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Barium-rhodium silicide BaRhSi2 has been successfully synthesized using a high-pressure 

technique at 6GPa. X-ray Rietveld analysis and scanning transmission electron microscopy studies 

revealed that BaRhSi2 is isostructural to BaIrSi2, within the noncentrosymmetric space group C2221 

with the lattice parameters: a = 14.9777(1) Å, b = 8.0517(1) Å and c = 8.0551(1) Å. Electrical 

resistivity, magnetic moment, and specific heat measurements indicate that BaRhSi2 is a type-II 

superconductor with a critical temperature Tc ~ 5.1 K, an upper critical field Hc2(0) ~ 32 kOe and a 

Ginzburg-Landau parameter κGL ~ 56. The superconductivity is a Bardeen-Cooper-Schrieffer (BCS)-

like state with moderate electron-phonon coupling λep ~ 0.6 and weak electron correlation λee ~ 0.1. 

Phonon mediation seems to be dominant for the Cooper pairing. The ab initio calculations revealed 

that BaRhSi2 has three pairs of Fermi surfaces split by spin-orbit coupling. The band splitting energy 

is around ∆ASO ~ 0.03 eV near EF, which is rather smaller than that (~ 0.07 eV) in BaIrSi2. 
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I. INTRODUCTION 

 

There has been much interest in the electronic state and possible superconductivity associated with 

large spin-orbit coupling (SOC) in heavy element compounds such as the iridates [1]. In this sense, 

one of the recent topics of interest is “noncentrosymmetric superconductivity”, in which the crystal 

structure lacks spatial inversion symmetry. It has been theoretically predicted that the absence of 

inversion symmetry can lead to unconventional superconductivity [2-8]. In noncentrosymmetric 

systems, the asymmetric atomic positioning induces a local electric field gradient in the unit cells, 

which lifts the twofold spin degeneracy of the electronic band through the SOC and splits the Fermi 

surface into two spin-nondegenerate surfaces. When such an electron system is transferred into a 

superconducting state at low temperature, the Cooper pairs can be formed as a parity-mixed state, in 

which its wave function is composed of both the spin-singlet and -triplet characteristics with an 

admixture of even and odd parity. The parity-mixed state is expected to give rise to a two-component 

superconducting gap order parameter. The actual superconducting gap structure depends on the 

relative amplitudes and angular distributions of the singlet and triplet components. In some cases, line 

nodes can appear on a Fermi surface, yielding an anisotropic superconductivity [9, 10]. The nodal 

anisotropic gap structure can be detected by experiments such as nuclear-spin relaxation [11] and 

specific-heat measurements. In addition, the unusual electronic state can generate an extremely large 

upper critical field Hc2 beyond the Pauli limit. These phenomena are considered to be originally 

attributed to large antisymmetric spin-orbit coupling (ASOC) for noncentrosymmetric electron 

systems. 

The parity mixing state might be controllable by tuning the ASOC, which may possibly change 

the mixing ratio of the spin-singlet and -triplet pairing channel in some cases. This hypothesis is based 

on the report that for the Li2(Pd1−xPtx)3B system, stronger ASOC increases the spin-triplet component 

[12, 13]. In addition, electronic correlation also affects the superconducting state, since it often 

facilitates an interaction between the different pairing channels. In fact, the unusual large Hc2 can be 

observed in the strongly correlated heavy-fermion systems, CePt3Si [14], CeRhSi3 [15], and CeIrSi3 

[16]. In these systems, the large effective mass of electrons can lead to a greatly enhanced orbital limit 

of Hc2, making it easier to see if Pauli limit of Hc2 is missing due to ASOC. Another curious aspect is 

time-reversal symmetry breaking (TRSB) in superconductivity, as it suggests the presence of complex 

order parameters in the anisotropic superconducting state. TRSB can be detected by muon spin 

rotation (µSR) experiments. To date, only a few noncentrosymmetric superconductors have been 

found to exhibit TRSB, such as LaNiC2 [17], Re6Zr [18], Zr3Ir [19], etc. Our primary interest lies in 

the relationship between ASOC and parity-mixed states, as well as TRSB in asymmetric 

superconductivity. So far, many superconductors without centrosymmetry in their crystal structures 

have been known; however, there are not so many that exhibit anomalous features characteristic of the 
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anisotropic superconducting state essentially caused by the spatial inversion symmetry breaking. The 

fact that there are a few materials exhibiting the intrinsic properties of noncentrosymmetric 

superconductivity makes it difficult to clarify the essential role of ASOC and electron correlation in 

noncentrosymmetric superconductivity. It is therefore required to search for more superconductors 

with spatial inversion symmetry breaking, which is expected to trigger further progress in 

understanding of noncentrosymmetric superconductivity. 

In 2019, the present authors reported the BaIrSi2 (Tc ~ 6 K) superconductor with a unique 

noncentrosymmetric crystal structure [20]. It was found that the crystal structure contains significantly 

distorted Ir-Si polyhedrons, which are responsible for the ASOC arising from an asymmetric crystal 

field around the Ir atom. In fact, ab initio density function theory (DFT) calculations showed that 

BaIrSi2 has Fermi surfaces that split into two due to ASOC. It is interesting to look for family 

compounds with the same structure as BaIrSi2, to see the effect of ASOC on the superconducting 

ground state. As a result of many trials of various materials, we have recently succeeded in 

synthesizing a related compound, BaRhSi2. In this paper, we report details of the crystal structure, the 

superconducting properties, and the DFT electronic structure of the noncentrosymmetric 

superconductor BaRhSi2. We compare BaRhSi2 with BaIrSi2, in terms of the superconducting 

parameters and the size of Fermi surface splitting due to ASOC. 

