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The compound ThlrsSis crystallizes with a tetragonal crystal structure of the CaBezGez-type (space group
P4/nmm). Its low-temperature physical properties were investigated by means of magnetization, electrical resistiv-
ity, and heat capacity measurements, performed down to 0.35 K. The experiments revealed bulk superconductivity
below T. = 2 K. The obtained data indicate that ThlrySis is a weakly-coupled type-II BCS superconductor.
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1. Introduction

Since a few decades, intermetallics bearing lanthanoids
and actinoids continue to attract much research inter-
est due to an exceptionally wide variety in their physical
properties. Amidst them, a family of ternary RToM,
compounds (R = f-electron element, T = d-electron
transition metal, M = Si, Ge) has received special at-
tention owing to their intriguing low-temperature be-
haviors, like complex magnetic orderings or supercon-
ductivity [1, 2]. Most of these phases form as or-
dered derivatives of the tetragonal BaAly-type struc-
ture, namely with a body-centered ThCr,Sis-type (space
group I4/mmm) unit cell or a primitive CaBesGes-type
(space group P4/nmm) unit cell. A few representa-
tives of the RT9Msy series have been established to ex-
hibit polymorphism. Interestingly, the polymorphs usu-
ally display distinct physical behaviors, hence providing
a superb playground for advanced studies on structure—
property relationships [1-4]. A remarkable observation
has been made by Shelton et al. [5], who concluded
from his studies on an extended series of nonmagnetic
RT3My polymorphs that only those crystallizing with
the CaBeyGes-type structure may exhibit superconduc-
tivity, while their ThCrySis-type counterparts always re-
main normal down to the lowest temperatures available.
The suggested scenario has recently been confirmed for
YIrsSis and LalrsSis [6]. The related compound ThlrsSia
was reported to crystallize with the CaBesGes-type unit
cell only [5]. According to Ref. [5], it becomes supercon-
ducting below T, = 2.16-2.27 K, yet no physical data
has been published to date. Hence, the main aim of the
present work was to prove the electronic ground state in
this material.

2. Experimental details

A polycrystalline sample of ThlrsSis was synthesized
by arc-melting stoichiometric amounts of the elemental
constituents (purity: Th — 98 wt%, Ir — 99.99 wt%,
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Si— 99.999 wt%) under titanium-gettered argon atmo-
sphere. The button was turned over and remelted several
times to promote homogeneity. No further heat treat-
ment was applied.

Quality of the obtained material was checked by pow-
der X-ray diffraction (XRD) using a PANalytical X Pert
PRO diffractometer with Cu K, radiation. The XRD
data were analyzed using the program FullProf [7].
Chemical composition of the prepared sample was ver-
ified by energy dispersive spectroscopy (EDS) employing
a FEI scanning electron microscope equipped with an
EDAX Genesis XM4 spectrometer.

Magnetic measurements were performed in the temper-
ature interval from 0.5 to 3 K in applied magnetic fields
up to 2 kOe using a Quantum Design MPMS SQUID
magnetometer. The electrical resistivity was measured
in the temperature range 0.35-300 K using a standard
ac four-probes technique employing a Quantum Design
PPMS platform. Electrical leads (thin copper wires) were
attached to a bar-shaped specimen by spot welding. Heat
capacity measurements were carried out in the temper-
ature range 0.4-300 K in magnetic fields up to 5 kQOe
using a relaxation-time method implemented in a Quan-
tum Design PPMS platform.

3. Results and discussion

The obtained XRD pattern of ThlrsSis is presented
in Fig. 1. It was indexed within a tetragonal unit cell
of the CaBeyGes-type (space group P4/nmm) with the
lattice parameters: a = 4.162 A and ¢ = 9.889 A, in good
agreement with the literature data [8]. The EDS analysis
yielded the chemical composition Th19.52Ir38.82Si41.66
(at.%) that is fairly close to the ideal one.

