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Sidorenko?, Patrick Heinrich?, Herwig Michor?, Ernst Bauer?, Chihiro Sekine!
! Muroran Institute of Technology, Mizumoto 27-1, Muroran, Hokkaido 050-8585, Japan
2 Institute of Solid State Physics, TU Wien, Wiedner HauptstraBe 8-10, A-1040 Vienna, Austria
(Dated: August 10, 2018)

In this paper, we report the transport, thermodynamic, and superconducting properties of a new
filled skutterudite CaOs4P12 synthesized under high pressure and high temperature. The electrical
resistivity of 3.4-4.8 mQcm, carrier concentration of 3.8-6.1 x 10*°cm™3, and positive Hall coeffi-
cient suggest that CaOs4P12 is a semimetal with hole carriers. An anomaly due to low-energy optical
modes corresponding to an Einstein temperature of 150 K was observed in the specific heat. Resis-
tivity, dc magnetic susceptibility, and specific heat measurements indicate bulk superconductivity
below 2.5 K. The specific heat anomaly at Tc, AC/yT. ~ 1.4, is in agreement with the Bardeen-
Cooper-Schrieffer (BCS) value of 1.43. The electron-phonon coupling constant A, is estimated to
be 0.47. CaOs4P12 is classified as a BCS-type, weakly coupled type-1I superconductor with an upper
critical field of Hco =~ 22 kOe and Ginzburg-Landau coherence length of £ ~ 12 nm.

PACS numbers: 74.70.Dd, 74.25.Bt, 74.25.fc, 74.25.Ha

I. INTRODUCTION

Filled skutterudite compounds crystallize in a cubic
crystal structure with the space group Im3 (No. 204) [1]
and are denoted by the chemical formula ATy X;» (A
= alkali metal, alkaline earth metal, rare earth metal,
or actinide; T = Fe, Ru, Os, Co, Rh, Ir, Pt; X
= P, As, Sb, Ge). They exhibit a wide variety of
strongly correlated electron phenomena, such as the
metal-insulator transition in PrRuyP15 [2], non-Fermi lig-
uid behavior in CeRuySbys [3], multipole ordered states
in SmRuyPy5 [4], and heavy fermion and multipolar or-
dering in PrFe P15 [5, 6].

Although most of these characteristic behaviors are ob-
served in ATy X2 compounds where the element of the
A site is in a trivalent state, the A site element can be
monovalent, divalent, or tetravalent as well. In fact, su-
perconductivity has been found with divalent or trivalent
A states in AT4X15. There are some unique supercon-
ductors corresponding to the trivalent state of the A site
in AT4X15. PrOs4sSbyo, exhibiting strong-coupling su-
perconductivity below T, =~ 1.85 K, breaks time-reversal
symmetry in its superconducting states with several dis-
tinct superconducting phases [7]. LaFeysPio with T, =~
4.1 K and YFe P15 with T, = 5.6 K exhibit positive pres-
sure dependencies of T [8, 9], contrary to the predictions
of the McMillan theory [10, 11]. Although LaOs4P12
has been regarded as a simple superconductor, another
phase transition around the superconducting transition
temperature was observed recently [12]. For a divalent
state of the A site in AT, X5, several alkaline-earth-filled
skutterudites, such as Bag gsIrgAsie, BagsolrsP1o [13],
SrPtyGero, and BaPtsGeio [14, 15], have been reported
as superconductors.

Some of the filled-skutterudite superconductors, in-
cluding Ba0_85lr4As12 and Bao_ggII‘4P12, can only be
synthesized at high pressures and high temperatures
(HPHTSs). The superconductor with the highest criti-