 

 

II. EXPERIMENTAL DETAILS 

 

Polycrystalline samples of BaRhSi2 were prepared from a stoichiometric mixture of the reagents, 

BaSi2 (2N) and Rh (3N) powders, by solid-state reaction using the high-pressure synthesis technique. 

The mixture was pressed into a pellet 6.9 mm in diameter and ~4mm in thickness (weight: ~400 mg). 

The process steps of weighing, mixing and pellet formation were carried out in a glove box filled with 

dry argon gas to prevent oxidation. The pellets were placed in a high-pressure cell with a pressure 

medium of hexagonal boron nitride (h-BN) powder, and then reacted at 1,600 °C for 1 hour under 6 

GPa using a flat-belt-type high-pressure apparatus, followed by quenching to room temperature before 

pressure release. 

Phase purity and crystal structure of the products were studied using conventional powder x-ray 

diffraction (XRD). The XRD data were collected at room temperature using a diffractometer (Rigaku, 

SmartLab3) equipped with a Cu Kα radiation source. To confirm that the major phase in the ceramic 

sample is BaRhSi2, electron probe microanalysis (EPMA) was performed using a field-emission type 

analyzer (JEOL, JXA-8500F) operated at 15 kV; BaAl4, Rh, and Si were used as the standard materials. 

The crystal structure of BaRhSi2 was observed using a high-resolution scanning transmission electron 

microscope (STEM; FEI, Titan Cubed) operating at 300 kV, equipped with a spherical aberration (Cs-) 
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corrector (CEOS GmbH, DCOR). Customized software was used to improve the S/N ratio of the 

STEM images [21]. The structural parameters were refined by the x-ray Rietveld method using the 

RIETAN-FP analysis software [22]. Electrical resistivity was measured by the standard dc four-probe 

method with an excitation current of ~5 mA using a commercial instrument (Quantum Design, 

physical properties measurement system (PPMS)). The typical sample geometry parameters were ~2.2 

mm2 for a cross-section and ~0.6 mm in length between the voltage electrodes. Specific heat was 

measured on cooling for a small bulk specimen (weight: ca. 7.8 mg) using the time-relaxation method 

with the PPMS. Static magnetic data were collected for a pulverized sample (weight: ca. 92 mg) using 

a SQUID magnetometer (Quantum Design, magnetic properties measurement system (MPMS)). 

The ab initio electronic structure calculations were performed by means of the full-potential 

linearized augmented plane-wave (FLAPW) method using the WIEN2k software package [23, 24]. 

The generalized gradient approximation (GGA) [25], based on the DFT [26], was employed as the 

exchange-correlation energy functional. The spin-orbit interaction is included as a perturbation to the 

scalar-relativistic equations. Experimental lattice parameters and atomic coordinates were used for the 

calculation. The muffin-tin sphere radii (R) were chosen as 2.5 a.u. for Ba, 2.4 a.u. for Rh, and 1.83 

a.u. for Si. The self-consistent calculations were converged well with the wave-number cutoff 

parameter K, satisfying Rmin × K = 7, where Rmin is the smallest muffin radius of 1.83 a.u. The Brillouin 

zone (BZ) integration for self-consistent calculations was approximated by a tetrahedron method with 

the BZ divided into 8 × 8 × 7 uniform mesh, resulting in 80 k-points in the irreducible Brillouin zone 

(IBZ). For the density of states (DOS) and the Fermi-surface plot, eigen-energies were computed using 

up to 28 × 28 × 24 mesh, consisting of 2,743 k-points in the IBZ. 

 

 

III. RESULTS AND DISCUSSION 

 

A. Crystal structure 

Figure 1 (a) shows a powder XRD profile of the sample. The sample is nearly monophasic; most 

of the Bragg peaks in the XRD profile are assignable to BaRhSi2 [27]. The reflections can be 

systematically indexed with a C-centered orthorhombic Bravais lattice of a = 14.9777(1) Å, b = 

8.0517(1) Å, and c = 8.0551(1) Å. Extinctions of the reflections are h + k = 2n for hkl, k = 2n for 0kl, 

h = 2n for h0l, h + k = 2n for hk0, h = 2n for h00, k = 2n for 0k0, and l = 2n for 00l. Possible space 

groups are, therefore, only noncentrosymmetric C2221 (No. 20). The space group, the lattice 

parameters, and the intensity pattern are similar to those of BaIrSi2 (C2221, a = 15.0492(1) Å, b = 

8.0311(1) Å, and c = 8.0314(1) Å [20]), obviously suggesting that the present compound BaRhSi2 is 

isostructural to BaIrSi2. The atomic composition of the phase was measured using the EPMA method 

for selected ten crystal grains in the ceramic sample. The average molar ratio of Ba : Rh : Si (= 24.2(3) : 
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24.1(2) : 51.7(5) at. %) is nearly 1 : 1 : 2. This ensures that the observed phase is BaRhSi2. 

