RAPID COMMUNICATIONS

PHYSICAL REVIEW B 77, 180504(R) (2008)

Superconductivity in the actinoid-bearing filled skutterudite ThPt,Ge,,
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ThPt,Ge;, is an actinoid-bearing representative of a recently discovered family of Ge-based skutterudites.
Based on magnetization, electrical resistivity, and specific heat data, the compound was characterized as a
clean-limit strong-coupling superconductor with 7.=4.62 K. Moreover, some hints are given at a possible

non-BCS character of the superconducting state.
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Ternary and higher order compounds crystallizing in a
cubic structure of the LaFe,P, type! are commonly referred
to as “skutterudites.” Until very recently, it was believed that
all ternary skutterudites are based on pnicogen atoms (X
=P, As,Sb), which together with a transition metal 7 from
the Fe or Co group of the Periodic Table form cagelike
frameworks of tilted [TX,] octahedra. Icosahedral voids in
these frameworks are filled or partly filled by an electroposi-
tive main group or subgroup element M, which is more or
less loosely bound to the host structure. Depending on a
particular combination of the constituents that yields the total
valence electron count, determines the rigidness of the cage
via the 7-X and X-X bondings, and controls the interaction
between the guest atom M and the [T4X,,] matrix, a great
variety of physical properties has been observed ranging
from itinerant- or local-moment magnetic ordering, multipo-
lar ordering, half-metallicity, spin and valence fluctuations,
heavy fermion behavior, and non-Fermi liquid states to con-
ventional and unconventional superconductivities.> More-
over, for some of the M,T,X,, materials, very large thermal
M-atom displacement factors have been found. They corre-
spond to the so-called phonon rattling modes, which give
rise to significantly enhanced thermoelectric performance.’

Most recently, two research groups have independently
communicated discovery of a novel class of ternary com-
pounds with the filled skutterudite structure, in which pnico-
gen atoms are entirely replaced by the Ge atoms and the 7
atom is Pt.*> The reported MPt,Ge,, series comprises phases
with M =Sr, Ba, La, Ce, Pr, Nd, and Eu. Interestingly, com-
pounds with Sr and Ba have been found to be superconduct-
ing below 5.10 and 5.35 K, respectively,4 whereas those with
La and Pr have been characterized as strong-coupling super-
conductors with 7,=8.3 and 7.9 K, respectively.’ The super-
conductivity in PrPt,Ge;, seemed most spectacular as the
compound is a Curie—Weiss paramagnet due to the presence
of well localized 4f magnetic moments. It has been shown,
however, that at low temperatures, PrPt,Ge,, is effectively
nonmagnetic because of a specific crystal field splitting with
a singlet ground state and a nonmagnetic doublet being the
first excited level.?

In this Rapid Communication, we report on the formation
and the superconducting properties of another Ge-based
skutterudite, namely, ThPt,Ge;,, which is the actinoid-
bearing representative of the MPt,Ge,, series. A polycrystal-
line sample of ThPt,Ge,, was prepared by arc melting stoi-
chiometric amounts of elemental constituents (Th:
99.8 at. %, Pt: 99.99 at. %; and Ge: 99.999 at. %) on a
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water-cooled copper hearth in high-purity Ar atmosphere
gettered by melting Ti ingot. The sample was remelted sev-
eral times in order to promote homogeneity. Subsequently, it
was wrapped in tantalum foil, sealed in an evacuated quartz
tube, and annealed at 800 °C for 3 weeks. Quality of the
sample was checked by x-ray powder diffraction on a Stoe
powder diffractometer with monochromatized Cu K« radia-
tion (Ay=1.54056 A) as well as by microprobe analysis us-
ing a Phillips 515 scanning electron microscope equipped
with an energy dispersive x-ray analysis PV 9800 spectrom-
eter. The measurements showed a single phase of composi-
tion close to nominal. The x-ray pattern was resolved with
the FULLPROF program® yielding a structure with a cubic unit

cell of the LaFe,P,, type (space group Im3) and a lattice
parameter a=8.5924(6) A. This value is similar to those re-
ported for the compounds LaPt,Ge;,, PrPt,Ge;,, SrPt,Ge;,,
and BaPt,Ge |, (Refs. 4 and 5), as could be expected from the
fact that the unit cell volume of all these phases is mainly
determined by the size of the [Pt,Ge,,] polyanion.