cal temperature among filled skutterudites, Lag.sRhsP12
with T, ~ 14.9 K can also only be synthesized at
HPHTSs [16]. The HPHT synthesis is an excellent tech-
nique to synthesize samples that do not form otherwise
at ambient conditions. Recently, we have reported new
skutterudite superconductors prepared with this tech-
nique, such as BaOssP12 and SrOsyAs;o [17, 18]. Such
alkaline-earth-filled skutterudites are also important for
comparison with Eu-filled skutterudites, which are likely
to order ferromagnetically. EuFeyAs;o orders at excep-
tionally high temperatures, Tc ~ 152 K, compared to
other isostructural compounds [19], whereas EuOs4P19
exhibits a ferromagnetic transition at T¢ ~ 15 K with
an Eu valence of 2+ [20]. To clarify the origin of the
exceptionally high T¢ of EuFeysAs;s and the magnetic
properties of Eu compounds in general, a comparison
with 24+ nonmagnetic A elements is helpful. In addi-
tion, superconductivity of AOs P12 (A = alkaline earth
metal) might show a unique behavior, as well as that of
LaOs4P12 because these compounds are expected to be
similar. Due to a lower supply of electrons from the A
site, the carrier concentration of AOs;P14 is expected to
be lower than that of LaOssP1s.

The following are alkaline-earth-filled skutterudites:
ATy X5 (A = Ca, Sr, Ba, T = Fe, Ru, Os, X = P,
As, Sb). Sb-based filled skutterudites AT4Sbis (A = Ca,
Sr, Ba, T' = Fe, Ru, Os) except CaRuySbis, have been
reported [21-27]. AFe4Sbis (A=Ca, Sr, Ba) have been
reported as nearly ferromagnetic materials with spin fluc-
tuation of Fe 3d electrons [25], while AOs,Sbia (A=Sr,
Ba) have a large density of states derived from Os 5d
states near the Fermi level with a hint of strong electron-
phonon interaction [26]. So far reported AT;Sbiy com-
pounds show metallic resistivity behavior with a room
temperature resistivity psoox = 0.3—-0.6 mQcm, while the
Sommerfeld coefficient v depends on the T site, i.e., v ~
90-120 mJ/molK? for T = Fe, v ~ 10 mJ/molK? for T
= Ru, v ~ 40-50 mJ/molK? for T = Os [27]. Among



As-based filled skutterudites, StTyAs;2(T = Fe, Ru, Os),
and BaTyAs;2 (T = Fe, Ru) have been reported [18, 28—
30]. SrFejAsio and BaFeyAs;s have been reported as
nearly ferromagnetic materials and SrOs;As;o has been
reported as a superconductor below 4.8 K [18, 29]. Their
resistivities show metallic temperature dependence with
a high value of p3gox =~ 1-5 mQcm. As for P-based filled
skutterudites, only BaOsyP12 has been reported as a su-
perconductor below 1.8 K [17].

In this article, we present the physical properties of a
new filled skutterudite CaOs4P15 synthesized at HPHT.
CaOs4Pq5 is found to be a weakly coupled bulk super-
conductor and the first superconductor among Ca-filled
skutterudites.

II. EXPERIMENTS

CaQOs4P12 was synthesized at 4 GPa and 1050 °C by
the HPHT method using a Kawai-type two-stage anvil
apparatus. The starting material was a Ca-rich mixture
of elements with Ca (95 %, Wako Junyaku), Os (99.99 %
NewMet Koch), and P (99.9999 %, Sockawa Chemical)
as Caj 30s4P15. The procedure was carried out under an
argon atmosphere with an oxygen contamination of less
than 5 ppm to prevent the oxidation of Ca. The resulting
materials were evaluated by Co-Ka x-ray diffraction with
powdered silicon as an internal standard. The composi-
tion of the obtained material was evaluated by scanning
electron microscopy with energy dispersive x-ray spec-
troscopy (SEM-EDX). The heat capacity was measured
using a relaxation method with a commercial physical
properties measurement system (PPMS, Quantum De-
sign). The electrical resistivity and Hall effect were mea-
sured using the standard four-terminal method with dc
current. The magnetization was measured using a super-
conducting quantum interference device magnetometer.
The resistivity was studied under pressure and magnetic
fields in a 3He cryostat with a superconducting magnet.
Pressure was applied with a piston-cylinder-type pres-
sure cell with two layers consisting of CuBe and WC.
Daphne oil 7373 was used as pressure medium. The ab-
solute value of the pressure was evaluated from the Curie
temperature of HoCoy as an internal standard [31].