The crystal structure of BaRhSi2 was more precisely studied using the Rietveld analysis of the 

XRD data. The initial structure model was assembled with reference to the structure of BaIrSi2. Figure 

1 (a) is the x-ray profile of the Rietveld refinement, where resultant reliability factors are RWP = 6.89 %, 

RB = 1.29 %, RF = 0.50 %, and S = RWP/Re = 0.949. The observed XRD pattern is reproduced by the 

analysis with the proposed structure model. The refined structure parameters of BaRhSi2 are 

summarized in Table 1. Figure 1 (b) is an illustration of the crystal structure of BaRhSi2, depicted 

using the refined coordinates. The structure contains two kinds of Si polyhedrons surrounding Rh 

atoms. The coordination structures of the Rh-Si4 tetrahedron and the Rh-Si6 octahedron, along with 

the Rh–Si bond lengths, are shown on the right in Fig. 1 (b). The octahedron involves significant local 

distortion, which should induce an asymmetric crystal field around the Rh2 atoms, presumably giving 

rise to ASOC in BaRhSi2. 

The crystal structure of BaRhSi2 was directly observed using STEM. Figures 2 (a-d) are annular 

dark-field (ADF) images taken along the [001], [010], [011], and [101] directions, respectively. The 

crystal structure model viewed along the corresponding direction is also shown in Fig. 2. The atomic 

arrangement patterns of the structure model are consistent with the observed STEM-ADF lattice 

images. Rh and Ba atoms are clearly observable as bright spots in all the images, while Si atoms are 

dark and inconspicuous in the images. In fact, in Figs. 2 (a) and 2 (b), Si atoms are invisible because 

they are situated beside prominent spots of Ba and Rh atoms. Nevertheless, in Figs. 2 (c) and 2 (d), Si 

atoms are obscure spots but faintly observable. In Fig. 2 (c), dim spots (Si) are situated at one of the 

inline three atoms (Ba–Rh–Si) along the a-axis in the hexagonal pattern. Also, in Fig. 2 (d), obscure 

spots (Si) are detectable inside the triangles of the bright Rh atoms. In these images (Figs. 2 (c) and 2 

(d)), the Si atoms are superimposed on each other as a line along the projection direction, enhancing 

their spot intensity. On the other hand, it was also observed that in Fig. 2 (c) the atomic arrangement 

is vertically asymmetric, suggesting that there is no mirror plane perpendicular to the a-axis in the 

crystal symmetry; this validates the noncentrosymmetric structure of BaRhSi2. 

 

B. Superconducting properties 

Figure 3 (a) shows the temperature (T) dependence of electrical resistivity (ρ) under the magnetic 

fields H = 0 and 55 kOe. A superconducting transition occurs at the critical temperature Tc ~ 5 K at 

zero field, while the superconductivity disappears under H = 55 kOe. In the normal state (T > Tc), T-

dependence of the resistivity exhibits metallic behavior like a Bloch-Grüneisen type. No 

magnetoresistance was observed. The large residual resistivity (ρ0 ~ 0.35 mΩcm) and rather low 

relative resistance ratio (ρ300K/ρ0 ~ 5.8) suggest that impurities, lattice imperfections, and/or grain 

boundary scattering dominate electron conduction at low temperatures. This implies a short mean free 

path l. Figure 3 (b) is the T-dependence of the electrical resistivity below 8 K under various magnetic 
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fields. When H = 0, the onset Tc (= Tconset) is ~5.5 K, and the zero-resistivity Tc (= Tc0) is ~4.7 K. 

Application of the magnetic fields gradually suppresses the superconductivity. At H = 35 kOe, the 

superconducting transition is almost invisible at 1.9 K. 

Figure 4 (a) shows the T-dependence of magnetic susceptibility χ (~ M/H). The diamagnetic 

signals due to the superconducting transition appear below ~5.2 K (onset Tc). The bulk Tc is ~5.0 K. 

The magnetic susceptibility value for the shielding effect at 1.8 K is –1.46 × 10-2 emu/g (= –8.85 × 10-

2 emu/cm3), which is almost equal to the full-volume Meissner signal –1/4π. The large signal ensures 

that the observed superconductivity is a bulk phenomenon originating from BaRhSi2. Figure 4 (b) is 

the M-H hysteresis curve for the superconducting state at 1.8 K. The behavior of the M-H curve is 

typical of a type-II superconductor. 

Specific heat (Cp) data for BaRhSi2 are plotted as Cp/T versus T2 in Fig. 5 (a). When H = 0, a 

superconducting transition with a specific-heat jump was observed around Tconset ~ 5.4 K (T2 ~ 29.5 

K2). Tc gradually decreases with increasing H, and the superconductivity is completely suppressed at 

50 kOe. At a low-temperature limit, the specific heat for the normal state can be expressed by 

summation of the electronic term and lattice term as follows: 

𝐶𝐶p ∼ 𝐶𝐶v = 𝛾𝛾𝑛𝑛𝑇𝑇 + 12𝜋𝜋4

5
𝑟𝑟𝑁𝑁A𝑘𝑘B �

𝑇𝑇
Θ𝐷𝐷
�
3
,   (1) 

where γn, ΘD, NA, kB, and r denote Sommerfeld constant, Debye temperature, Avogadro’s number, 

Boltzmann constant, and the number of atoms per molecule, respectively. From the linear 

extrapolation of the least-squares fit of the H = 50 kOe dataset at low temperatures (T < 3 K), the 

Sommerfeld constant γn ~ 5.2 mJ/mole-K2 and Debye temperature ΘD ~ 308 K were determined. 