Magnetic measurements were carried out in the tempera-
ture range from 1.71 to 10 K, in applied magnetic fields of
up to 0.3 T, using a Quantum Design superconducting quan-
tum interference device magnetometer. Specific heat and
electrical resistivity were measured by the relaxation method
and the ac technique, respectively, over the temperature in-
terval of 350 mK—300 K, and in applied fields of up to
0.6 T, employing a Quantum Design physical property mea-
surement system platform.

Figure 1(a) displays the temperature dependence of the
electrical resistivity of ThPt,Ge,,. At first glance, it seemed
of metallic type with the room temperature value psgg g
=7.5X1077 QO m and very low residual resistivity py= 6.5
X 107 ' m (just above T,), i.e., with the residual resistivity
ratio being enormously large (RRR =~ 100), as for a polycrys-
talline sample. However, closer inspection of the p(T) curve
revealed that it does not follow the Bloch—Griineissen law
characteristic of simple metals. Instead, in the entire tem-
perature range studied, except for the region below T, it may
be very well approximated by the Woodard—Cody (WC)
formula,” which is appropriate for superconducting materials
with significantly strong electron-phonon coupling. Least-
squares fit of the experimental data to the WC expression (cf.
Fig. 1) yielded the characteristic temperature 7,=142 K that
is close to those previously obtained for SrPt,Ge;, and
BaPt,Ge,,.* Below approximately 10 K, the normal-state
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FIG. 1. (Color online) (a) Temperature dependence of the elec-
trical resistivity of ThPt;Ge;,. For the sake of clarity, only every
15th experimental point is displayed. The solid line is the WC fit
described in the text. (b) Low-temperature resistivity measured in
zero and several nonzero applied magnetic fields.

resistivity exhibits a 7° dependence expected for electron-
phonon interactions in clean metallic systems.

Shown in Fig. 1(b) is the low-temperature region of the
resistivity of ThPt,Ge,,. Despite the large noise in experi-
mental data, one unambiguously observes a transition to su-
perconducting state that takes place at 7,=4.8(1) K in zero
magnetic field. The critical temperature gradually diminishes
with rising field strength and already in a field of 0.4 T drops
below 0.35 K (the terminal low temperature in this study).

In the normal state, ThPt,Ge, is a weak diamagnet with
the magnetic susceptiblity of about 1.3X 1077 cm® g™!. As
displayed in Fig. 2(a), in a field of 20 mT, an onset of the
superconducting state occurs at 4.4 K. The strong diamag-
netic signal observed at 1.75 K upon cooling the sample in
zero field (ZFC) corresponds to the perfect shielding of the
total volume of the sample by supercurrents if the demagne-
tization factor N of 0.21 is assumed.® The Meissner—
Ochsenfeld effect [field-cooled (FC) condition] is only 1.8%
of the theoretical value of —1/4 expected for a perfect dia-
magnet. This feature implies very strong pinning in a type-II
superconductor. With rising magnetic field strength, the criti-
cal temperature 7, gradually decreases, and the superconduc-
tivity becomes hardly observable by means of y(7) measure-
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FIG. 2. (Color online) (a) Temperature dependence of the dc
magnetic susceptibility of ThPt;Ge|, measured in several different
magnetic fields after cooling the specimen in zero field. The inset
shows the temperature dependence of the magnetic susceptibility
taken in a field of 20 mT after cooling the specimen in zero (ZFC;
full circles) and applied (FC; open circles) fields. (b) Magnetic field
dependence of the magnetization in ThPt,;Ge,, measured at 1.72 K
with increasing (full circles) and decreasing (open circles) field.

ment already in fields above 0.15 T. Shown in Fig. 2(b) is
the field dependence of the magnetization M(H) in
ThPt,Ge,, measured at 1.72 K. This M(H) loop clearly ex-
hibits a behavior characteristic of type-II superconductor.
The lower critical field woH,;, determined from the point
where the magnetization deviates from the linearity, amounts
to approximately 3 mT. The upper critical field poH,, at this
temperature is about 0.2 T.

