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Discovery of the type-II superconductor Ta4Rh2C1−δ with a high upper critical field1
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We report on the discovery of superconductivity in the compound Ta4Rh2C1−δ . Ta4Rh2C1−δ crystallizes in the1
η-carbide structure type, in the cubic space group Fd 3̄m (No. 227) with a unit cell parameter of a = 11.7947 Å.
Temperature-dependent magnetic susceptibility, resistivity, and specific-heat capacity measurements reveal that
Ta4Rh2C1−δ is a type-II bulk superconductor with a critical temperature of Tc = 6.4 K and a normalized specific-
heat jump �C/γ Tc = 1.56. Notably, we find that Ta4Rh2C1−δ has a high upper critical field of μ0Hc2(0) =
17.4 T, which exceeds the BCS weak-coupling Pauli limit of μ0HPauli = 11.9 T.

9
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14
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I. INTRODUCTION16

The discovery of new superconductors with enhanced17

properties for diverse applications remains a significant chal-18

lenge in condensed matter physics [1–4]. A crucial property19

for these applications is the upper critical field μ0Hc2(0),20

which is essential for technological applications [5]. When an21

external magnetic field is applied to a superconductor, Cooper22

pairs may break due to two effects: the orbital-limiting effect,23

which induces a momentum leading to a supercurrent that24

exceeds the superconducting gap, and the Pauli paramagnetic25

effect (Zeeman effect), where the Zeeman energy surpasses26

the superconducting condensation energy [6]. Near the critical27

temperature Tc, the orbital-limiting effect dominates, while the28

Pauli paramagnetic effect is more significant at lower tem-29

peratures. In BCS theory, the maximum μ0Hc2(0) is limited30

by the Pauli paramagnetic effect, known as the Pauli para-31

magnetic limit μ0HPauli, given as μ0HPauli ≈ 1.86 [T/K] × Tc32

[6]. Several superconductors with the η-carbide-type crystal33

structure have recently been found to violate the Pauli param-34

agnetic limit, exhibiting very high upper critical fields [7–9].35

The η-carbide-type compounds crystallize in the cubic36

space group Fd 3̄m, and commonly form with compositions37

of A4B2X and A3B3X , where A and B stand for transition38

metals, and X for carbon, nitrogen, or oxygen [10–13]. The39

η-carbide-type compounds consist of more than 100 known40

members with combinations of different technologically use-41

ful properties such as high hardness, high thermal stability,42

rich variety of magnetic states, exotic electronic properties,43

and catalytic properties [14–16]. One of the most striking44

characteristics of η-carbide compounds is that they exist over45

*Contact author: fabian.vonrohr@unige.ch
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wide ranges of chemical compositions and allow for a high 46

degree of atomic substitutions [17]. In this structure type, 47

tuning of the chemical composition allows for modifying and 48

controlling of the physical properties in a wide range. Hence, 49

the flexibility and tunability of the η-carbide structure provide 50

numerous opportunities to achieve new quantum materials 51

with intriguing physical properties. 52

Among the systematically investigated η-carbide-type su- 53

perconductors, Ti4Co2O, Ti4Ir2O, Nb4Rh2C1−δ , and Zr4Pd2O 54

were found to have μ0Hc2(0) larger than the weak-coupling 55

Pauli limit, where μ0HPauli ≈ 1.86 [T/K] × Tc [7–9,18]. 56

These isostructural superconductors share many electronic 57

property features; therefore, it is likely they also share a 58

common origin for the unusually high upper critical fields. 59

Recently, in the high-field region of Ti4Ir2O, signatures for 60

a Fulde-Ferrell-Larkin-Ovchinnikov state have been observed 61

and μSR measurements have revealed a small superfluid 62

density in the superconducting state of Ti4Ir2O [19]. Both 63

observations point towards unconventional superconductivity 64

in this family of materials. Therefore, the η-carbide family of 65

compounds has become a fertile ground for the discovery of 66

novel superconducting materials. 67

Here, we report on the discovery of superconductivity in 268

the η-carbide compound Ta4Rh2C1−δ . We find Ta4Rh2C1−δ 69

to crystallize in the η-carbide structure type with a unit cell 70

parameter of a = 11.7947 Å. Furthermore, we show that this 71

compound is a type-II bulk superconductor with a critical 72

temperature of Tc = 6.4 K and a specific-heat jump �C/γ Tc 73

of 1.56. Moreover, we find that Ta4Rh2C1−δ—like some other 74

η-carbide superconductors—has a very high upper critical 75

field of μ0Hc2(0) of 17.4 T, which exceeds the weak-coupling 76

Pauli paramagnetic limit μ0HPauli of 11.9 T. 77

II. EXPERIMENTAL DETAILS 78

Synthesis. Polycrystalline Ta4Rh2C1−δ was synthesized 79

from nearly stoichiometric amounts of the elements using 80

tantalum powder (99.99%, Alfa Aesar), rhodium powder 81
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(99.95%, Strem Chemicals), and carbon rod (99.999%,82