Figure 5 (b) shows the Cel/T vs T plots under various magnetic fields. The low-temperature curve 

(solid line) below 1.9 K was expected by tentatively assuming a BCS-type superconductor [28]. The 

curve satisfies the requirement that the entropy of the normal state and the superconducting state are 

equal at Tc; i.e., 𝛾𝛾𝑛𝑛𝑇𝑇𝑐𝑐 = ∫ 𝐶𝐶𝑒𝑒𝑒𝑒
𝑇𝑇

𝑇𝑇𝑐𝑐
0 𝑑𝑑𝑑𝑑. By idealizing the specific-heat jump to ensure entropy balance 

around the transition, the bulk thermodynamic critical temperature was determined as Tcbulk = 5.1 K at 

H = 0. For the H = 0 curve, the magnitude of the normalized ideal specific-heat jump at Tcbulk is 

∆Cel/γnTc ~ 1.43. This value agrees with the value of 1.43 for a BCS prediction, suggesting that 

BaRhSi2 is in the category of weak-coupling superconductors. 

For conventional BCS-type superconductors, the strength of the Cooper pairing can be evaluated 

with the electron-phonon coupling constant λep. In this study, λep was estimated using the McMillan’s 

formula [29]: 

𝑇𝑇c = � ΘD
1.45

� 𝑒𝑒𝑒𝑒𝑒𝑒 �− 1.04�1+𝜆𝜆ep�
𝜆𝜆ep−𝜇𝜇∗�1+0.62𝜆𝜆ep�

�,   (2) 

where µ* is a Coulomb pseudopotential parameter and 0.13 is often used as a standard value [30]. 

Using the experimental values ΘD (= 308 K) and Tc (= 5.1 K), we estimated the moderate value λep ~ 
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0.6. In solids, effective mass of electrons, i.e., Sommerfeld constant γn, is enhanced not only by 

electron-phonon interaction but also by electronic correlation. The electron-electron coupling constant 

λee has been estimated using the following formula: 
𝛾𝛾n = 1

3
𝜋𝜋2𝑘𝑘B2𝑁𝑁(𝐸𝐸F)�1 + 𝜆𝜆ep�(1 + 𝜆𝜆ee),   (3) 

where N(EF) is the DOS of the electronic bands. For BaRhSi2, N(EF) was estimated to be ~7.5 

states/eV/f.u. using the ab initio DFT calculation. (See the section, III C.) Substituting this value (7.5 

states/eV/f.u.) for N(EF) into Eq. 3, λee ~ 0.1 was determined. The small λee value suggests a 

conventional Fermi liquid behavior with weak electron correlation. Therefore, phonon mediation 

seems to dominate Cooper pairing in BaRhSi2. 

Figure 5 (c) shows the Cel vs T plots under various magnetic fields. In general, in a superconducting 

state, heat is carried by thermally excited quasi-particles. Low-temperature electronic specific heat, 

therefore, reflects its gap structure. For example, the uniform gap (isotropic gap) structure leads to a 

thermal activation type temperature dependence on the specific heat (i.e., Cel ∝  exp(–∆/kBT)), 

whereas for a line-nodal gap (anisotropic gap) state, the specific heat is predicted to be proportional to 

T-square (i.e., Cel ∝ T2) at low temperatures [31]. Figure 5 (d) (main panel) shows Cel(T) at H = 0 in 

the superconducting state (T < Tc), where Cel and T are normalized by γnTc and Tc, respectively. The 

solid curve represents the theoretical T-dependence of Cel for ideal BCS uniform-gap superconductors 

by Mühlschlegel [28]. The Cel(T) data points (red open circles) are generally consistent with the 

theoretical curve. The inset shows a semi-logarithmic plot of the reduced electronic specific heat 

Cel/γnTc versus inverse reduced temperature Tc/T. This behavior suggests that the activation energy 

type thermal excitation is dominant at least within the mid temperature range of 0.37 < T/Tc < 0.8 for 

the superconducting state in BaRhSi2. However, the temperature range of this measurement is 

insufficient to conclusively confirm the fully gapped behavior in this superconducting system. For 

more detailed discussion of the gap structure and the Cooper pairing state, lower temperature 

measurements below Tc/3 are required. 

Figure 6 shows the relationship between the upper critical field Hc2 and the critical temperature Tc. 

In this plot, the data points of Tc(H) were obtained from the plots of T-dependent electrical resistivity 

ρ in Fig. 3 (b) and electronic specific heat Cel in Fig. 5 (b) under different magnetic fields. The value 

of Hc2 is slightly different depending on the definition of Tc (Tconset or Tcbulk) and the measured physical 

properties (ρ or Cel). In any datasets, Hc2 increases rapidly with decreasing temperature. From a rough 

visual extrapolation of the data plots towards lower temperatures, Hc2 appears to approach around 30 

~ 40 kOe at T = 0 K. In general, for type-II superconductors, the upper critical field Hc2(0) depends on 

both the Pauli limit HP and the orbital limit Horb. The Pauli limit HP is due to paramagnetic pair 

breaking, and corresponds to the magnetic field at which Zeeman splitting energy balances the 

superconducting condensation energy ∆0. Accordingly, HP can be given by 
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𝐻𝐻P = √2∆0

𝑔𝑔𝜇𝜇B�1−
𝜒𝜒s
𝜒𝜒n

,     (4) 

where g is g-value (= 2.0 for free electrons), µB is Bohr magneton, and χs and χn are spin 

susceptibilities of the superconducting state and Pauli spin susceptibility at Tc in the normal states, 

respectively [32]. For BaRhSi2, assuming spin-singlet Cooper pairs (χs(0) = 0) and the BCS gap 

parameter ∆0/kBTc ~ 1.764, the Pauli limit is tentatively estimated as HP = 1.857 × 104 Tc ~ 95 kOe. If 

the Cooper pairs include spin-triplet component (i.e., χs(0) ≠ 0), HP should be greater than 95 kOe. In 

either case, the expected value of Hc2(0) derived from the measured data is clearly less than 95 kOe. 

