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Superconductors with broken time-reversal symmetry represent arguably one of the most promising venues for
realizing highly sought-after topological superconductivity that is vital to fault-tolerant quantum computation.

Here, by using extensive muon-spin relaxation and rotation measurements, we report that the isostructural silicide
superconductors (Ta, Nb)OsSi spontaneously break time-reversal symmetry at the superconducting transition
while surprisingly showing a fully gapped superconductivity characteristic of conventional superconductors.
The first-principles calculations show that (Ta, Nb)OsSi are three-dimensional Dirac semimetals protected by
nonsymmorphic symmetries. Taking advantage of the exceptional low symmetry crystal structure of these
materials, we have performed detailed theoretical calculations to establish that the superconducting ground state
for both (Ta, Nb)OsSi is most likely a nonunitary triplet state.
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I. INTRODUCTION

Dirac or Weyl semimetals have attracted significant re-
search interest due to their exceptional physical properties
arising from the topologically protected gapless electronic
excitations [1,2]. Three-dimensional (3D) Dirac semimetals
are particularly interesting because they can induce novel
topological phases when symmetries are broken, e.g., a Dirac
semimetal transforms into a Weyl semimetal with time-
reversal symmetry (TRS) breaking [1]. However, research on
topological semimetals to date has been primarily focused on
characterizing the underlying nontrivial band topology, while
their interplay with correlated electronic states, such as novel
magnetism and unconventional superconductivity, remained
largely an uncharted territory. On the other hand, an inter-
esting class of unconventional superconductors includes the
ones that spontaneously break TRS in the superconducting
state [3] yet otherwise have properties similar to conventional
BCS-type superconductors. As a result, superconducting 3D
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Dirac semimetals that break TRS in the superconducting state
represent a unique class of materials to realize novel topolog-
ical superconductivity [4] but are extremely rare.

A superconducting order parameter which breaks TRS is,
generically, required to have multiple components with non-
trivial phases in between [3]. Such a multicomponent order
parameter arises from a multidimensional irreducible repre-
sentation [5,6] of the crystal point group of the material.
However, it is usually difficult to unambiguously establish
the structure of the superconducting order parameters for the
TRS-breaking superconductors mainly due to two reasons: (a)
lack of sufficient knowledge of the electron pairing mecha-
nism and (b) highly symmetric crystal structures leading to
many possibilities with similar low-temperature properties.
This limits our ability to work by the process of elimination.
For example, the point group Dy, of Sr,RuQO, allows for 20
possibilities with weak spin-orbit coupling (SOC) and 2 pos-
sibilities with strong SOC, of TRS-breaking superconducting
instabilities [5,6]. In this regard, the superconductors LaNiC,
[7,8], LaNiGa, [9-12], and UTe, [13] are exceptions due to
their very low-symmetry crystal structure that leads only to a
few symmetry-allowed superconducting order parameters. In
contrast to LaNiC,; [8] and LaNiGa, [10,11], which show two
full gaps, UTe, shows nodal behavior [14] in their respective
TRS-breaking superconducting state.

The recently discovered osmium-based silicide super-
conductors (Ta, Nb)OsSi [15] have a very low-symmetry
crystal structure as well and weak electron-phonon cou-
pling [16]. In this Letter, by a combination of multiple

Published by the American Physical Society


https://orcid.org/0000-0002-3646-0629
https://orcid.org/0000-0002-6392-4185
https://orcid.org/0000-0002-2391-8581
https://orcid.org/0000-0003-4399-4239
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.4.L012031&domain=pdf&date_stamp=2022-03-15
https://doi.org/10.1103/PhysRevResearch.4.L012031
https://creativecommons.org/licenses/by/4.0/

SUDEEP K. GHOSH et al.

PHYSICAL REVIEW RESEARCH 4, L012031 (2022)

08 TS, } 0.141 " TaOsSi 0.0
P0241 N T —~
g £20.138 0.3
2020t El
g 20,135 06
0.6 ] & =
f : -0.9
<012 ° 1.55K,LF 10 mT T 0.132
008} @) E (b), 1.2
0 3 6 9 12 15 12 3 4 5 6 7
030f
20241
(]
g0.18}
g
o2t
wa
<

0.06

0.00

2 3 4
Temperature (K)

FIG. 1. Time-reversal symmetry breaking observed in (Ta,
Nb)OsSi by ZF-1SR measurements. (a) and (c) ZF-u SR time spectra
collected above and below T; for TaOsSi and NbOsSi, respectively.
The solid lines are the fits to the data using Eq. (1). (b) and (d) The
temperature dependence of the muon spin relaxation rate oz of
TaOsSi and NbOsSi, respectively. Both show a clear systematic
increase in ozr just below T.. The corresponding 7;s are shown
in the diamagnetic shifts in the magnetic susceptibility data of the
two materials by the solid blue lines. The error bars shown are the
standard deviations in the respective measurements.

