eV for Os, and ∼0.2 states/eV
for La [37]. Comparing the relative DOS of each atom for
SrOs4P12 with that of LaOs4P12, the DOS at the Fermi level of
P and Sr is depressed; thus Os dominates the DOS right at the
Fermi energy. The interstitial DOS was found to be insignifi-
cant around andã below the Fermi level, i.e., for these energies
there is barely any difference between the sum of the site-
projected DOS and the total DOS. Below the Fermi level, the
DOS is characterized by a peak around −1 eV similar to Van
Hove singularities, which are often observed in superconduc-
tors. Osmium d-states govern the DOS down to −2 eV, where
a strong influence of phosphorus p-states becomes noticeable.
At around −6 eV and below, strong hybridization between Os
and P states is found (see the inset in Fig. 7). Above the Fermi
energy, the electronic density of states gradually drops down,
until reaching a value close to 0 (∼0.01) around 1.6 eV. The
band structure of SrOs4P12 is presented in Fig. 8. Only a few
bands intersect the Fermi energy. Despite the finite electronic
density of states at the Fermi level, the separation between the
valence and conduction band is obvious, with a gap of about
∼2 eV, except for the region around the � point, where the
gap gets as small as 0.5 eV.

FIG. 8. Band structure for SrOs4P12 as calculated by the GGA
method. The Fermi level is set to be energy zero.

IV. DISCUSSION

A. Two superconducting transitions

SrOs4P12 has two superconducting transitions at Tc1 and
Tc2. The first possibility to account for is a change of the
superconducting state, and the other is the presence of two
different superconducting phases, realized due to some in-
homogeneity of the sample. Although various characteristic
features support an intrinsic nature with two superconducting
transitions, the possibility of sample inhomogeneity cannot be
excluded.

There are two specific anomalies at Tc1 and Tc2 in C(T )
as shown in Fig. 4, most likely referring to two supercon-
ducting states. Although the Sr content in SrxOs4P12 can vary
from 0.94 < x < 1.09, EPMA does not show regions with
distinctly different contents of Sr on a larger scale. Instead, Sr
is homogeneously distributed in the sample. This observation
is backed by our XRD data, which do not reveal split peaks
as a result of the presence of two similar phases with slightly
different lattice parameters. In addition, the superconducting
characteristics for SC1 and SC2 are qualitatively different;
the former is insensitive to pressure but sensitive to a mag-
netic field, whereas the latter is sensitive to pressure and less
sensitive to a magnetic field. These observations suggest that
the nature of superconductivity in SrOs4P12 at Tc1 is different
from that at Tc2. A positive curvature in μ0Hc2 is observed in
an s-wave multigap superconductor such as LaRu4As12 [5].
Considering the similarity of μ0Hc2, multigap superconduc-
tivity might be realized in the SrOs4P12. In this case, one
single gap opens at Tc1 and multiple gaps open at Tc2.

Sample inhomogeneity, however, cannot entirely be ex-
cluded for the polycrystalline sample in place. As illustrated
in Fig. 3, the temperatures of onset and offset of superconduc-
tivity in ρ(T ) at ambient pressure without field correspond
to Tc1 and Tc2, respectively. As illustrated in the top inset of
Fig. 5, 4πχ starts to decrease below Tc1, and another inflection
point appears at Tc2 at 0.5 mT. The behavior of resistivity
and magnetic susceptibility is similar to SrOs4As12, although
the specific heat in the superconducting state of SrOs4As12

has not been reported. SrOs4As12 also shows a steplike mag-
netic susceptibility. A large reduction due to the Meissner
effect is observed below 4.8 K and another large reduction is
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TABLE IV. Superconducting parameters of SrOs4P12 in compar-
ison with CaOs4P12.

CaOs4P12 SrOs4P12

SC1 SC2

a (Å) 8.084 8.093
Tsc (K) 2.5 1.6 1.0
μ0Hc1 (mT) 4 7.4
μ0Hc (mT) 21 16.5
μ0Hc2 (T) 2.2 0.3 1.6
κ 73 29
λ (nm) 400 273
ξ (nm) 12 33
λep 0.47 0.44 0.47

detected below 2.6 K [13]. These points correspond to the
onset and offset of superconductivity in ρ(T ), respectively.
In a subsequent NMR study of SrOs4As12 [38], the spin-
lattice relaxation rate 1/T1 evidenced anomalous behavior;
1/T1 shows a tiny coherence peak just below the onset tem-
perature of superconductivity and decreases below 4 K, then
exhibits a small peak around 2 K. In contrast, 1/T1 revealed
common superconducting behavior below the offset of su-
perconductivity. Although anomalous behavior below 1/T1 is
also observed in SrPtAs [39], it disappears and 1/T1 shows
normal superconducting behavior when using a high-quality
sample [40]. This can be applied to SrOs4As12, too. Due to
similarities of SrOs4P12 and SrOs4As12, sample inhomogene-
ity cannot completely be excluded as the origin of the two
superconducting transitions observed for SrOs4P12. A definite
answer relies on the availability of high-quality samples with
large RRR values.

