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Discovery of the type-1I superconductor TasRh,C;_; with a high upper critical field
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2Department of Quantum Matter Physics, University of Geneva, CH-1211 Geneva, Switzerland
3Faculty of Applied Physics and Mathematics and Advanced Materials Centre, Gdansk University of Technology, Gdansk 80-233, Poland
4Research Institute for Interdisciplinary Science, Okayama University, Okayama 700-8530, Japan

@™ (Received 16 October 2024; accepted 11 April 2025; published xxxXxxxxXxxXx)

We report on the discovery of superconductivity in the compound Ta;Rh,C;_;. TasRh,C;_; crystallizes in the
n-carbide structure type, in the cubic space group Fd3m (No. 227) with a unit cell parameter of a = 11.7947 A.
Temperature-dependent magnetic susceptibility, resistivity, and specific-heat capacity measurements reveal that
TasRh,C,_; is a type-1I bulk superconductor with a critical temperature of 7. = 6.4 K and a normalized specific-
heat jump AC/yT. = 1.56. Notably, we find that Ta,Rh,C,_s has a high upper critical field of puoH.(0) =
17.4'T, which exceeds the BCS weak-coupling Pauli limit of poHpyy; = 11.9T.

DOI: 10.1103/PhysRevResearch.00.003000

I. INTRODUCTION

The discovery of new superconductors with enhanced
properties for diverse applications remains a significant chal-
lenge in condensed matter physics [1-4]. A crucial property
for these applications is the upper critical field uoH2(0),
which is essential for technological applications [5]. When an
external magnetic field is applied to a superconductor, Cooper
pairs may break due to two effects: the orbital-limiting effect,
which induces a momentum leading to a supercurrent that
exceeds the superconducting gap, and the Pauli paramagnetic
effect (Zeeman effect), where the Zeeman energy surpasses
the superconducting condensation energy [6]. Near the critical
temperature T, the orbital-limiting effect dominates, while the
Pauli paramagnetic effect is more significant at lower tem-
peratures. In BCS theory, the maximum poH(0) is limited
by the Pauli paramagnetic effect, known as the Pauli para-
magnetic limit poHpaui, given as woHpau; ~ 1.86 [T/K] x T
[6]. Several superconductors with the n-carbide-type crystal
structure have recently been found to violate the Pauli param-
agnetic limit, exhibiting very high upper critical fields [7-9].

The n-carbide-type compounds crystallize in the cubic
space group Fd3m, and commonly form with compositions
of A4B»,X and A3zB3X, where A and B stand for transition
metals, and X for carbon, nitrogen, or oxygen [10-13]. The
n-carbide-type compounds consist of more than 100 known
members with combinations of different technologically use-
ful properties such as high hardness, high thermal stability,
rich variety of magnetic states, exotic electronic properties,
and catalytic properties [14—16]. One of the most striking
characteristics of n-carbide compounds is that they exist over
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wide ranges of chemical compositions and allow for a high
degree of atomic substitutions [17]. In this structure type,
tuning of the chemical composition allows for modifying and
controlling of the physical properties in a wide range. Hence,
the flexibility and tunability of the n-carbide structure provide
numerous opportunities to achieve new quantum materials
with intriguing physical properties.

Among the systematically investigated n-carbide-type su-
perconductors, TisCo, 0, TisIr,O0, NbsRh,C;_s, and Zr4Pd, O
were found to have woH(0) larger than the weak-coupling
Pauli limit, where poHpa =~ 1.86[T/K] x T, [7-9,18].
These isostructural superconductors share many electronic
property features; therefore, it is likely they also share a
common origin for the unusually high upper critical fields.
Recently, in the high-field region of Tiylr,O, signatures for
a Fulde-Ferrell-Larkin-Ovchinnikov state have been observed
and SR measurements have revealed a small superfluid
density in the superconducting state of TisIr,O [19]. Both
observations point towards unconventional superconductivity
in this family of materials. Therefore, the n-carbide family of
compounds has become a fertile ground for the discovery of
novel superconducting materials.