This suggests that the actual upper critical field is limited by orbital pair breaking; i.e., Hc2(0) = Horb. 

The Maki parameter αM is therefore roughly estimated as αM = √2 Horb/HP ~ 0.5 [33, 34]. 

Orbital limit Horb is pair breaking due to Lorentz force. Horb is derived from the Ginzburg-Landau 

(GL) theory as 

𝐻𝐻orb = Φ0
2𝜋𝜋𝜉𝜉2

,     (5) 

where Φ0 is fluxoid quantum and ξ is superconducting coherence length. According to the Werthamer-

Helfand-Hohenberg (WHH) theory for conventional weak-coupling BCS-type superconductors, the 

T-dependent Hc2(T) draws a gradual saturation curvature with decreasing T, and crosses the T = 0 K 

axis at a finite orbital limit HorbBCS, described as 𝐻𝐻orbBCS = 0.69 × �− �𝑑𝑑𝐻𝐻c2(𝑇𝑇)
𝑑𝑑𝑑𝑑

��
𝐻𝐻=0

�× 𝑇𝑇𝑐𝑐 for a dirty 

limit case (l << ξ) [35, 36]. For BaRhSi₂, the WHH curve expected from the initial gradient of Hc2 at 

H = 0 is shown as a dotted line in Fig. 6. However, it clearly does not fit the measured data points. 

Rather, its temperature dependence of the observed Hc2 appears to consistently curve upwards from Tc 

to temperatures around Tc/2. Such an enhancement of Hc2 seems to be unexplainable by the moderate 

electron-phonon coupling (λep ~ 0.6) in BaRhSi2 [37]. A similar behavior of the Hc2(T) curve has also 

been reported for some noncentrosymmetric compounds, such as CaIrSi3 [38]. Several theoretical 

models have been proposed to explain the enhancement of Hc2 with positive curvature, including the 

multi-gap state [39], Fermi surface anisotropy [40], pair-breaking scattering [41], and a local-pairing 

mechanism [42]. We analyzed the data using the following formula, which allows for an initial upward 

curvature of Hc2(T) in the vicinity below Tc [43]: 

𝐻𝐻𝑐𝑐2(𝑇𝑇) = 𝐻𝐻𝑐𝑐2(0) �1 − �𝑇𝑇
𝑇𝑇𝑐𝑐
�
3
2�

3
2

,   (6) 

where Tc is the transition temperature at zero magnetic field. In Fig. 6, the solid lines show the 

numerical fittings to the data measured on BaRhSi2. The fittings yield Hc2(0) ~32 kOe for the bulk 

value and ~42 kOe for the onset of the transition. 

Superconducting parameters of BaRhSi2 were estimated from the specific-heat data, assuming 

Hc2(0) = 32±10 kOe. The error bar (±10 kOe) originates from the approximate width of the transition, 
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and it propagates into errors in the calculated superconducting parameters. The thermodynamic critical 

field Hc(0) can be calculated from the free-energy difference between the superconducting and the 

normal states, given by the expression 1
8𝜋𝜋
𝐻𝐻𝑐𝑐2(0) = 𝐹𝐹n − 𝐹𝐹s = −1

2
𝛾𝛾n𝑇𝑇c2 + ∫ 𝐶𝐶el(𝑇𝑇)𝑇𝑇c

0 𝑑𝑑𝑑𝑑. The resultant 

Hc(0) is ~407 Oe. The normalized parameter γnTc2/Hc2(0) is ~0.168. Lower critical field Hc1(0) ~ 5±

1 Oe is obtained using the equation Hc2 = Hc1 × Hc2. The superconducting coherence length and 

penetration depth were estimated to be ξ ~ 10±1 nm and λL ~ 560±80 nm using the formulae Hc2 = 

Φ0/2πξ2 and Hc1 = Φ0/4πλL2, respectively. The Gintzburg-Landau parameter is κGL = λL/ξ ~ 56±17, 

indicating that BaRhSi2 is a typical type-II superconductor. These parameters are summarized in Table 

2 together with other physical properties determined in this work. The superconducting properties of 

BaRhSi2 are similar to those of the isostructural compound BaIrSi2. The Tc of BaIrSi2 is about 1 K 

higher than that of BaRhSi2, despite its smaller DOS at EF. This is probably due to the stronger 

electron-phonon interaction in BaIrSi2 than in BaRhSi2. 
 

C. DFT Electronic structure 

Figure 7 shows the electronic band structure of BaRhSi2 for scalar-relativistic calculations without 

SOC (Fig. 7 (a)) and relativistic calculations with SOC (Fig. 7 (b)). There is a small band gap (∆G ~ 

0.12 eV) at the Γ point just above EF. Energy bands cross EF, forming a metallic state in BaRhSi2, 

which is consistent with the experimental results of the resistivity and specific-heat measurements. 