ITITI. RESULTS
A. Sample characterization

The x-ray powder diffraction pattern of the sample
synthesized at HPHT is shown in Fig. 1. Almost all
distinct peaks can be indexed by the filled skutterudite
structure. The lattice parameter of CaOss4P15 is calcu-
lated to be 8.084 +0.004 A. OsP, and OsPs with less
than 4 % of the total intensity are observed as secondary
phases. The electron backscattering SEM image is shown
in the inset of Fig. 1. The image is composed of four

o1 T
BN
)
s
= o
g &
E <
> 8
£ N
8 §
=
o =] o
w13 cs8g.g°?
J 8 g 3° Aﬁ“’a%ﬁs“’ J\
©
el A.k A TN !\'\J\
20 40 60 80 100 120
20 (deg.)
FIG. 1. (Color online) Powder x-ray diffraction results for

CaOsyP12. All the peaks except the tiny peaks due to impu-
rities can be indexed to the cubic (Im3) symmetry. Diffrac-
tion indexes have been assigned to each peak, which were
used to calculate the lattice parameter. The peaks marked by
triangles and crosses are attributed to the secondary phases
OsP2 and OsPy4, respectively. The inset shows the electron
backscattering SEM image.

parts: gray and black areas and a white spot surrounded
by a light gray area. According to the point composi-
tion analysis (PCA) of each area with EDX, the gray
area indicates CaQOs4P12, while the black area indicates
holes, i.e., a void or crack in the sample. The PCA of
the gray area also indicates a 5 % variation in Ca and
Os in CaOs4P12. In addition, the PCA indicates that
the white spot and its surrounding light gray area are
OsP5 and OsPy, respectively. The presence of these sec-
ondary phases is attributable to several factors. One
is the HPHT synthetic conditions such as temperature,
pressure, and holding time. Although we have optimized
the synthetic conditions as 4 GPa, 1050 °C, and 90 min,
which are possibly not exactly the optimal parameters.
Another is the Ca element impurities. The Ca element
impurities, other than Mg (< 0.05 %), indicated by the
supplying company, are likely oxigen, nitrogen, and car-
bon. The formation of OsPy or OsP4 phases, in spite of
30 % Ca surpluses for enhancing the reaction of the Ca
element against Os and P elements, might partially be
attributed to the presence of such O, N, C impurities.
Here, we discuss the effect of these secondary phases on
the magnetic and transport properties. From the ratio
of areas of the gray, white, and light gray parts of the
backscattering SEM image of the whole sample, we can
evaluate the approximate phase fractions. The volume
fractions of CaOs4P12, OsPs, and OsP,4 obtained thereby,
are 97 %, 1 %, and 2 %, respectively. OsPs is reported as
a narrow-gap semiconductor with 1.13 eV [32], whereas
OsPy4 is reported as a diamagnetic semiconductor [33].
They have barely any effect on the transport properties.
This is because these compounds are reported as semi-
conductors, and are not known as superconductors in the
temperature range studied. Moreover, they are aggre-
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FIG. 2. (Color online) Temperature dependence of the elec-
trical resistivity (p) below 4 K. The red line for the left axis
of the inset shows p(T") up to 300 K. The square symbol for
the right axis of the inset shows the carrier concentration n,
up to 300 K.

gated into a chunk and not into lines or two-dimensional
layers. In addition, OsPy and OsPy have small effects
on the magnetic properties because the volume fractions
of these compounds are approximately 3 % in total com-
pared to CaOs4P12, and both OsP4 and OsP; are dia-
magnetic.