Here, we report on the discovery of superconductivity in
the n-carbide compound TasRh,C;_s. We find TasRh,C;_;
to crystallize in the n-carbide structure type with a unit cell
parameter of a = 11.7947 A. Furthermore, we show that this
compound is a type-II bulk superconductor with a critical
temperature of 7. = 6.4K and a specific-heat jump AC/y T
of 1.56. Moreover, we find that Ta;Rh,C;_s—Ilike some other
n-carbide superconductors—has a very high upper critical
field of woH:»(0) of 17.4 T, which exceeds the weak-coupling
Pauli paramagnetic limit ptoHp,y; of 11.9 T.

II. EXPERIMENTAL DETAILS

Synthesis. Polycrystalline TasRh,C;_; was synthesized
from nearly stoichiometric amounts of the elements using
tantalum powder (99.99%, Alfa Aesar), rhodium powder

Published by the American Physical Society
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(99.95%, Strem Chemicals), and carbon rod (99.999%,
Sigma-Aldrich). A total mass of 150 mg of starting mate-
rial was used. The reactants were thoroughly mixed in an
agate mortar and pressed into a pellet. The pellet was first
melted in an arc furnace in a purified argon atmosphere on
a water-cooled copper plate. The sample was flipped over and
molten five times to ensure an optimal homogeneity. After arc
melting, only a small mass loss of approximately 1% was
observed. The very hard solidified melt ingot was crushed
into small particles in a tungsten carbide mortar and ground
to fine powders in an agate mortar and pressed into a pellet.
The pellet was wrapped with thin Ta foil, sealed in a quartz
tube under a 1/3 partial argon, and annealed in a furnace for
4 days at 1200 °C. After reaction, the quartz tube was cooled
down to room temperature by quenching in water.

Structure and composition. The crystal structure and phase
purity of the sample were checked using powder x-ray
diffraction (PXRD) measurements on a Rigaku SmartLab
diffractometer with Cu K, radiation in Bragg-Brentano re-
flection geometry. The PXRD patterns were collected in
the 20 range of 5-120° with a scan rate of 0.25°/min.
Rietveld refinements were performed using the FULLPROF
program package [20]. The chemical composition of the
polycrystalline samples was examined under a scanning
electron microscope (SEM) (JEOL JSM-IT800 operated at
15 keV) equipped with an energy-dispersive x-ray (EDX)
spectrometer.

Physical property measurements. Temperature- and field-
dependent magnetization measurements were performed on
a Quantum Design magnetic properties measurement sys-
tem (MPMS3) with a 7 T magnet equipped with a vibrating
sample magnetometry (VSM) option. The measured pellet
was placed parallel to the external magnetic field to min-
imize the demagnetization effects in the superconducting
state. The electrical resistivity and specific-heat capacity mea-
surements were conducted in a Quantum Design physical
property measurement system (PPMS) with a 9 T magnet.
For the resistivity measurements, the four-probe technique
was employed with gold wires connected to the sample with
silver paint. Specific-heat measurements were performed with
the Quantum Design heat-capacity option, using a relaxation
technique.

Electronic structure calculations. We performed density
functional theory (DFT) calculations based on the full po-
tential local orbital (FPLO) basis set [21] to understand the
electronic structure of TasRh,C;_s. Due to heavy elements
Ta and to some extent Rh, spin-orbit coupling is expected
to be strong in TayRh,C;_5, and we use fully relativis-
tic calculations with the generalized gradient approximation
exchange-correlation functional [22] to account for the spin-
orbit-coupling effects in the electronic structure. We converge
the calculations on 16 x 16 x 16 k meshes.

III. RESULTS AND DISCUSSION
IV. SYNTHESIS

Here, we report the n-carbide compound TasRh,C;_;
in the ternary Ta-Rh-C phase-space system. We have ob-
tained polycrystalline Ta4Rh,C;_; as a silver-colored pellet.

TABLE 1. Atomic and cell parameters of TayRh,C;_s obtained
from Rietveld refinement of the room-temperature PXRD data.