Sigma-Aldrich). A total mass of 150 mg of starting mate-83

rial was used. The reactants were thoroughly mixed in an84

agate mortar and pressed into a pellet. The pellet was first85

melted in an arc furnace in a purified argon atmosphere on86

a water-cooled copper plate. The sample was flipped over and87

molten five times to ensure an optimal homogeneity. After arc88

melting, only a small mass loss of approximately 1% was89

observed. The very hard solidified melt ingot was crushed90

into small particles in a tungsten carbide mortar and ground91

to fine powders in an agate mortar and pressed into a pellet.92

The pellet was wrapped with thin Ta foil, sealed in a quartz93

tube under a 1/3 partial argon, and annealed in a furnace for94

4 days at 1200 ◦C. After reaction, the quartz tube was cooled95

down to room temperature by quenching in water.96

Structure and composition. The crystal structure and phase97

purity of the sample were checked using powder x-ray98

diffraction (PXRD) measurements on a Rigaku SmartLab99

diffractometer with Cu Kα radiation in Bragg-Brentano re-100

flection geometry. The PXRD patterns were collected in101

the 2� range of 5–120◦ with a scan rate of 0.25◦/min.102

Rietveld refinements were performed using the FULLPROF103

program package [20]. The chemical composition of the104

polycrystalline samples was examined under a scanning105

electron microscope (SEM) (JEOL JSM-IT800 operated at106

15 keV) equipped with an energy-dispersive x-ray (EDX)107

spectrometer.108

Physical property measurements. Temperature- and field-109

dependent magnetization measurements were performed on110

a Quantum Design magnetic properties measurement sys-111

tem (MPMS3) with a 7 T magnet equipped with a vibrating112

sample magnetometry (VSM) option. The measured pellet113

was placed parallel to the external magnetic field to min-114

imize the demagnetization effects in the superconducting115

state. The electrical resistivity and specific-heat capacity mea-116

surements were conducted in a Quantum Design physical117

property measurement system (PPMS) with a 9 T magnet.118

For the resistivity measurements, the four-probe technique119

was employed with gold wires connected to the sample with120

silver paint. Specific-heat measurements were performed with121

the Quantum Design heat-capacity option, using a relaxation122

technique.123

Electronic structure calculations. We performed density124

functional theory (DFT) calculations based on the full po-125

tential local orbital (FPLO) basis set [21] to understand the126

electronic structure of Ta4Rh2C1−δ . Due to heavy elements127

Ta and to some extent Rh, spin-orbit coupling is expected128

to be strong in Ta4Rh2C1−δ , and we use fully relativis-129

tic calculations with the generalized gradient approximation130

exchange-correlation functional [22] to account for the spin-131

orbit-coupling effects in the electronic structure. We converge132

the calculations on 16 × 16 × 16 k meshes.133

III. RESULTS AND DISCUSSION134

IV. SYNTHESIS135
3

Here, we report the η-carbide compound Ta4Rh2C1−δ136

in the ternary Ta-Rh-C phase-space system. We have ob-137

tained polycrystalline Ta4Rh2C1−δ as a silver-colored pellet.138

TABLE I. Atomic and cell parameters of Ta4Rh2C1−δ obtained
from Rietveld refinement of the room-temperature PXRD data.

Atom Site x y z Biso Occ.

Ta1 16c 0 0 0 1.13(1) 1
Rh 32e 0.21185(7) 0.21185(7) 0.21185(7) 0.77(3) 1
Ta2 48 f 0.44067(7) 0.125 0.125 1.13(1) 1
C 16d 0.5 0.5 0.5 1.1* 1

Fd 3̄m (no. 227); a = 11.7947(1) Å

Rp (%) = 5.97: Rwp (%) = 9.56; RBragg (%) = 5.43
Note: Here, *Biso is fixed to the refined overall value.