B. Transport and thermodynamic properties

Figure 2 (inset) illustrates the temperature-dependent
electrical resistivity (p). p monotonically decreases with
decreasing temperature without any anomalies down to
T. from room temperature. A drop in p(T) below 3.1 K
and zero resistivity below 2.6 K are observed, indicating
superconductivity with a transition width AT, = 0.5 K.
A fit to the normal state resistivity via p(T) = pg + AT?
revealed pg = 3.4 mQcm and A = 9.5 x 107° mQem/K2.
The resistivity above Tt is 3.4-4.8 m{cm, comparable
to the value of p with 1.8-3.3 mQcm of isostructural
EuOssP15 above the Curie temperature [20]. A mea-
surement of the Hall effect indicates a positive Hall co-
efficient, revealing holes as predominant charge carriers
in CaOs4Pi2. The carrier concentration n = 3.8-6.1 x
10%° em™3 is comparable but higher than that of the
isostructural semiconductor CeOs4P15 because of c-f hy-
bridization (n = 2 x 10'¥-7 x 10'° [34]). The values of
p and n are in between those of metals and semiconduc-
tors. The broad hump of p(T") from 50 to 250 K and the
semiconducting-like decrease of n(T) despite the metal-
lic decrease of p with decreasing temperature, as well as
the absolute values of p and n suggest that CaOssP15 is
a semimetal. This is consistent with LaOs4P15 being a
metal because divalent Ca supplies less electrons to the

crystal than trivalent La does.
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FIG. 3. (Color online) Temperature dependence of the
phonon contribution of the specific heat (C') plotted as (C' —
4T)/T?. The left-bottom inset shows the temperature depen-
dence of C. The top-right inset shows C/T vs. T? at zero-field
(open circle) and under a field of 40 kOe (filled circle). The
dashed line indicates a linear fit.

The left-bottom inset of Fig. 3 illustrates the temper-
ature dependence of the specific heat (C). A distinctive
anomaly due to superconductivity is observed below 3 K,
which is one piece of evidence of bulk superconductivity
of CaOs4P12. Figure 3 (main panel) shows the tempera-
ture dependence of (C'—~T) /T3, where ~ is the Sommer-
feld coefficient. Under a field of 40 kOe, the anomaly due
to superconductivity is completely suppressed and the
specific heat of CaOs,P12 obeys C = 4T + BT3, as shown
in the top-right inset of Fig. 3, where 8T is the phonon
contribution to the specific heat. v and 8 of CaOs4P12
are evaluated by fitting the data of the specific heat be-
tween 0.38 and 3 K, and are derived as 21 mJ/molK?
and 0.18 mJ/molK*, respectively. The Debye tempera-
ture Op is derived from Op = (127*/53 - nR)'/3 as 560
K, where n = 17 is the number of atoms per formula unit
and R is the gas constant. (C —~T)/T? (T) shows the
broad peak at Ti,.x = 31 K, a hint of harmonic vibrations
(rattling-modes) at the Ca sites of CaOs4P12 due to low-
energy optical modes. The existence of rattling modes, of
course, deserves further verification by other signatures
like an enhanced displacement parameter observed from
crystal structure refinements. This characteristic tem-
perature, described as the Einstein temperature O, can
be estimated by the equation O ~ 4.92 Thax [35], as O
~ 150 K. This value is comparable to the isostructural
compounds LaOssP12 with O =131 K [35]. The guest-
free distance, corresponding to the space of the A site,
of CaOs4P15 is comparable to that of LaOs4P15 because
the ionic radius of Ca?t with 1.12 A is similar to that of
La3t with 1.16 A and the lattice constant of CaOssP1s
with 8.084 A is equals to that of LaOssP1o with 8.084
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FIG. 4. (Color online) Temperature dependence of the dc

magnetic susceptibility of CaOssP12 below 3 K with 5 Oe
(filled circle), 100 Oe (filled triangle), and 500 Oe (filled
square) after zero field cooling (ZFC) and with 5 Oe after
field cooling (FC; open circle).