The low-temperature specific heat data of ThPt,Ge,,
which were measured in fields of 0 and 0.5 T, are shown in
Fig. 3(a) as C,/T versus T?. A distinct jump observed in zero
magnetic field indicates the onset of superconductivity at
T.=4.62(1) K. This value, which is derived from entropy
balance construction, is slightly lower than that revealed
from the resistivity measurements. In a field of 0.5 T, the
superconductivity is totally suppressed. The normal-state
specific heat can be approximated in the range of 0.35-7 K
with the function C,,(T)=7,+C,;, where C,,=BT°+51°.°
The limiting value of the Debye temperature estimated from
the value of B is about 217 K, i.e., very similar to those
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FIG. 3. (Color online) (a) Temperature dependence of the spe-
cific heat of ThPt;Ge;, measured in zero magnetic field and in
0.5 T, which is plotted as C,/T versus 72. Solid line is a fit dis-
cussed in the text. The inset shows the electronic specific heat in the
superconducting state in the form of C,/T versus 7. Dashed and
solid lines are the theoretical descriptions analyzed in the text. Dot-
ted line is a guide for the eyes. (b) Magnetic field dependence of the
Sommerfeld ratio y=C,/T measured at 7=0.4 K. Experimental er-
ror bars are of the size of the symbols.

reported for the other MPt,Ge,, compounds.*> This result
supports the specific lattice vibration model developed for
skutterudites in which vibrations of the polyanion are de-
scribed by the Debye term and those of the guest cation by
the Einstein term.'® The normal-state electronic specific heat
coefficient y, was found to be 40 mJ mol~! K72, i.e., nearly
identical to that derived for SrPt,Ge,, and BaPt,Ge,, (Ref. 4
and 5) but about two times smaller than the values reported
for LaPt,Ge,, and PrPt,Ge,,.

In the inset of Fig. 3(a), the temperature dependence of
the electronic specific heat is shown, which is calculated as
the difference C.,=C,—C,;,. The dimensionless specific heat
jump at the critical temperature AC,,/y,T,. amounts to 1.7.
This value is considerably larger than the BCS value of
1.426 and also distinctly different from those found for the
other Ge-based skutterudites.*> Hence, in contrast to the
other MPt,Ge, compounds, with a possible exception of that
with M=Pr,> ThPt,Ge,, is clearly a strong-coupling super-
conductor. This conclusion is corroborated by the value of
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FIG. 4. (Color online) Upper critical field versus temperature
determined for ThPt,Ge,, from the resistivity (circles), magnetiza-
tion (triangles), and specific heat (squares) data. Filled square rep-
resents the calculated value of H.,(0) in the clean limit. Solid line
emphasizes a linear variation of H,., with temperature.

the electron-phonon coupling constant N\ of about 0.57,
which is calculated from the relation AC./v,T,.=1.43
+0.94202-0.195\3."" Another estimate for A may be ob-
tained from the McMillan formula,'? which yields similar
value of about 0.62, for a typical magnitude of the Coulomb
pseudopotential p*=0.1.