Achieving a phase-pure Ta4Rh2C1−δ sample proved to be 139

challenging. Direct high-temperature reactions of mechani- 140

cally mixed elements pressed into a pellet produced low- 141

quality samples with multiple phases. This is likely due to 142

the difficulty in homogeneously mixing the grains of the re- 143

actants. We found that arc melting the reactants was crucial, 144

even though the η-carbide phase was not present in the ingot 145

immediately after arc melting, but seems to allow for opti- 146

mal mixing of the elements (see Supplemental Material, Fig. 147

S1 [23]). In preparative chemistry, the synthesis of phase- 148

pure ternary η-carbides is generally known to be challenging 149

[11,24]. In a series of synthesis experiments, the highest- 150

purity final samples were obtained with a starting ratio of 151

Ta:Rh:C as 3.85:2.15:0.85. Deviation from this compositional 152

ratio or from the annealing temperature (1200 ◦C) resulted in 153

the formation of significant impurity phases. 154

A. Crystal structure 155

We find Ta4Rh2C1−δ to crystallize in the η-carbide-type 156

structure, with the cubic space group Fd 3̄m (no.227) with 157

the cell parameter of a = 11.7947(1) Å. This structure can 158

be rationalized as related compounds, e.g., Nb4Rh2C1−δ [a = 159

11.8527(2) Å] also crystallize in it. Here, the powder x-ray 160

diffraction technique was employed to identify the phase pu- 161

rity and cell parameters of the obtained samples. 162

The powder x-ray diffraction (PXRD) pattern and the cor- 163

responding Rietveld refinement of the obtained Ta4Rh2C1−δ 164

sample are presented in Fig. 1(a). Energy-dispersive x-ray 165

spectroscopy (EDS) analysis reveals a Ta:Rh ratio of 1.9(5):1 166

for the sample, which is close to the ideally stoichiometric 167

value of 2:1. Reliable quantification of the carbon content by 168

EDS is not possible and is challenging by x-ray diffraction as 169

well (see Supplemental Material [23]). Assuming only a neg- 170

ligible carbon loss during the arc-melting process, the carbon 171

content in Ta4Rh2C1−δ should be close to 0.85, i.e., the nomi- 172

nal composition, for the amount of carbon used for the purest 173

obtained sample. Rietveld refinement analysis determined that 174

the main phase, Ta4Rh2C1−δ , constitutes 96.5% of the sample, 175

with a minor impurity phase of Ta2O5 at 3.5%. Notably, the 176

formation of TaC as an impurity phase was not observed for 177

these synthesis conditions. Details on the Rietveld refinements 178

of Ta4Rh2C are summarized in Table I, assuming a model 179

η-carbide structure type, with the cubic space group Fd 3̄m 180

and Ta4Rh2C stoichiometry. 181

003000-2
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FIG. 1. (a) Rietveld refinements of the room-temperature PXRD
pattern of Ta4Rh2C1−δ . The plots are represented as follows: ob-
served (red dots), calculated (black line), and difference (blue line)
intensities. The Bragg positions of the main Ta4Rh2C1−δ phase
[96.5(4)%] and Ta2O5 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 Ta4Rh2C1−δ .

In Figs. 1(b)–1(e), we show the crystal structure of182

Ta4Rh2C1−δ in an ideal chemical stoichiometric general for-183

mula of Ta4Rh2C. In this η-carbide structure, Ta atoms occupy184

the 16c and the 48 f Wyckoff positions, Rh atoms occupy185

the 32e Wyckoff positions, and C atoms occupy the 16d186

Wyckoff positions. Even though there are only four Wyckoff187

positions required to describe the crystal structure, the unit188

nevertheless contains results in a total of 112 atoms and a189

formula of Ta64Rh32C16 for one unit cell. In Figs. 1(b) and190

1(c), the unit cell with all atoms is shown in two orientations.191

In Fig. 1(d), the connectivity of the Ta1 and Rh atoms is192

shown: the Ta1 atoms form a network of tetrahedra resulting193

in a stella quadrangla structure, while the Rh atoms arrange in194

isolated tetrahedra. The Ta2 atoms form a network of octahe-195

dra in which every second one is slightly distorted, as shown196

in Fig. 1(e), with the C atoms filling the octahedral voids.197

B. Physical properties198

To understand the physical properties of the η-carbide199

compound Ta4Rh2C1−δ , we performed temperature-200

FIG. 2. Superconducting properties of Ta4Rh2C1−δ . (a) Zero-
field-cooled (ZFC) and field-cooled (FC) temperature-dependent
magnetic susceptibility in a temperature range from T = 2 to 9 K.
(b) Field-dependent resistivity in the vicinity of the superconducting
transition in fields between μ0H = 0 and 9 T. (c) Field-dependent
specific heat in fields between μ0H = 0 and 9 T. Inset: Entropy-
conserving construction of the zero-field measurement.