Figure 4 illustrates the temperature-dependent dc
magnetic susceptibility of CaOs4P12 below 3 K. The mag-
netic susceptibility x, measured at 5 Oe after ZFC, shows
the Meissner effect below approximately 3 K, which is the
other evidence for CaOs4P12 being a bulk superconduc-
tor. There is a distinct difference between ZFC and FC,
which is characteristic of type-II superconductivity. In a
small field of 100 Oe, the diamagnetic susceptibility (x)
is significantly reduced compared to its magnitude mea-
sured at the lowest field of 5 Oe, indicating that the lower
critical field H,; is relatively small in CaOs4P15. The su-
perconducting transition observed in all measurements is
not sharp, because of variations in the Ca composition
as derived from the SEM-EDX analysis. From the re-
sults of p(T), C(T), and x(T), CaOs4P12 exhibits bulk
superconductivity below 2.5 K.

C. Superconducting properties

In the following paragraphs, the superconducting prop-
erties of CaOsyP12 will be discussed in detail. Figure 5
shows the electronic specific heat contribution Ce(T") of
CaOssPis. C. is deduced from C, = C — BT®, where
C is the total specific heat. C,/T shows the residual
Sommerfeld coefficient 7, estimated as 5 mJ/molK? at
the lowest temperatures, mostly due to OsP4 and OsP,
impurities. The electronic Sommerfeld coefficient of the
normal state of the superconductor, 7, should be taken
into account, i.e., 75 = v — ¥ = 16 mJ/molK?. A clear
anomaly related to the superconductivity is observed in

C./T. Miihlschlegel presented a generalized data set of
specific heat based on the BCS theory [36]. The solid
line in Fig. 5 represents the sum of the specific heat of
v, and that of the data set presented by Miihlschlegel.
Considering the entropy balance of the idealized jump at
T., the thermodynamic superconducting transition tem-
perature can be defined as 2.5 K, as indicated by the
arrow in Fig. 5. In the BCS theory, the specific heat
ratio at Te, AC/yT,, takes the value 1.43. With the val-
ues used in this study, i.e., AC = 55 mJ/molK, v, = 16
mJ/molK?, and T, = 2.5 K, the bulk ratio AC/~,T, is
deduced as 1.4, which is nearly the same value as the pre-
diction for weakly coupling BCS superconductor. When
a magnetic field is applied, T, and the value of Co(T') at
T, are monotonically suppressed with increasing field.

Here we discuss the Sommerfeld value ~y5 that we have
deduced. A close correspondence of 4 of CaOsyP12 and
LaOs4P12 is expected because they share the same P p
bands and Os d bands dominating the density of states
at the Fermi energy N(Er) and they display almost the
same lattice constant. For LaOs,P1s, the highest con-
tribution to N(Eg) is from the P p band, the second
highest from the Os d band, and the lowest from the La
f band [37, 38]. The v of LaOs4P12 is 20 mJ/molK? [35],
which is comparable but moderately larger than that of
CaOsyP1o with v, ~ 16 mJ/molK?. LaOssPis is re-
ported as metallic and its temperature-dependent resis-
tivity, i.e., resistivity minus residual resistivity p - po at
300 K is 0.35 mQem [39], while p - pg of CaOsyP1o is
1.4 mQcm. The value of v and resistivity are qualita-
tively consistent with each other but they display some
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FIG. 5. (Color online) Electronic specific heat contribu-

tion Ce of CaOssP12 under various fields, plotted as C./T
vs T. The solid line represents the heat capacity based on
the model of a spin-singlet fully gapped Bardeen-Cooper-
Schrieffer (BCS) superconductor as numerically computed by
Miihlschlegel (see text for details).
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FIG. 6. (Color online) (a) The upper critical field defined by p (open triangle), C' (open circle), and M (open square) vs. T
The thermodynamic critical field (solid line) and the lower critical field (filled circle) vs. T is also plotted, H, is multiplied by
50, and H¢p is multiplied by 100 for clarity. The inset shows the field dependence of the magnetization of CaOssP12 below
200 Oe at 0.6 K. The lower critical field is defined by the cross point of the solid lines (b) Hc vs. T under pressure. The inset

shows o (T') under each field at 9.6 kbar.