Figure 2 displays the temperature variation of the
electrical resistivity of ThlrySis. The compound shows
metallic behavior with the room-temperature resistivity
prr ~ 0.48 mQcm. The experimental p(7T') curve can be
well approximated down to about 3 K using a parallel
resistors model (PRM) [9]:
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Fig. 1. Rietveld refinement (solid line) of the X-ray
powder diffraction pattern of Thlr2Siz. Ticks mark the
positions of the Bragg peaks.
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Fig. 2. Temperature dependence of the electrical resis-

tivity of ThlIraSie. Solid line is the PRM fit discussed
in the text. Inset: low-temperature resistivity data.

where p;(T) represents a metallic behavior governed by
the Matthiessen rule, while ps stands for the saturation
resistivity in a parallel conduction channel, in which the
mean free path of conduction electrons is of the order
of the interatomic distances in the crystal lattice. In
the former contribution, pg is the residual resistivity due
to scattering conduction electrons on static defects in
the crystal lattice, and the second term represents the
electron—phonon scattering processes (€ is sometimes
considered as a rough measure of the Debye tempera-
ture). The PRM parameters obtained by least-squares
fitting of Eq. (1) to the experimental data of ThlrsSis
are pg = 0.10 mQcm, 6 = 196 K, C7; = 1.4 mQcm,
and pa = 1.05 mQcm. As shown in the inset to Fig. 2,
near 2 K, the electrical resistivity of ThlrsSis suddenly
decreases down to zero, marking the onset of the super-
conducting state, in good agreement with the literature
data [5].

The superconducting ground state in Thlr,Siy was fur-
ther corroborated by the dc magnetic susceptibility re-
sults. Over a large range of temperature below 300 K,
the compound was found Pauli paramagnetic with the
magnetic susceptibility of about 2 x 10~ emu/mol, yet
at the lowest temperatures, a strong diamagnetic signal
was observed in weak magnetic fields upon cooling the
specimen in zero field (see Fig. 3b). Distinct bifurcation
between the x(T') curves taken in zero field cooling (ZFC)
and field cooling (FC) regimes signals substantial pinning
effect.
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Fig. 3. (a) Magnetic field variations of the magnetiza-

tion in ThlreSie measured at several temperatures upon
zero-field cooling. (b) Low-temperature dependences of
the magnetization in ThlrsSis measured in a field of
10 Oe upon cooling the specimen in zero (ZFC) and
applied (FC) magnetic field. (c) Temperature variation
of the lower critical field in ThlrsSis derived from the
magnetization data. Solid curve is a fitting in terms of
Eq. (2).

The magnetic field variations of the magnetization in
Thlr,Sis, measured at a few temperatures below 2 K
upon cooling the specimen in zero magnetic field, are
shown in Fig. 3a. They reveal a behavior typical for
type II superconductors. Attributing the initial linear
parts of the M (H) isotherms to full Meissner effect, one
can estimate a demagnetization factor in the sample mea-
sured to be Ny = 0.28. In turn, the lower critical field
H., can be defined by an inflection point in the linear
magnetization response. The so-obtained temperature
variation of H.; is plotted in Fig. 3c. The experimental
results follow the standard formula [10]:

Ha(T) = Hgy (0) [1 - (;F)Q (2)

with the parameters H.1(0) = 37.5 Oe (corrected for the
demagnetization) and T, = 1.95 K.

The specific heat of ThlrySis in the normal state is
presented in Fig. 4. The value measured at room tem-
perature is 115 J/(mol K), and thus C(T') tends to ap-
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Fig. 4. Temperature variation of the specific heat of
ThlreSiz.  Solid line represents the Debye—Einstein

model described in the text. Inset: the specific heat
data plotted as C'/T® versus T. Arrow marks the posi-
tion of a local maximum that provides an estimate for
the Einstein temperature.