dependent magnetic susceptibility, resistivity, and 201

specific-heat capacity measurements. 202

In Fig. 2(a), we observe a superconducting transition at 203

a critical temperature of Tc = 6.3 K in the temperature de- 204

pendence of the magnetic susceptibility in zero-field-cooled 205

(ZFC) and field-cooled (FC) modes under an external field 206

003000-3
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of μ0H = 2 mT, respectively. The difference between the207

FC and ZFC measurements in the superconducting state208

is prototypical for a type-II superconductor. When dealing209

with the magnetic susceptibility data, a demagnetization fac-210

tor N was estimated using the relationship −b = 1/[4π (1 −211

N )] [25]. Here, we obtain a value of N = 0.53 for our212

sample by fitting the field-dependent measurements of the213

magnetization to a line (M = bH + a) in the low-field214

region [25].215

In the normal state, Ta4Rh2C1−δ shows a Pauli param-216

agnetic behavior, as confirmed by the magnetization mea-217

surement between 10 and 300 K in an external field of218

μ0H = 1 T (see Supplemental Material, Fig. S3 [23]). To219

estimate the lower critical field Hc1, we performed a se-220

ries of field-dependent measurements of the magnetization in221

low fields below the critical temperature Tc, as shown in S-222

Fig. 4(a) of the Supplemental Material [23]. Here, we used the223

magnetic-field point where the M(H ) curve first deviates from224

linearity as the measure for Hc1 [26]. With this approximation,225

the obtained Hc1 values are fitted using the semiempirical226

formula227

Hc1(T ) = Hc1(0)[1 − (T/Tc)2]. (1)

The lower critical field at T = 0 K is determined to be228

μ0Hc1(0) = 9.4 mT, as shown in Fig. S4(b) of the Supple-229

mental Material [23]. After taking the demagnetization factor230

N = 0.53 into account, the lower critical field is corrected to231

be μ0H∗
c1(0) = 20 mT.232

We find the resistivity of Ta4Rh2C1−δ to decrease with233

decreasing temperature, showing a metallic behavior. The234

temperature-dependent electrical resistivity measurement of235

the polycrystalline Ta4Rh2C1−δ sample from 300 to 1.8 K236

is shown in the Supplemental Material (see Fig. S5 [23]).237

At a critical temperature Tc,onset of 7.2 K, Ta4Rh2C1−δ starts238

to undergo a transition to a superconducting state and the239

resistivity completely drops to zero at 6.0 K. Here, the residual240

resistivity ratio (RRR) value of the annealed polycrystalline241

sample is defined as ρ(300 K)/ρ(10 K) ≈1.22, corresponding242

to a poor metal behavior. This small RRR value may arise243

from the polycrystalline nature of the sample. In Fig. 2(b), we244

show the temperature- and field-dependent resistivity ρ(T, H )245

in a temperature range from T = 2 to 9 K and magnetic fields246

between μ0H = 0 and 9 T. We show that the resistivity drops247

to zero at the transition to the superconducting state for all248

applied fields. In zero field, we determine the critical tem-249

perature to be Tc = 6.4 K with a 50% criterion. As expected,250

the critical temperature decreases steadily as the applied mag-251

netic field increases. However, the critical temperature is only252

suppressed to Tc = 3.9 K in the maximal applied field of 9 T,253

which is already evidence of the remarkably high upper criti-254

cal field of this superconductor.255

In Fig. 2(c), we present the temperature- and field-256

dependent specific heat C(T, H) in the vicinity of the257

superconducting transitions, where the data are plotted as258

C/T versus T in magnetic fields between μ0H = 0 and 9 T.259

The specific-heat jumps corresponding to the superconducting260

transitions are well pronounced in all measured fields, and261

shift to lower temperatures, which are in good agreement262

with the results from the resistivity measurements. At zero263

field, the specific-heat jump temperature corresponding to the264

FIG. 3. (a) Upper critical field μ0Hc2 of Ta4Rh2C1−δ . 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 HPauli ≈ 1.86 [T/K] × Tc was
calculated using Tc values from the 50% criterion of resistivity.
(b) Comparison of Ta4Rh2C1−δ in Tc and μ0Hc2(0) with previously
reported η-carbide-type superconductors and superconductors con-
taining Ta.