Atom Site X y z Bico Occ.
Tal 16¢ 0 0 0 1.13(1) 1
Rh 32¢ 0.21185(7) 0.21185(7) 0.21185(7) 0.77(3) 1
Ta2  48f 0.44067(7) 0.125 0.125 1.13(1) 1
C 16d 0.5 0.5 0.5 1.1% 1

Fd3m (no. 227); a = 11.7947(1) A

Ry (%) = 5.97: Ryp (%) = 9.56; Rprage (%) = 5.43
Note: Here, *Bi, is fixed to the refined overall value.

Achieving a phase-pure TasRh,C;_s sample proved to be
challenging. Direct high-temperature reactions of mechani-
cally mixed elements pressed into a pellet produced low-
quality samples with multiple phases. This is likely due to
the difficulty in homogeneously mixing the grains of the re-
actants. We found that arc melting the reactants was crucial,
even though the n-carbide phase was not present in the ingot
immediately after arc melting, but seems to allow for opti-
mal mixing of the elements (see Supplemental Material, Fig.
S1 [23]). In preparative chemistry, the synthesis of phase-
pure ternary n-carbides is generally known to be challenging
[11,24]. In a series of synthesis experiments, the highest-
purity final samples were obtained with a starting ratio of
Ta:Rh:C as 3.85:2.15:0.85. Deviation from this compositional
ratio or from the annealing temperature (1200 °C) resulted in
the formation of significant impurity phases.

A. Crystal structure

We find TasRh,C;_s to crystallize in the n-carbide-type
structure, with the cubic space group Fd3m (no.227) with
the cell parameter of a = 11.7947(1) A. This structure can
be rationalized as related compounds, e.g., Nb4Rh,C;_5 [a =
11.8527(2) A] also crystallize in it. Here, the powder x-ray
diffraction technique was employed to identify the phase pu-
rity and cell parameters of the obtained samples.

The powder x-ray diffraction (PXRD) pattern and the cor-
responding Rietveld refinement of the obtained TasRh,C;_;
sample are presented in Fig. 1(a). Energy-dispersive x-ray
spectroscopy (EDS) analysis reveals a Ta:Rh ratio of 1.9(5):1
for the sample, which is close to the ideally stoichiometric
value of 2:1. Reliable quantification of the carbon content by
EDS is not possible and is challenging by x-ray diffraction as
well (see Supplemental Material [23]). Assuming only a neg-
ligible carbon loss during the arc-melting process, the carbon
content in Tay;Rh,C_s should be close to 0.85, i.e., the nomi-
nal composition, for the amount of carbon used for the purest
obtained sample. Rietveld refinement analysis determined that
the main phase, Ta4Rh,C;_;, constitutes 96.5% of the sample,
with a minor impurity phase of Ta;Os at 3.5%. Notably, the
formation of TaC as an impurity phase was not observed for
these synthesis conditions. Details on the Rietveld refinements
of TayRh,C are summarized in Table I, assuming a model
n-carbide structure type, with the cubic space group Fd3m
and TasRh,C stoichiometry.
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FIG. 1. (a) Rietveld refinements of the room-temperature PXRD
pattern of TayRh,C,_s. The plots are represented as follows: ob-
served (red dots), calculated (black line), and difference (blue line)
intensities. The Bragg positions of the main TasRh,C;_s; phase
[96.5(4)%] and Ta,Os impurity phase [3.5(1)%] are indicated with
green and purple vertical ticks, respectively. (b)—(e) Schematic rep-
resentation of different orientations for the refined crystal structure
from PXRD of Ta;Rh,C_;s.