B. Superconducting parameters

Here, the superconducting parameters, and first of all the
magnitude of Tc among AOs4P12 (A = Ca,Sr,Ba), are dis-
cussed. In general, the lighter the mass of the compounds and
specifically the lighter the encaged electropositive element
is, the higher is Tc. This is consistent with the results that
Tc ∼ 2.5 K of CaOs4P12 is higher than Tc ∼ 1.0 and 1.6 K of
SrOs4P12. In our previous report regarding BaOs4P12 [12], su-
perconductivity was revealed from resistivity measurements.
There, ρ(T ) dropped substantially below 1.8 K, reaching zero
at 1.0 K. Although we have measured specific heat, C(T ),
of BaOs4P12, only an upturn of C/T versus T toward lower
temperature is detected (down to 0.5 K). In addition, no sig-
nal due to superconductivity was obtained by magnetization
measurements down to 0.5 K, indicating that less than 1% of
the sample becomes superconducting at 0.5 K, if any. These
results suggest that superconductivity detected in ρ(T ) is not
of a bulk nature; hence the genuine Tc of BaOs4P12 is below
0.5 K. In that case, Tc of BaOs4P12 seems to be comparable

to Tc of SrOs4P12. Thus, Tc values of AOs4P12 (A = Ca,Sr,Ba)
are consistent with the unit-cell mass.

The superconducting parameters are summarized in Ta-
ble IV. From this study, the lower critical field μ0Hc1

and the thermodynamic critical field μ0Hc are deduced as
μ0Hc1 = 4 mT and μ0Hc = 21 mT. Since these parameters
are deduced from the extrapolations to absolute zero, these
parameters concern SC2. μ0Hc2 of SC2 is deduced as 2.2 T.
By using these critical fields, the Ginzburg-Landau param-
eter κ , the penetration depth λ, and the coherence length ξ

are deduced from κ = Hc2/
√

2Hc, λ = √
�0lnκ/4πHc1, and

ξ = √
�0lnκ/2πHc2, respectively. Here, �0 is the magnetic

flux quantum.
An estimation of the strength of the electron-phonon

interaction, λep, can be derived in terms of the McMillan
formula [41]. The value of λep is revealed from λep = {1.04 +
μ∗ln(θD/1.45Tc)}/{(1 − 0.62μ∗)ln(θD/1.45Tc) − 1.04},
where we assume a repulsive screened Coulomb part
μ∗ = 0.13. λep = 0.47 for Tc1 and 0.44 for Tc2. These
values are consistent with λep = 0.47 deduced from the DFT
result. The value of λep < 0.5 indicates that SrOs4P12 is a
weakly coupled superconductor.

V. CONCLUSIONS

We succeeded in synthesizing the filled skutterudite
superconductor SrOs4P12 by using a high-pressure and
high-temperature technique, and we investigated structural,
electrical, thermal, and magnetic properties and performed
electronic band calculations within the DFT framework.
SrOs4P12 exhibits metallic transport properties in the context
of low-lying optical phonon branches due to loosely bound
Sr atoms in oversized cages formed by Os and P. SrOs4P12

exhibits two superconducting transitions at Tc1 = 1.6 K and
Tc2 = 1.0 K. We investigated the superconducting properties
employing specific heat, electrical resistivity, and magneti-
zation, and we discovered that superconductivity is of bulk
nature, with volume fractions of 27% and 38% for the super-
conducting phases at Tc1 and Tc2, respectively. The electrical
resistivity in the presence of an applied magnetic field and
under pressure as well as the specific heat in the presence
of a magnetic field reveal that while Tc1 is more sensitive
to magnetic fields, Tc2 is more sensitive to pressure. The
Ginzburg-Landau parameter κ , a penetration depth λ, a co-
herence length ξ , and electron-phonon coupling constant λep

are deduced as 29, 273 nm, 33 nm, and 0.47, respectively,
characterizing SrOs4P12 as a type II superconductor in the
dirty limit.
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