superconducting transition is determined to be Tc = 6.0 K 265

based on an entropy-conserving construction, as shown in the 266

inset of Fig. 2(c). 267

In the normal state—close to the superconducting 268

transition—the specific heat can be fitted according to the 269

expression 270

C(T )

T
= Cel + Cph

T
= γ + βT 2, (2)

where γ is the Sommerfeld coefficient, corresponding to the 271

electronic contribution to C(T ), and βT 3 is the phonon con- 272

tribution to the specific heat. Here, we obtain the γ to be 273

20.9 mJ mol−1 K−2, and the β to be 0.707 mJ mol−1 K−4 for 274

003000-4
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FIG. 4. Electronic structure of Ta4Rh2C1−δ calculated with
GGA + SO. (a) Overview and (b) detail of the band structure and
density of states. Pink shading indicates the range 0 � δ � 0.15.

Ta4Rh2C1−δ (see Supplemental Material, Fig. S6 [23]). With275

the above obtained Tc and γ values, the normalized specific-276

heat jump is found to be �C/γ Tc = 1.56 in the zero field,277

which is slightly larger than the weak-coupling BCS value of278

1.43 and evidence for the bulk nature of the superconducting279

state in Ta4Rh2C1−δ .280

We determined the Debye temperature to be �D = 268 K,281

using the following relationship:282

�D =
(

12π4

5β
nR

) 1
3

. (3)

Here, n = 7 is the number of atoms per formula unit, and R =283

8.314 J mol−1 K−1 is the ideal gas constant.284

The electron-phonon coupling constant λep can be esti-285

mated from the Debye temperature, using the semiempirical286

McMillan approximation [27],287

λep = 1.04 + μ∗ ln
(

�D
1.45Tc

)
(1 − 0.62μ∗)ln

(
�D

1.45Tc

) − 1.04
. (4)

Here, the Coulomb repulsion parameter μ∗ is set to be 0.13 288

according to an empirical approximation that was widely used 289

in superconductors with similar elements (e.g., NbRh2B2 and 290

TaRh2B2) [25,28–31]. Based on these values, the λep value for 291

Ta4Rh2C1−δ is calculated to be 0.71, which is smaller than the 292

0.83 for Nb4Rh2C1−δ . 293

The measured γ value corresponds to a density of states at 294

the Fermi level of D(EF) of 5.23 states eV−1 per formula unit 295

(f.u.) in Ta4Rh2C1−δ , when using the following relationship: 296

D(EF) = 3γ

π2k2
B(1 + λep)

. (5)

C. High upper critical field in Ta4Rh2C1−δ 297

In Fig. 3(a), we present the field dependence of the critical 298

temperatures Tc determined from the resistivity measurements 299

using the common 10%, 50%, and 90% criteria, as well as 300

the specific-heat capacity as shown in Figs. 2(b) and 2(c) 301

(compare, e.g., Refs. [7,28,32]). When using the Ginzburg- 302

Landau (GL) formalism, the zero-temperature upper critical 303

field μ0Hc2(0) for Ta4Rh2C1−δ is determined to be 23.5, 304

20.7, 20.1, and 21.3 T for the 10%, 50%, and 90% criteria 305

of resistivity and the specific-heat capacity, respectively (see 306

Supplemental Material, Fig. S7 [23]). Usually, a Ginzburg- 307

Landau (GL) model fitting will give higher estimated upper 308

critical field values for the η-carbide structure-type supercon- 309

ductors [7,8,19]. 310

Here, we make a conservative estimation of the upper 311

critical field μ0Hc2(0) for Ta4Rh2C1−δ using the Werthamer- 312

Helfand-Hohenberg (WHH) formalism in the dirty limit 313

according to [7,33,34], 314

μ0Hc2(T ) = μ0Hc2(0)