Numerous narrow bands derived from Rh-4d orbitals are situated in the valence bands (E > –5.5 eV). 

The band structure in BaRhSi2 is similar to that in BaIrSi2 [20]. 

Figure 8 shows the partial and total DOS (N(E)) with SOC. The total DOS clearly indicates that 

there is a small band gap between the valence bands (–5.5 eV ≤ E ≤ +0.3 eV) and the unoccupied 

bands (E ≥ +0.42 eV). The Fermi energy (EF) is located near the top of the valence bands, giving a 

finite DOS at EF; N(EF) ~ 7.5 states/eV/f.u.. The EF is situated at the local minimum of the DOS, 

probably stabilizing the compound. The DOS calculation revealed that the valence bands are mainly 

derived from Rh-4d and Si-3p bonding orbitals. The Rh-4d orbitals show prominent DOS peaks 

around –5 eV ≤ E ≤ –2 eV, due to their narrow-band nature. The Si-3p orbitals, which have a relatively 

broad band character, are hybridized with the Rh-4d orbitals in the same energy range, forming the 

valence bands. The valence bands spread over the energy range beyond EF. As a result, the DOS at EF 

consists mainly of the Rh-4d and Si-3p hybridized orbitals. On the other hand, the unoccupied bands 

originate mainly from the Rh-4d and Ba-5d anti-bonding orbitals. The Ba-5d orbital is mainly 

distributed above EF. Its contribution to N(EF) is not so large. 

Figures 7 (a) and 7 (b) clearly show that SOC lifts the band degeneracy. At general k-points such 

as the X–Γ–Y, Y2–Y, and Γ–Z lines, a twofold spin-degenerating band splits into two sub-bands (bands 

without spin degeneracy) by SOC. In contrast, on the X2–Z–Y2 lines at the Brillouin zone boundary, 

the twofold band degeneracy remains even with SOC due to the crystal symmetry. The lower panels 
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of Fig. 7 are close-up views of the band structures near EF. When SOC is not included, there exist two 

bands crossing EF. As shown in Fig. 7 (a), the upper band crosses EF at the points A, B, and C, while 

the lower band crosses EF at the point D. On the X2–Z–Y2 lines, these two bands are being degenerate 

by crystal symmetry. They cross EF at the points E and F. In Fig. 7 (b), SOC lifts the band degeneracy 

to modify the Fermi surfaces. On the X2–Z–Y2 lines, the band splitting due to SOC is ∆SO ~ 0.04 eV 

near EF. On the X–Γ–Y, Y2–Y, and Γ–Z lines, ASOC splits the band into two sub-bands, which cross 

EF at adjacent two points, forming double Fermi surfaces. The band splitting due to ASOC is ∆ASO ~ 

0.03 eV near EF. The band splitting energies in BaRhSi2 are smaller than those (∆SO ~ 0.12 eV and 

∆ASO ~ 0.07 eV) in BaIrSi2. 

Figures 9 (a) and 9 (b) show the Fermi surfaces in BaRhSi2 without and with SOC, respectively. 

When SOC is not included (Fig. 9 (a)), there exist three Fermi surfaces. The first (green curved Fermi 

surface), which originates in the lower band, is situated around the A1 point. The second (brown curved 

Fermi surface), which originates in the upper band, is situated around the Z point. These Fermi surfaces 

combine together at the kz = ±1/2 Brillouin zone boundary. The third (small brown Fermi surface), 

which is also derived from the upper band, is an electron pocket situated around the midpoint on the 

Γ–Y axis. With SOC (Fig. 9 (b)), the Fermi surfaces split into two for each. At general k-points except 

on the kz = ±1/2 zone boundary, spin degeneracy of the Fermi surface has been solved by ASOC. In 

total, three pairs of Fermi surfaces split by SOC exist in the Brillouin zone. Most of the conduction 

electrons, except for kz = ±1/2, are free of spin degeneracy. Figure 9 (c) depicts kx-ky cross sections of 

the Fermi surfaces, without SOC (black broken lines) and with SOC (green and brown lines), where 

two calculation results have been superimposed on the sheet. The typical distance between two spin-

splitting Fermi surfaces in a kx-ky plane is ∆q ~ 0.04 nm-1, which is about a half of ~ 0.08 nm-1 in 

BaIrSi2. The difference in the Fermi surface splitting distance between the two isostructural 

compounds seems to be mainly due to the difference in the atomic numbers of the constituent elements, 
45Rh and 77Ir. The relativistic effect is smaller in BaRhSi2 than in BaIrSi2. 

 

 

IV. CONCLUSIOINS 

 

Noncentorsymmetric superconductivity is one of the recent central issues in the field of strongly 

correlated electron systems in physics. It is important to search for noncentrosymmetric 

superconductors for understanding the unconventional superconducting state. In this paper, we have 

reported the crystal structure, superconducting properties, and DFT electronic structure of a barium-

rhodium silicide BaRhSi2. 

BaRhSi2 crystallizes in an orthorhombic lattice with a noncentrosymmetric space group C2221 and 

the lattice constants, a = 14.9777(1) Å, b = 8.0517(1) Å and c = 8.0551(1) Å, which is isostructural to 
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BaIrSi2. The structure contains significantly distorted Rh-Si6 octahedrons responsible for ASOC that 

occurs through an asymmetric crystal field around the Rh atom. Electrical resistivity, magnetic 

moment and specific-heat measurements clearly indicate that BaRhSi2 is a type-II superconductor, 

with Tc ~ 5.1 K, Hc2(0) ~ 32 kOe, and κGL ~ 56. The Cooper pairing can be characterized with moderate 

electron-phonon coupling (λep ~ 0.6), and weak electron correlation (λee ~ 0.1). Phonon mediation 

seems to dominate Cooper pairing. 