In Figs. 1(b)-1(e), we show the crystal structure of
TasRh;C;_s in an ideal chemical stoichiometric general for-
mula of TagRh;C. In this n-carbide structure, Ta atoms occupy
the 16¢ and the 48f Wyckoff positions, Rh atoms occupy
the 32e¢ Wyckoff positions, and C atoms occupy the 16d
Wyckoff positions. Even though there are only four Wyckoff
positions required to describe the crystal structure, the unit
nevertheless contains results in a total of 112 atoms and a
formula of TagsRh3,Ci¢ for one unit cell. In Figs. 1(b) and
1(c), the unit cell with all atoms is shown in two orientations.
In Fig. 1(d), the connectivity of the Tal and Rh atoms is
shown: the Tal atoms form a network of tetrahedra resulting
in a stella quadrangla structure, while the Rh atoms arrange in
isolated tetrahedra. The Ta2 atoms form a network of octahe-
dra in which every second one is slightly distorted, as shown
in Fig. 1(e), with the C atoms filling the octahedral voids.

B. Physical properties

To understand the physical properties of the n-carbide
compound TasRh,C;_5, we performed temperature-
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FIG. 2. Superconducting properties of Ta,Rh,C,_s5. (a) Zero-
field-cooled (ZFC) and field-cooled (FC) temperature-dependent
magnetic susceptibility in a temperature range from 7 =2 to 9 K.
(b) Field-dependent resistivity in the vicinity of the superconducting
transition in fields between pwoH = 0 and 9 T. (c) Field-dependent
specific heat in fields between poH =0 and 9 T. Inset: Entropy-
conserving construction of the zero-field measurement.

dependent  magnetic  susceptibility, and
specific-heat capacity measurements.

In Fig. 2(a), we observe a superconducting transition at
a critical temperature of 7, = 6.3K in the temperature de-
pendence of the magnetic susceptibility in zero-field-cooled

(ZFC) and field-cooled (FC) modes under an external field

resistivity,
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of woH = 2mT, respectively. The difference between the
FC and ZFC measurements in the superconducting state
is prototypical for a type-II superconductor. When dealing
with the magnetic susceptibility data, a demagnetization fac-
tor N was estimated using the relationship —b = 1/[4m (1 —
N)] [25]. Here, we obtain a value of N =0.53 for our
sample by fitting the field-dependent measurements of the
magnetization to a line (M = bH +a) in the low-field
region [25].

In the normal state, TasRh,C;_s shows a Pauli param-
agnetic behavior, as confirmed by the magnetization mea-
surement between 10 and 300 K in an external field of
uoH = 1T (see Supplemental Material, Fig. S3 [23]). To
estimate the lower critical field H.;, we performed a se-
ries of field-dependent measurements of the magnetization in
low fields below the critical temperature T, as shown in S-
Fig. 4(a) of the Supplemental Material [23]. Here, we used the
magnetic-field point where the M (H) curve first deviates from
linearity as the measure for H.; [26]. With this approximation,
the obtained H., values are fitted using the semiempirical
formula

Ho(T) = Ho (O)[1 — (T /T.)*]. (1)

The lower critical field at 7 = 0K is determined to be
woH:1(0) = 9.4mT, as shown in Fig. S4(b) of the Supple-
mental Material [23]. After taking the demagnetization factor
N = 0.53 into account, the lower critical field is corrected to
be poH}(0) = 20mT.

We find the resistivity of TasRh,C;_s to decrease with
decreasing temperature, showing a metallic behavior. The
temperature-dependent electrical resistivity measurement of
the polycrystalline Ta4Rh,C;_s sample from 300 to 1.8 K
is shown in the Supplemental Material (see Fig. S5 [23]).
At a critical temperature 7 onser Of 7.2 K, Ta4RhyC;_; starts
to undergo a transition to a superconducting state and the
resistivity completely drops to zero at 6.0 K. Here, the residual
resistivity ratio (RRR) value of the annealed polycrystalline
sample is defined as p(300 K)/p(10 K) ~1.22, corresponding
to a poor metal behavior. This small RRR value may arise
from the polycrystalline nature of the sample. In Fig. 2(b), we
show the temperature- and field-dependent resistivity p(7', H)
in a temperature range from 7" = 2 to 9 K and magnetic fields
between poH = 0 and 9 T. We show that the resistivity drops
to zero at the transition to the superconducting state for all
applied fields. In zero field, we determine the critical tem-
perature to be T, = 6.4 K with a 50% criterion. As expected,
the critical temperature decreases steadily as the applied mag-
netic field increases. However, the critical temperature is only
suppressed to 7. = 3.9 K in the maximal applied field of 9 T,
which is already evidence of the remarkably high upper criti-
cal field of this superconductor.