0.693
h∗

fit (t ), (6)

with h∗
fit being 315

h∗
fit (t ) = (1 − t ) − C1(1 − t )2 − C2(1 − t )4, (7)

where t = T/Tc (Tc is the transition temperature at zero field), 316

while C1 = 0.153 and C2 = 0.152 are two parameters [34]. 317

The zero-temperature upper critical field μ0Hc2(0) is deter- 318

mined to be 19.3, 17.4, 16.9, and 17.7 T for the 10%, 50%, 319

and 90% criteria of resistivity and the specific-heat capacity, 320

respectively. All of these values exceed the corresponding 321

weak-coupling BCS Pauli paramagnetic limits of μ0HPauli ≈ 322

1.86 [T/K] × Tc = 12.5, 11.9, 11.1, and 11.2 T, respectively. 323

In Fig. 3(b), we present a comparison of Ta4Rh2C1−δ with 324

previously reported superconductors containing Ta in Tc and 325

μ0Hc2(0) evaluation [25,29,31,35–46]. The critical tempera- 326

ture Tc of Ta4Rh2C1−δ is higher than most of the reported 327

Ta-based superconductors and its μ0Hc2(0) value is higher 328

than all the listed known superconductors, except the highly 329

anisotropic Ta2Pd0.92S6, when this material is measured with 330

the applied field vertical to the b axis [43]. Until now, reported 331

Ta-based superconductors with a μ0Hc2(0) value higher than 332

the weak-coupling Pauli limit have been limited to TaRh2B2, 333

TaIr2B2, Ta2Pd0.92S6, 4Hb − TaSe2, Ta2V3.1Si0.9, and the qua- 334

sicrystal superconductor Ta1.6Te [25,29,43–46]. All these 335

superconductors have highly anisotropic crystal structures. In 336

contrary to this, the crystal structure of Ta4Rh2C1−δ is cu- 337

bic and centrosymmetric, which strongly reflects the unusual 338
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TABLE II. Summary of all the determined parameters of
Ta4Rh2C1−δ and the comparison with Nb4Rh2C1−δ .

Parameters Units Ta4Rh2C1−δ Nb4Rh2C1−δ

Tc,m K 6.3 9.7
Tc,r K 6.4 9.8
Tc,h K 6.0 9.5
RRR 1.22 1.16
μ0H∗

c1(0) mT 20 13.6
μ0Hc2(0) T 17.4 28.5
β mJ mol−1 K−4 0.7 0.6
γ mJ mol−1 K−2 21 40
λep 0.71 0.83
�D K 268 283
ξGL Å 44 34
λGL Å 1743 2252
κGL 40 66.2
�C/γ Tc 1.56 1.64
Dexp(EF) states eV−1/f.u. 5.23 9.32
Dcal (EF) states eV−1/f.u. 5.45 9.63
μ0Hc2(0)/Tc T/K 2.85 2.92

Note: The μ0H∗
c1(0) value for Ta4Rh2C1−δ is corrected with a demag-

netization factor.

nature of the Pauli limit violation in this material. It should be339

noted that Ta4Rh2C1−δ has the second-highest critical tem-340

perature Tc and upper critical field μ0Hc2(0) values among341

all reported η-carbide structure-type superconductors, to date342

[7–9,47].343

D. Parameters in the superconducting state of Ta4Rh2C1−δ344

The obtained upper critical field μ0Hc2(0) value, together345

with the lower critical field μ0H∗
c1(0) value, can be used346

to calculate other relevant superconducting parameters for347

Ta4Rh2C1−δ . Here, the μ0Hc2(0) value from the 50% criterion348

is 17.4 T and it corresponds to a superconducting Ginzburg-349

Landau coherence length of ξGL = 43.5 Å according to the350

following equation:351

μ0Hc2(0) = �0

2π ξ 2
GL

, (8)

where �0 = h/(2e) ≈ 2.0678 × 10−15 Wb is the quantum352

flux. The superconducting penetration depth λGL can be es-353

timated from the values of ξGL and μ0H∗
c1 obtained above by354

using the relation355

μ0H∗
c1 = �0

4πλ2
GL

ln

(
λGL

ξGL

)
. (9)