quantitative difference. Several factors can influence the
absolute resistivity values. One is the quality of the sam-
ple. LaOs4Pq2 and Sb-based alkaline-earth-filled skut-
terudites with p3gox ~ 0.3-0.6 m{2cm can be synthesized
at ambient pressure [8, 21-27], while As-based alkaline-
earth-filled skutterudites with relatively high psgox ~ 1-5
mSem can only be synthesized at high pressures [18, 28—
30]. The former compounds are supposed to be more
stable than the latter, which might affect the resistivity.
In addition, an effect of the small amount of secondary
phases OsPy with 1 % and OsP4 with 2 % cannot be
excluded. Another factor is slightly different band struc-
tures. Sb-based alkaline-earth-filled skutterudites show
almost the same resistivity, with psgox =~ 0.3-0.6 mQcm,
while the Sommerfeld value + is strongly affected by tran-
sition element T, i.e., v ~ 90-120 mJ/molK? for T' = Fe,
v &~ 10 mJ/molK? for T = Ru, 7 ~ 40-50 mJ/molK?
for T' = Os. These differences in « are attributed to the
density of states at the Fermi energy [27] The y and z
coordinates of the P site of CaOs4P12, which is in 24 (g)
symmetry in space group Im3, depends on the specific
compound. As the p band from the P site is supposed to
provide the highest contribution to the density of states
at the Fermi energy, information on atomic position is
needed for more detailed calculation of this effect.

The M-H curve at 0.6 K shows a linear dependence
at low fields and deviates from linearity above 10 Oe,
followed by a minimum at 80 Oe, as shown in the inset of
Fig. 6 (a). The lower critical field H is then determined
from the cross point, as shown in the inset of Fig. 6
(a), where the lower line is an extrapolation of the linear

dependence in M-H. Figure 6 (a) shows the lower critical
field H.1, the thermodynamic critical field H., and the
upper critical field H.o versus T of CaOsyP12. H (T) is
obtained by integrating the entropy difference between
the normal and superconducting states:

2 T pT’
poHE(T) _ / / Cs —Cn aT"dT’, (1)
2 TC TC T//

where Cy is the specific heat in the superconducting
states and C,, is the specific heat in the normal states.
The extrapolations of H.; and H. to T' = 0 are H.1(0)
= 40 Oe and H.(0)= 210 Oe, respectively. H.s is de-
rived from p(H, T), M(H, T), and C(H, T). The Hco
(T) deduced from the resistivity data is slightly higher
than that from the specific heat data. Because the re-
sistivity reflects surface conductivity, we define H.s(0)
derived from the specific heat data. A linear extrapo-
lation, as indicated by the dotted line, indicates H.2(0)
= 22 kOe. In the dirty limit, Hc2(0) is given by H2(0)
= 0.693|dHc2/dT |y, T for a type-II superconductor [40].
This equation yields a dirty limit estimate of H.2(0) =
16 kOe for CaOs4P1s.

The inset of Fig. 6 (b) illustrates the temperature-
dependence of the electrical resistivity of CaOs4P15 mea-
sured under a pressure of 9.6 kbar, whereby zero resistiv-
ity is observed up to a field of 15 kOe. No drop of p (T)
due to superconductivity is observed above 25 kOe. Fig-
ure 6 (b) shows H.o(T) under pressure. Both H.2(0) and
T. monotonically decrease with applied pressure. Some
skutterudite superconductors, however, exhibit a posi-
tive pressure dependence of T, similar to YFe P15 or



LaFe4P2, while isostructural RT,P12 (R=Y, La, T=Ru,
Os) exhibits a negative pressure dependence [8, 9]. T
of CaOs4P12 exhibits a negative pressure dependence as
well. A negative pressure dependence of T, or H.2(0) is
the behavior expected for a BCS-type superconductor.