The ab initio DFT calculation revealed that in BaRhSi2 the electronic state near EF mainly consists 

of the Rh-4d and Si-3p hybridized orbitals and the SOC lifts the band degeneracy. At general k-points 

except for the Brillouin zone boundary a two-fold spin-degenerating band splits into two sub-bands 

due to ASOC. The band-splitting energy is around ∆ASO ~ 0.03 eV near EF. There are three pairs of 

Fermi surfaces split by SOC. The typical distance between two spin-splitting Fermi surfaces in k-space 

is ∆q ~ 0.04 nm-1, which is about a half of ~ 0.08 nm-1 in BaIrSi2. The difference in the Fermi surface 

splitting distance between the two isostructural compounds seems to be mainly due to the difference 

in the atomic numbers of the constituent elements, 45Rh and 77Ir. The relativistic effect is smaller in 

BaRhSi2 than in BaIrSi2. Despite the Fermi-surface splitting due to ASOC, superconductivity in the 

noncentrosymmetric system BaRhSi₂ seems to be almost conventional, except for the anomalous 

enhancement of Hc2(T) with an upward curvature below near Tc. 
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Table 1. Atomic coordinates (x, y, z), isotropic displacement parameters B, and crystallographic 

data of BaRhSi2. 

 

Atom Site g a) x y z B (Å2) 

Ba1 4b 1 0 0.2433(3) 1/4 0.54(4) 

Rh1 4b 1 0 0.2385(4) 3/4 0.63(5) 

Ba2 4a 1 0.1379(1) 0 1/2 1.11(5) 

Ba3 4a 1 0.1321(1) 1/2 0 0.51(5) 

Rh2 8c 1 0.2208(1) 0.3776(4) 0.3747(4) 0.76(3) 

Si1 8c 1 0.2267(3) 0.1580(10) 0.1570(11) -0.93(11) 

Si2 8c 1 0.1022(4) 0.6053(20) 0.3892(21) 2.37(19) 

Si3 8c 1 0.1157(3) 0.9041(14) 0.1133(16) 0.00(14) 

Formula (asymmetric 

structure unit) 

Ba3Rh3Si6 

Molecular weight 889.211 

Space group C2221 (No. 20) 

Lattice constants a = 14.9777(1) Å, b = 8.0517(1) Å, c = 8.0551(1) Å, V = 971.42(2) 

Å3 

Z 4 

Density (calcd.) 6.080 g/cm3 

Temperature r.t. 

Wavelength 1.540593 Å (Cu Kα) 

R-factors RWP = 6.89 %, Rp = 5.27 %, RB = 1.29 %, RF = 0.50 %, S = RWP/Re = 

0.949 

Refinement software RIETAN-FP 
a) Occupancies for all the atoms are fixed to 1: g = 1. 
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Table 2. Superconducting parameters for BaRhSi2. The values for BaIrSi2 are also given as a matter 

of comparison. 

 

 BaRhSi2 (this work) BaIrSi2 [20] 

Onset critical temperature, Tconset 5.4 K 6.3 K 

Bulk critical temperature, Tcbulk 5.1 K 5.8 K 

Thermodynamic critical field, Hc(0) 407 Oe 490 Oe 

Upper critical field, Hc2(0) 32±10 kOe a) 60 kOe 

Lower critical field, Hc1(0) 5±1 Oe a) 4 Oe 

Coherence length, ξ 10±1 nm a) 7.4 nm 

Penetration depth, λL 560±80 nm a) 640 nm 

Ginzburg-Landau parameter, κGL 56±17 a) 87 

Specific-heat jump, ∆Cel(Tc)/γnTc 1.43 1.65 

Ratio of critical temperature and field, γnTc2/Hc2(0) 0.168 0.162 

Electron-phonon coupling constant, λep 0.6 0.8 

Electron-electron coupling constant, λee 0.1 0.2 

Density of states, N(EF) b) 7.5 state/eV/f.u. 6.8 state/eV/f.u. 

Residual resistivity ρ0 0.35 mΩcm 0.53 mΩcm 

Sommerfeld constant, γn 5.2 mJ/mole-K2 5.5 mJ/mole-K2 

Debye temperature, ΘD 308 K 305 K 
a) The error bars are based on the width of the superconducting transition. 
b) estimated by the ab initio DFT calculation. Formula unit: Ba6M6Si12 (M = Rh or Ir) 
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FIGURES 

 

FIG. 1. (Color online) 

(a) Powder x-ray diffraction (XRD) pattern (x-ray Rietveld analysis profile) of the BaRhSi2 sample: 

observed data (red crosses), calculated profile (green solid line), and its differences (blue solid line). 

The vertical tick marks indicate the Bragg angles for the majority phase BaRhSi2 (top row) and the 

small amounts of impurity phases, RhSi (second row), Ba2SiO4 (third row), and BaRhSi3 (bottom row). 

The refined structural parameters are summarized in Table 1. (b) The crystal structure of BaRhSi2. The 

ligands and bond lengths of the Rh1-Si tetrahedron and the Rh2-Si octahedron are shown on the right. 