Fitting the experimental C.((7) data in terms of the BCS-
type formula, Ce; pcs ~ exp(—aT,./T), where the parameter a
is related to the superconducting gap, yields a=1.7 that is
larger than the BCS value of 1.44. However, as is apparent
from the inset of Fig. 3(a), this description (marked by the
dashed line) notably deviates from the experimental curve at
temperatures below 2.5 K. Instead, the experimental data can
be very well fitted by the sum Ces=Ces,BCS+CT3 [note the
solid line in the inset of Fig. 3(a)], with a=1.44 and the
coefficient c=3 mJ mol~' K™*. The presence of the T3 term
in the temperature dependence of the C., may imply the ex-
istence of point-node energy gap structure, but this hypoth-
esis needs further investigation. It is tempting to explore a
possibility that the superconductivity in ThPt,Ge,, is uncon-
ventional. In this context it is worth noting that the magnetic
field dependence of the Sommerfeld ratio y= C,/T, which
was measured at 0.4 K [see Fig. 3(b)], is strongly nonlinear,
i.e., at variance with the behavior expected for a classical
BCS-type superconductor. One may recall that a nonlinear
dependence of y(T) has been observed for the point-nodal
superconductor YNi,B,C.!3

The thermodynamic critical field uyH ., can be calculated
by an integration of the specific heat data in the supercon-
ducting state according to the equation % oV H2o(T)
=AU(T)-TAS, where AU=[1e(C ,~,T")dT" is the internal

L es™ VnT,

energy difference and AS=/ ;‘CT is the entropy differ-
ence. For ThPt,Ge,, an extrapolation H,(7T) to zero tem-
perature yields a value of 42 mT that is close to uyH, o(0)
derived for the Sr- and Ba-containing counterparts.*

The temperature dependence of the upper critical field
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moHq» in ThPt,Ge,,, which is derived from the electrical
resistivity, magnetization, and specific heat data, is shown in
Fig. 4. Similar to the case of the La- and Pr-containing
analogs,” uH. varies linearly with 7. The slope
—duoH,,/dT is 0.085 T K™, being a few times smaller than
the initial slope near 7, reported for SrPt,Ge;, and
BaPt,Ge,,.* By using formulas given in Refs. 14 and 15, one
may calculate the Fermi wave number ky=~6.3X10° m™.
Then, in the framework of the model developed by
Orlando et al.,' this estimate of kg, together with the
experimental values of 7., py, and v, yields the Fermi
velocity vy=~1.3 X 10° m s~ the effective mass m* =~ 5.6m,,
the electronic mean free path of the quasiparticles
[=~435 nm, and the BCS coherence length §,=~37 nm. The
so-derived relation [>§, clearly corroborates the
previously formulated hypothesis that ThPt,Ge,, exhibits the
clean-limit superconductivity. According to the formula
ol (0)= =0.73T (dpoH o/ dT)|7 , which is appropriate for
the clean limit,'° the upper critical field at zero temperature
amounts to about 0.29 T (indicated by the solid square in
Fig. 4). This value is in fairly good agreement with the ex-
perimental data, yet almost an order of magnitude lower than
those reported for the other MPt,Ge;, compounds.*> From
the values of wugH. and uoH,.;, one can determine the
Ginzburg-Landau coherence length & g and the penetration
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depth g, to be equal to =35 and ~150 nm, respectively.'’
Hence, the Ginzburg-Landau parameter «; g for ThPt,Ge,, is
estimated to be about 4.5, which is well within the range for
type-II superconductivity. This result may be compared to
Kk g=14, which is obtained for SrPt,Ge|,, and k=24,
which is found for BaPt,Ge,,.*

In conclusion, ThPt,Ge,, is another representative of the
recently discovered family of MPt,Ge,, intermetallics crys-
tallizing in the filled skutterudite structure. Like the com-
pounds with M =Sr, Ba, La, and Pr, it exhibits type-II super-
conductivity at low temperatures (7.=4.62 K). However, in
contrast to the other phases, ThPt,Ge;, can be classified as a
clean-limit superconductor. Its characteristic thermodynamic
features indicate strong electron-phonon coupling. Most in-
terestingly, some properties in the superconducting state (the
temperature dependence of the electronic specific heat Cg
and the magnetic field dependence of the Sommerfeld coef-
ficient ) deviate from the predictions of the BCS theory.
Taken together these findings provoke an intriguing conjec-
ture that the superconductivity in ThPt,Ge;, may be uncon-
ventional.
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