In Fig. 2(c), we present the temperature- and field-
dependent specific heat C(T,H) in the vicinity of the
superconducting transitions, where the data are plotted as
C/T versus T in magnetic fields between uoH =0 and 9 T.
The specific-heat jumps corresponding to the superconducting
transitions are well pronounced in all measured fields, and
shift to lower temperatures, which are in good agreement
with the results from the resistivity measurements. At zero
field, the specific-heat jump temperature corresponding to the
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FIG. 3. (a) Upper critical field woH, of TasRh,C,_s. Data
points from field- and temperature-dependent resistivity using the
10%, 50%, 90% criteria, and specific-heat capacity measurements
are shown. The data points were fitted using Eq. (6). The pre-
sented weak-coupling BCS Pauli limit Hp,,; ~ 1.86 [T/K] x T, was
calculated using 7. values from the 50% criterion of resistivity.
(b) Comparison of TaysRh,C,_s in T; and poH(0) with previously
reported n-carbide-type superconductors and superconductors con-
taining Ta.

superconducting transition is determined to be 7. = 6.0K
based on an entropy-conserving construction, as shown in the
inset of Fig. 2(c).

In the normal state—close to the superconducting
transition—the specific heat can be fitted according to the
expression

C(T) Ca+Cpn
T T

=y +pT7 2)
where y is the Sommerfeld coefficient, corresponding to the
electronic contribution to C(T'), and BT is the phonon con-
tribution to the specific heat. Here, we obtain the y to be
20.9 mJ mol~! K=2, and the 8 to be 0.707 mJ mol~' K—* for
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FIG. 4. Electronic structure of TayRh,C,_s calculated with
GGA + SO. (a) Overview and (b) detail of the band structure and
density of states. Pink shading indicates the range 0 < § < 0.15.

TasRh,C;_s (see Supplemental Material, Fig. S6 [23]). With
the above obtained 7; and y values, the normalized specific-
heat jump is found to be AC/yT. = 1.56 in the zero field,
which is slightly larger than the weak-coupling BCS value of
1.43 and evidence for the bulk nature of the superconducting
state in Ta4Rh,C_s.

We determined the Debye temperature to be ®p = 268K,
using the following relationship:

1274 \3
®D=< = nR) . 3)

Here, n = 7 is the number of atoms per formula unit, and R =
8.314 J mol~! K~! is the ideal gas constant.

The electron-phonon coupling constant A., can be esti-
mated from the Debye temperature, using the semiempirical
McMillan approximation [27],

. 1.04 + p* In(5
P (1 - 0.62u%)In (22

)

—1.04°

“4)

5
].45Tc)

Here, the Coulomb repulsion parameter u* is set to be 0.13
according to an empirical approximation that was widely used
in superconductors with similar elements (e.g., NbRh,B, and
TaRh;B,) [25,28-31]. Based on these values, the A, value for
TasRh,C;_; is calculated to be 0.71, which is smaller than the
0.83 for NbyRh,C;_;.

The measured y value corresponds to a density of states at
the Fermi level of D(E) of 5.23 states eV~ per formula unit
(f.u.) in TayRh,C;_s, when using the following relationship:

3
v )

D(Ep) = ———"———
(Er) T2kE(1 + Aep)

C. High upper critical field in Ta;Rh,C;_;

In Fig. 3(a), we present the field dependence of the critical
temperatures 7, determined from the resistivity measurements
using the common 10%, 50%, and 90% criteria, as well as
the specific-heat capacity as shown in Figs. 2(b) and 2(c)
(compare, e.g., Refs. [7,28,32]). When using the Ginzburg-
Landau (GL) formalism, the zero-temperature upper critical
field woH(0) for TayRh,Cy_s is determined to be 23.5,
20.7, 20.1, and 21.3 T for the 10%, 50%, and 90% criteria
of resistivity and the specific-heat capacity, respectively (see
Supplemental Material, Fig. S7 [23]). Usually, a Ginzburg-
Landau (GL) model fitting will give higher estimated upper
critical field values for the n-carbide structure-type supercon-
ductors [7,8,19].