 

FIG. 2. (Color online) 

STEM-ADF images for BaRhSi2, projected along the (a) [001], (b) [010], (c) [011], and (d) [101] 

directions. The atomic positions can be identified by comparing them with the crystal structure model 

viewed along the corresponding direction. 

 

FIG. 3. (Color online) 

(a) Temperature (T) dependence of electrical resistivity (ρ) under the magnetic fields H = 0 and 55 

kOe for a BaRhSi2 polycrystalline sample. Superconductivity occurs at Tc ~ 5 K under H = 0. (b) 

Magnetic-field response of the superconducting transition: H = 0, 2.5, 5, 7.5, 10, 15, 20, 25, 30, 35, 

40, 45, 50, and 55 kOe. The superconductivity is suppressed around H ~ 35 kOe at 1.9 K. 

 

FIG. 4. (Color online) 

(a) Temperature dependence of magnetic susceptibility χ (~ M/H) for BaRhSi2. The data were 

collected for a powder sample under H = 10 Oe in heating process after zero-field cooling (ZFC) and 

field cooling (FC). (b) Magnetization curve (M-H hysteresis curve) for the superconducting state at 

1.8 K. The inset shows magnifications of the low and high magnetic field regions.  

 

FIG. 5. (Color online) 

Specific heat for BaRhSi2, measured under the various magnetic fields H = 0, 2.5, 5, 7.5, 10, 12.5, 15, 

17.5, 20, 22.5, 25, and 50 kOe. (a) Cp/T vs T2 plots, where Cp is the measured value, and the solid 

straight line is a linear extrapolation of the least-squares fit of the data points below 3 K in the normal 

state at H = 50 kOe. The Sommerfeld constant is γn ~ 5.2 mJ/mole-K2, while the Debye temperature 

is ΘD ~ 308 K. (b) Electronic specific heat Cel/T vs T plots, where the solid line below 1.9 K is an 

expected curvature for a typical BCS-type superconductor [28]. The dashed line near Tc is an 

extrapolation of the dataset at H = 0, giving a bulk thermodynamic critical temperature Tcbulk = 5.1 K, 

and a normalized specific-heat jump ∆Cel/γnTc ~ 1.43. The electronic specific heat (Cel/T) 
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complemented by these curves satisfies the condition that the entropy of the superconducting state and 

the normal state coincide at Tc; i.e., 𝛾𝛾𝑛𝑛𝑇𝑇𝑐𝑐 = ∫ 𝐶𝐶𝑒𝑒𝑒𝑒
𝑇𝑇

𝑇𝑇𝑐𝑐
0 𝑑𝑑𝑑𝑑. (c) Electronic specific heat Cel vs T plots. (d) 

Dependence of the reduced electronic specific heat Cel/γnTc on the reduced temperature T/Tc at H = 0 

in the superconducting state (T/Tc < 1), where the solid line represents the theoretical curve for BCS 

superconductors by Mühlschlegel [28]. The inset shows a semi-logarithmic plot of the reduced 

electronic specific heat versus inverse of the reduced temperature. 

 

FIG. 6. (Color online) 

Upper critical field Hc2 plotted as a function of T. The data points are provided using the transition 

temperatures Tconset , Tcmid and Tc0 from the electrical resistivity measurements and Tconset and Tcbulk 

from the electronic specific heat measurements. The solid curves show the numerical data fit using the 

formula 𝐻𝐻𝑐𝑐2(𝑇𝑇) = 𝐻𝐻𝑐𝑐2(0)�1− (𝑇𝑇/𝑇𝑇𝑐𝑐)3/2�3/2, which allows for an initial upward curvature of Hc2(T) 
in the vicinity below Tc [43]. The fittings gives Hc2(0) ~32 kOe for the bulk value and ~42 kOe for the 

onset of the transition. The convex dotted line indicates the theoretical Hc2(T) curve for dirty-limit 

BCS weak-coupling superconductors given by Werthamer-Helfand-Hohenberg (WHH) [35, 36]. This 

curve does not meet the measured data points. 

 

FIG. 7. 

Electronic band structure of BaRhSi2: (a) scalar-relativistic calculations without SOC and (b) 

relativistic calculations with SOC. The lower panels show close-up views of the band structure near 

EF. The codes of the symmetry points (Γ, X, Y, Z, X2, and Y2) in the Brillouin zone are shown in Fig. 

9. The symbols (A) ~ (F) indicate the intersection points between the bands and the Fermi level EF. 

 

FIG. 8. (Color online) 

Total and partial electronic DOS of BaRhSi2, for the relativistic calculations with SOC. The values are 

for a primitive unit cell (i.e., a half of the conventional base-centered orthorhombic unit cell; f.u. = 

Ba6Rh6Si12). 

 

FIG. 9. (Color online) 

(a), (b) Fermi surface shapes in BaRhSi2 for the calculations without and with SOC, respectively. (c) 

kx-ky cross-sections of the Fermi surfaces without SOC (black broken lines) and with SOC (green and 

brown lines), where two calculation results have been superimposed on the sheet. The blue line 

indicates the irreducible Brillouin zone (IBZ). The labels indicate symmetry points for the 

orthorhombic base-centered lattice: Γ = (0,0,0), X = (1/2,0,0), Y = (0,1/2,0), Z = (0,0,1/2), X2 = 

(1/2,0,1/2), and Y2 = (0,1/2,1/2). 
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