proach the Dulong—Petit limit 3nR (n = 5 is the number
of atoms per formula unit, and R = 8.314 J/(mol K) is
the gas constant). On decreasing temperature, the spe-
cific heat approximately varies along the Debye-Einstein
(DE) model [11]:
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where the first term represents the electronic contribu-
tion (v is the Sommerfeld coefficient) and the two oth-
ers account for the lattice contributions (©p and Og are
the Debye and Einstein temperatures, respectively, and
d stands for the number of optical phonon modes). The
least-squares fitting of Eq. (3) to the experimental data
yielded v = 6.9 mJ/(mol K?), Op =380 K, O = 128 K
and d = 0.4. Remarkably, the so-obtained value of the
Einstein temperature coincides with the usual estimate
O ~ 5T .x Where Thax is a local maximum in the plot
C/T? versus temperature (see the inset to Fig. 4).

Figure 5 displays the specific heat of ThlrsSi; mea-
sured at low temperatures in zero and finite external
magnetic field. A distinct anomaly in zero-field C(T)
manifests the onset of the superconducting state and
proves its bulk origin. From an entropy balance (note
the dashed lines in Fig. 5) one finds the specific heat
jump AC = 19.4 mJ /(mol K) at the critical temperature
T, = 2 K. This result implies the ratio AC/yT. = 0.67
that is much smaller than the value of 1.43 predicted
within the BCS theory for a weak-coupling superconduc-
tor. The discrepancy may be accounted for assuming the
presence of some normal state regions in the supercon-
ducting matrix.
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Fig. 5. Low-temperature dependences of the specific

heat of ThlreSiz measured in zero and various applied
magnetic fields. Solid curve represents the normal state
fitting in terms of Eq. (4). Dashed lines depict the en-
tropy balance near the superconducting transition in
zero field.
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Fig. 6. Temperature variation of the upper critical

field in ThlrsSi2 derived from the heat capacity data.
Solid curve represents the WHH fit described in the text.

With increase of the magnitude of applied magnetic
field, the anomaly in C(T) shifts to lower temperatures
and rapidly broadens. In a field of 5 kOe, it is not visi-
ble down to 0.4 K, and the measured C'(T") curve can be
approximated by the Debye function

C(T) =~T + BT? (4)
with the parameters v = 14.5 mJ/(mol K?) and 8 =
1.86 x 10=% J/(mol K*). The so-obtained Sommerfeld
coefficient is equal to that estimated from the high-
temperature specific heat data. In turn, the Debye tem-

1/3
perature calculated from the formula @p = (1224 nR)

amounts to 373 K, which is very close to Op derived from
the DE model. From the McMillan expression [12] for the
electron—phonon coupling constant
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T45T,
with the Coulomb repulsion constant p* = 0.13, one gets
for Thlr,Sip a value Ao, = 0.48 appropriate for weak
coupling superconductors.

Based on the C(T') dependences taken in applied mag-
netic field, the temperature variation of the upper crit-
ical field H. was derived. As displayed in Fig. 6,
the experimental data can be reasonably well described
by the Werthamer—Helfand-Hohenberg theory [13] with
the limiting field H.2(0) = 1.28 kOe. The obtained
value is much smaller than the Pauli limiting field
Hp = 18.6T, = 37.2 kOe. Applying the formula [10]
H.(0) = 2:2%L, where @y = hc/2e is the flux quan-
tum, one finds for ThlrySis the Ginzburg-Landau co-
herence length g, = 50.7 nm, and from the relation-

ship [10] H.1(0) = —29—1In (AGL)

47r)\O2GL {aL
Acr, = 273 nm can be calculated. These values result in
the Ginzburg-Landau parameter k = Aqr/éaL ~ 5.4, in-
dicative of type-II superconductor. From the relation [10]
H.H.o = HC2 In k one obtains for the compound studied
the thermodynamic critical field H. = 167 Oe.

the penetration depth

4. Conclusions

The compound Thlr,Siy crystallizing with the tetrag-
onal CaBeyGes-type structure is a bulk superconductor
with T, = 2 K. The main characteristics of the supercon-
ducting state indicate type-II weak-coupling supercon-
ductivity describable by the conventional BCS theory.
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