Here, we make a conservative estimation of the upper
critical field poH:,(0) for TayRh,C;_s using the Werthamer-
Helfand-Hohenberg (WHH) formalism in the dirty limit
according to [7,33,34],

H.(0)
joH () = H0f12(©)

he (1), 6
with Af, being
BE (@) = (1 —1) = Ci(1 —1)* — G(1 —1)*, (7)

where t = T /T, (T, is the transition temperature at zero field),
while C; = 0.153 and C, = 0.152 are two parameters [34].
The zero-temperature upper critical field uoH.(0) is deter-
mined to be 19.3, 17.4, 16.9, and 17.7 T for the 10%, 50%,
and 90% criteria of resistivity and the specific-heat capacity,
respectively. All of these values exceed the corresponding
weak-coupling BCS Pauli paramagnetic limits of woHpayi ~
1.86[T/K] x T. = 12.5,11.9, 11.1, and 11.2 T, respectively.

In Fig. 3(b), we present a comparison of TayRh,C;_s with
previously reported superconductors containing Ta in 7; and
woH(0) evaluation [25,29,31,35-46]. The critical tempera-
ture T, of TayRh,C;_; is higher than most of the reported
Ta-based superconductors and its poH2(0) value is higher
than all the listed known superconductors, except the highly
anisotropic Ta,Pdg.9,Sg, when this material is measured with
the applied field vertical to the b axis [43]. Until now, reported
Ta-based superconductors with a poH(0) value higher than
the weak-coupling Pauli limit have been limited to TaRh,B,,
Talr,B,, TayPdg 9256, 4H, — TaSe,, Ta; V3.1 Sip9, and the qua-
sicrystal superconductor Ta;g¢Te [25,29,43—46]. All these
superconductors have highly anisotropic crystal structures. In
contrary to this, the crystal structure of Ta4Rh,C;_; is cu-
bic and centrosymmetric, which strongly reflects the unusual
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TABLE II. Summary of all the determined parameters of
TasRh,C,_s and the comparison with NbsRh,C,;_;.

Parameters Units TayRh,C_s NbsRh,C_s
Tom K 6.3 9.7
T.. K 6.4 9.8
Ton K 6.0 9.5
RRR 1.22 1.16
woH?, (0) mT 20 13.6
woH-(0) T 17.4 28.5
B mJ mol~' K~* 0.7 0.6
Y mJ mol~! K2 21 40
ep 0.71 0.83
Op K 268 283
EaL A 44 34
AGL A 1743 2252
KGL 40 66.2
AC/yT, 1.56 1.64
Dexp(Er) states eV~! /f.u. 5.23 9.32
Dea(Er) states eV~ /f.u. 5.45 9.63

Note: The woHZ (0) value for TayRh,C,_; is corrected with a demag-
netization factor.

nature of the Pauli limit violation in this material. It should be
noted that Ta4Rh,C;_s has the second-highest critical tem-
perature 7. and upper critical field poH:(0) values among
all reported n-carbide structure-type superconductors, to date
[7-9,47].

D. Parameters in the superconducting state of Ta;Rh,C;_;

The obtained upper critical field poH(0) value, together
with the lower critical field woHZ(0) value, can be used
to calculate other relevant superconducting parameters for
TayRh,C, _s. Here, the poHc,(0) value from the 50% criterion
is 17.4 T and it corresponds to a superconducting Ginzburg-
Landau coherence length of £ = 43.5 A according to the
following equation:

o)
L (®)
7 EGL
where ®¢ = h/(2e) ~ 2.0678 x 107 Wb is the quantum
flux. The superconducting penetration depth AgL can be es-

timated from the values of &g and woH, obtained above by
using the relation

toHe(0) =

HoH = 7 %2 ln<)£>. )
TAGL §6L

‘We obtained a value of Agr, = 1743 A for TasRh,C;_s. The
value of kgL = AgL/&gL is calculated to be 40. These values
demonstrate that TayRh,C_; is a type-II superconductor with
a short superconducting coherence length £, and a large
superconducting penetration depth AgL.