We obtained a value of λGL = 1743 Å for Ta4Rh2C1−δ . The356

value of κGL = λGL/ξGL is calculated to be 40. These values357

demonstrate that Ta4Rh2C1−δ is a type-II superconductor with358

a short superconducting coherence length ξGL and a large359

superconducting penetration depth λGL.360

In Table II, we list all the parameters that we have obtained361

for Ta4Rh2C1−δ and compare them with its isostructural362

superconductor Nb4Rh2C1−δ . We find that the supercon-363

ducting properties of Ta4Rh2C1−δ are similar to those of364

Nb4Rh2C1−δ , especially the high upper critical field exceed-365

ing the weak-coupling Pauli limit. Therefore, Ta4Rh2C1−δ is366

both isostructural and isoelectronic to its sister compound367

Nb4Rh2C1−δ . Previously, the isostructural and isoelectronic 368

Nb/Ta superconducting sister compounds pairs NbC-TaC 369

[39], NbRh2B2 − TaRh2B2 [25], and NbIr2B2 − TaIr2B2 [29] 370

have been explored and compared. Here, Ta4Rh2C1−δ and 371

Nb4Rh2C1−δ represent a different pair of isostructural and 4372

isoelectronic Nb/Ta superconducting compounds. 373

E. Electronic structure of Ta4Rh2C1−δ 374

We performed density functional theory calculations for 375

Ta4Rh2C1−δ based on the structure determined in this work 376

and given in Table I. Figure 4 shows the band structure 377

and density of states (DOS) of Ta4Rh2C1−δ . We perform the 378

calculation for δ = 0, but we determine the amount of hole 379

doping that a carbon deficiency of δ = 0.15 would entail; it 380

is marked by a pink region in Fig. 4. As Ta is chemically 381

similar to Nb, it is not surprising that the electronic struc- 382

ture of Ta4Rh2C1−δ does resemble the electronic structure of 383

Nb4Rh2C1−δ (see Ref. [7]). From the calculated DOS shown 384

in Fig. 4(b), the DOS at EF with δ = 0.15 gives a theoretical 385

value of 5.45 states eV−1/f.u., which is comparable with 386

the value of 5.23 states eV−1/f.u. calculated from the heat- 387

capacity measurement (see Table II). Similarly, in the previous 388

study on Nb4Rh2C1−δ , the DOS at EF with δ = 0.3 provided 389

a theoretical value of 9.63 states eV−1/f.u., which is close to 390

the experimentally derived value of 9.32 states eV−1/f.u. from 391

the heat-capacity measurement (see Ref. [7]). 392

We have also compared the effect of spin-orbit coupling on 393

the band structures of Nb4Rh2C and Ta4Rh2C, respectively. 394

We find significantly stronger splitting of bands in Ta4Rh2C, 395

indicating stronger effects of spin-orbit coupling due to the 396

replacement of the 5d transition metal Ta for the 4d transition 397

metal Nb (see Supplemental Material, Fig. S8 [23]). In the 398

Supplemental Material [S-Figs. (9) and (10)], we present the 399

calculated Fermi surface of Nb4Rh2C1−δ with δ = 0, and δ = 400

0.15, respectively [23]. 401

V. CONCLUSION 402

In summary, we have successfully synthesized a differ- 5403

ent η-carbide superconductor Ta4Rh2C1−δ by arc melting, 404

followed by the high-temperature annealing method. Our 405

x-ray diffraction measurements show that Ta4Rh2C1−δ crys- 406

tallizes in the η-carbide structure type, and is isostructural 407

to the known superconductor Nb4Rh2C1−δ . Our systematic 408

temperature-dependent magnetic susceptibility, resistivity, 409

and specific-heat capacity measurements show Ta4Rh2C1−δ 410

is a bulk superconductor with a critical temperature of Tc of 411

6.4 K, and a specific-heat jump value �C/γ Tc of 1.56, close 412

to the weak-coupling BCS value of 1.43. 413

It is indeed an extreme type-II superconductor with a 414

κGL = λGL/ξGL to be 40. The upper critical field μ0Hc2(0) of 415

17.4 T exceeds the weak-coupling BCS Pauli paramagnetic 416

limit of μ0HPauli = 11.9 T. All these intriguing properties 417

make Ta4Rh2C1−δ an exotic superconductor similar to its 418

sister compound Nb4Rh2C1−δ . In the future, the development 419

of improved preparation techniques to obtain single-phase or 420

even single-crystal samples of these η-carbide-type supercon- 421

ductors for the development of superconducting wires, but 422

also for an improved understanding of the underlying super- 423

conducting mechanism, is highly desired. 424
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