experimental techniques including muon-spin rotation and
relaxation («SR) and thermodynamic measurements along
with a detailed theoretical analysis, we demonstrate that
(Ta, Nb)OsSi are nonsymmorphic symmetry-protected 3D
Dirac semimetals that spontaneously break TRS at the
superconducting transition but behave as conventional super-
conductors otherwise. By means of symmetry analysis and
model calculations, our observations are found to be consis-
tent with a nonunitary triplet superconducting ground state,
the verification of which shall stimulate further study, both
experimentally and theoretically.

II. RESULTS AND DISCUSSION

(Ta, Nb)OsSi crystallize in a TiNiSi-type centrosymmet-
ric orthorhombic crystal structure and have similar physical
and chemical properties [15]. We prepared polycrystalline
samples of (Ta, Nb)OsSi using conventional solid state
reaction method and systematically investigated their phys-
ical properties using detailed ©SR measurements in zero-
field (ZF), longitudinal-field (LF), and transverse-field (TF)
modes; magnetic-susceptibility, specific-heat, and electrical-
resistivity measurements [17]. The £SR measurements were
performed using the MUSR spectrometer at the ISIS Pulsed
Neutron and Muon Source, UK. The temperature dependence
of the magnetic susceptibility, collected in zero-field-cooled
mode on the same samples, is shown by the solid blue lines
on the right axis of Fig. 1(b) [Fig. 1(d)] for TaOsSi (NbOsSi).
It indicates bulk superconductivity with 7. ~ 5.5 K in TaOsSi
and T, ~ 3.1 K in NbOsSi.

ZF-uSR: ZF-uSR measurements were performed in
search for spontaneous magnetic fields that can appear
in the superconducting state leading to breaking of TRS.

Figures 1(a) and 1(c) show the ZF-uSR time spectra for
TaOsSi and NbOsSi, respectively, collected above and be-
low the respective 7;s. A clear increase in the muon-spin
relaxation rate in the superconducting state compared to the
normal state is evident from both figures. The ZF-uSR time
spectra over a range of temperatures across the 7; for both
materials were collected. The data were fitted using a Gaus-
sian Kubo-Toyabe relaxation function [18] G(¢) = % + %(1 -
(fzthz)exp(—azth2 /2) multiplied by an exponential decay giv-
ing rise to the asymmetry function

A1) = A0)G (1)exp(—Azpt) + Apg. ey

A(0) and Ay, are the initial and background asymmetries of
the ZF-uSR time spectra. ozr and Azp represent the muon
spin relaxation rates originating from the presence of nu-
clear and electronic moments in the sample, respectively.
In the fitting process, the electronic relaxation rate Az was
found to be nearly temperature independent for both materials
with small average values of 0.0243(2) us~! for TaOsSi
and 0.0633(5) us~! for NbOsSi and hence was kept fixed.
This indicates the absence of fast-fluctuating electronic mo-
ments. The nuclear relaxation rate o7z (7T ) shown in Fig. 1(b)
[Fig. 1(d)] for TaOsSi (NbOsSi), on the other hand, shows a
clear systematic increase just below 7;.. The LF- SR measure-
ments performed under a field-cooled condition with a small
field of 10 mT shown in Figs. 1(a) and 1(c) clearly rule out
the possibility of defect- or impurity-induced relaxations since
the small field is enough to decouple the muon spins from the
weak relaxation channels in both samples. This demonstrates
that the increase in ozr just below T is due to very weak
fields which are static or quasistatic on the timescale of muon
lifetime and are closely tied to the superconducting state, pro-
viding conclusive evidence of spontaneously broken TRS in
the superconducting ground states of (Ta, Nb)OsSi. The spon-
taneous field estimated from the change Aoyzr = ozp(T =
0) — ozr(T > T.) is Bing ~ v/2A07r/y, = 0.17 G (0.83 G)
for TaOsSi (NbOsSi) which is similar to other TRS-breaking
superconductors [3]. Here, y,, = 27 x 135.5 MHz/T is the
muon gyromagnetic ratio [19].