IV. DISCUSSION

TABLE I. Characteristic parameters of CaOs4P12 in com-
parison with LaOs4Pi12 [41, 42], Bag.golraP12 [13], and
BaPt,Geio [14]

CaOS4P12 LaOS4P12 Bao_ggh‘4P12 BaPt4G612

a(R) 8.084 8.084 8.1071 8.6928
T. (K) 2.5 1.8 5.6 5.35
H. (Oe) 210 - - 530

He (kOe) 22 0.72 29 18
¢ (nm) 12 68 10.7 14
A (nm) 400 - - 320

K 73 - - 24
©p (K) 560 532 368 247
AC/AT. 1.4 - 1.04 1.35
Aep 0.47 0.4 0.62 0.7

Here, we discuss the superconducting properties of
Ca0s4P1o. Filled skutterudite CaOs,P15 is a type-II su-
perconductor because the susceptibilities in the FC and
ZFC runs are markedly different. Table 1 lists some su-
perconductivity parameters of CaOs P12 together with
LaOssP12 and with alkaline-earth-filled skutterudites
Bag golryP12 and BaPty;Gejs. The jump at the specific
heat AC /~T. ~ 1.4 closely agrees with the BCS value of
1.43. The critical temperature T, ~ 2.5 K, as defined by
the entropy balance of the specific heat. The lower, ther-
modynamic, and upper critical fields of CaOs,4P15 are 40
Oe, 210 Oe, and 22 kOe, respectively. The Ginzburg—
Landau parameter k= H.y (0)/v2H. (0) is deduced as
73, corroborating CaOs4P12 as a type-1I superconduc-
tor. Although T, of CaOs4P15 is less than half of that of
BaPtyGeya, Heo(0) of the former is larger than that of
the latter. The higher Hc(0) implies a higher s value.
Even though H.2(0) is high despite a low T, as compared
to other alkaline-earth-filled skutterudites, it is less than
the Pauli limiting field Hp = 45 kOe (deduced from Hp
= 1.83 T.); this refers to s-wave superconductivity. The

penetration depth A =+/®¢lnk /4w H.1(0) is deduced as

400 nm and the coherence length £=4/®y /27w H.o is es-
timated to be 12 nm which is comparable with other
alkaline-earth-filled skutterudites, Bag gglry P12 with 10.7
nm and BaPt;Geio with 14 nm The electron mean free
path | was estimated to be 0.72 [S/Sr]~! nm from [ =
1.27 x 10* [pn*/38/Sr]| 1, where p, n, S, and S are the
resistivity at 10 K, carrier concentration, Fermi surface,
and Fermi surface of an electron gas of density n, respec-
tively. We can assume the value of S/Sp in CaOssP1o
to be between 0.1 and 1.0, similar to LaggRhsP1o [16],
leading to a value of [ between 0.72 and 7.2 nm. ¢ is less
than [, indicating that the sample is approximately in a
dirty limit. The electron-phonon coupling constant A,
is calculated from the semiempirical formula proposed by
McMillan [11], i.e.,

1.04 + p1*In(Op/1.45T,)

Aep = (1—0.62%)in(Op/1.45T,) — 1.04

~ 047, (2)

where pu* =~ 0.13, Op ~ 560 K, and T, ~ 2.5 K. It suggests
that CaOssP15 is a weakly coupled superconductor. Al-
together, the superconducting parameters of CaOssP12
obtained from this study are within the limit predicted
by the BCS theory.

V. CONCLUSIONS

In this study, we succeeded in synthesizing CaOssP12
using an HPHT procedure. A superconducting transi-
tion was found at T, ~ 2.5 K; a significant fraction of
the sample becomes superconducting. The lower, ther-
modynamic, and upper critical fields were 40 Oe, 210
Oe, and 22 kOe, respectively. The Ginsburg-Landau pa-
rameter, penetration depth, and coherence length are
73, 400 nm, and 12 nm, respectively. Superconductiv-
ity of CaOs4P15 can be regarded as type-1I weakly cou-
pled BCS-type superconductivity in the dirty limit. We
suggest that CaOs4P15 is an s-wave superconductor. To
confirm this, it is necessary to conduct microscopic stud-
ies using nuclear quadrupole resonance and nuclear mag-
netic resonance, as well as to investigate Fermi-surface
properties by means of band structure calculations.
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