In Table II, we list all the parameters that we have obtained
for Tay,Rh,C;_s and compare them with its isostructural
superconductor NbsRh,C;_s. We find that the supercon-
ducting properties of TayRh,C;_s are similar to those of
NbsRh,C;_s, especially the high upper critical field exceed-
ing the weak-coupling Pauli limit. Therefore, Ta4Rh,C;_;s is
both isostructural and isoelectronic to its sister compound

NbsRh,C;_;. Previously, the isostructural and isoelectronic
Nb/Ta superconducting sister compounds pairs NbC-TaC
[39], NbRh;B, — TaRh,B; [25], and Nblr,B, — Talr,B, [29]
have been explored and compared. Here, Ta4Rh,C;_s and
NbsRh,C_;s represent a different pair of isostructural and
isoelectronic Nb/Ta superconducting compounds.

E. Electronic structure of TasRh,C;_;

We performed density functional theory calculations for
TasRh,C;_s based on the structure determined in this work
and given in Table I. Figure 4 shows the band structure
and density of states (DOS) of TayRh,C;_s. We perform the
calculation for § = 0, but we determine the amount of hole
doping that a carbon deficiency of § = 0.15 would entail; it
is marked by a pink region in Fig. 4. As Ta is chemically
similar to Nb, it is not surprising that the electronic struc-
ture of TayRh,C;_s does resemble the electronic structure of
NbsRh,C_s (see Ref. [7]). From the calculated DOS shown
in Fig. 4(b), the DOS at Er with § = 0.15 gives a theoretical
value of 5.45 states eV ™! /f.u., which is comparable with
the value of 5.23 states eV~'/f.u. calculated from the heat-
capacity measurement (see Table II). Similarly, in the previous
study on NbsRh,C_s, the DOS at Er with § = 0.3 provided
a theoretical value of 9.63 states eV ™! /f.u., which is close to
the experimentally derived value of 9.32 states eV ! /f.u. from
the heat-capacity measurement (see Ref. [7]).

We have also compared the effect of spin-orbit coupling on
the band structures of NbsRh,C and TasRh,C, respectively.
We find significantly stronger splitting of bands in Ta4Rh,C,
indicating stronger effects of spin-orbit coupling due to the
replacement of the 5d transition metal Ta for the 4d transition
metal Nb (see Supplemental Material, Fig. S8 [23]). In the
Supplemental Material [S-Figs. (9) and (10)], we present the
calculated Fermi surface of Nb4Rh,C_s with § = 0, and § =
0.15, respectively [23].

V. CONCLUSION

In summary, we have successfully synthesized a differ-
ent n-carbide superconductor Tay;Rh,C;_s by arc melting,
followed by the high-temperature annealing method. Our
x-ray diffraction measurements show that Tay,Rh,C;_; crys-
tallizes in the n-carbide structure type, and is isostructural
to the known superconductor NbsRh,C;_s. Our systematic
temperature-dependent magnetic susceptibility, resistivity,
and specific-heat capacity measurements show TasRh,C;_s
is a bulk superconductor with a critical temperature of 7. of
6.4 K, and a specific-heat jump value AC/yT; of 1.56, close
to the weak-coupling BCS value of 1.43.

It is indeed an extreme type-II superconductor with a
koL = AaL/&aL to be 40. The upper critical field poH»(0) of
17.4 T exceeds the weak-coupling BCS Pauli paramagnetic
limit of woHpu = 11.9T. All these intriguing properties
make TasRh,C;_s an exotic superconductor similar to its
sister compound NbyRh,C;_;s. In the future, the development
of improved preparation techniques to obtain single-phase or
even single-crystal samples of these n-carbide-type supercon-
ductors for the development of superconducting wires, but
also for an improved understanding of the underlying super-
conducting mechanism, is highly desired.
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