TF-uSR: To determine the superconducting gap symme-
try of (Ta, Nb)OsSi, we have performed extensive TF-uSR
measurements in a transverse field of 30 mT applied above T
and cooled to the base temperature to stabilize a well-ordered
flux-line lattice in the mixed state of the superconductors. The
TF-uSR asymmetry signals collected above and below T are
shown in Fig. 2(a) [Fig. 2(d)] for TaOsSi (NbOsSi). For both
materials, the asymmetry signals above 7, show very little
relaxation due to the transverse component of weak nuclear
moments present in these materials, while those below T;
show higher relaxation due to the added inhomogeneous field
distribution of the flux-line lattice. The TF-uSR asymmetry
signals were analyzed using a Gaussian damped sinusoidal
function plus a nondecaying oscillation that contributes to the
muons stopping in the silver sample holder:

Ate(t) = A(0)exp (—o*t? / 2) cos (v, (B)t + ¢)
+ Apg €08 (¥, Bpgt + ¢). 2)

Here A(0) and Apg are the initial sample and background
asymmetries, respectively, (B) and By, are the average in-
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FIG. 2. Characterizing the superconducting properties of (Ta, Nb)OsSi by TF-uSR measurements. (a) and (d) TF-uSR time spectra,
collected above (red square) and below (blue circle) the 7; in a field-cooled transverse field of 30 mT for TaOsSi and NbOsSi, respectively.
The solid lines are the fits to the data using Eq. (2). (b) and (e) The temperature dependence of the extracted relaxation rate o (left axis) and
internal field (right axis) for TaOsSi and NbOsSi, respectively. (¢) and (f) The temperature dependence of the inverse magnetic penetration
depth squared or equivalently the superfluid density p, oc A~2(T") for TaOsSi and NbOsSi, respectively. The solid lines are fits to the data with

an isotropic single-gap s-wave model.

ternal and background magnetic fields, respectively, ¢ is the
shared phase offset, and o is the depolarization rate of the
muon spin precession signal originating from the variance
of the magnetic-field distribution in the superconductor. Fig-
ures 2(b) and 2(e) show the temperature dependence of the
relaxation rate o (left axis) and internal field (right axis) of
TaOsSi and NbOsSi, respectively, extracted from the fits to
the asymmetry signals using Eq. (2). The internal fields at
the muon sites show strong diamagnetic shifts below T; for
both materials, a clear indication of bulk superconductivity.
The o = (62 + 0.2,)"/? includes contributions from both the
flux-line lattice oy, and a temperature-independent relaxation
due to nuclear moments oy, = 0.146 s~ (0.312 us™!) for
TaOsSi (NbOsSi), determined from the average values of o
collected above the respective 7.s where it is mostly tempera-
ture independent.

The London magnetic penetration depth A can be computed
from oy within a Ginzburg-Landau treatment of the vortex
state in a superconductor in the limit of the applied field H <«
H, [20] as

%) _ 06091 20
Yu AT

where @, =2.068 x 10715 Wb is the flux quantum. The
temperature dependence of A2 extracted using the above
equation for TaOsSi and NbOsSi are presented in Figs. 2(c)
and 2(f), respectively. Since A~2(T) is a measure of the su-
perfluid density p; o< A2 o« ng/m* (ng is the charge carrier
concentration, and m* is the effective mass of the charge
carriers), it bears signatures of the symmetry of the super-
conducting gap. We note from Figs. 2(c) and 2(f) that the
superfluid density of both materials shows saturation be-
low T./3 which indicates the absence of low-lying excited
states close to zero temperature, a hallmark of nodeless
superconductivity.

3

To understand the superconducting pairing symmetry, we
analyze the temperature dependence of the superfluid density
within the local London approximation [A(0) 3> &, & is the
coherence length] [21] by

[ () ),
A72(0) a \OE ) JE?2 — | Ap(T)|* [¥s

Here Ay (T ) is the form of the gap function for a given pairing
model, f(E, T) = [1 + exp(E /kgT )]~ is the Fermi function,
and ( )ps represents an average over a spherical Fermi surface.
For an isotropic single gap s-wave model, Ay (T) is indepen-
dent of k and its temperature dependence is given by [22]

1)}0.51]' (5)

The solid lines in Figs. 2(c) and 2(f) show that the superfluid
density can be fitted quite well with an isotropic single-gap
s-wave model both for TaOsSi and NbOsSi, respectively We
note that the values of the fitting parameter for both (Ta,
Nb)OsSi are close to its weak-coupling BCS hmlt value.
Band structure and specific heat: The space group of (Ta,
Nb)OsSi is Pnma (No. 62) and the point group is D,j,. The first
Brillouin zone with the high-symmetry directions marked is
shown in Fig. 3(a). Pnma is a nonsymmorphic space group
having three glide planes: G| = {m,1,0)l0,1/2,00}, G2 =
{m.0,0)lt1/2,0,1/2)}, and G3 = {m,0,0)lt(1/2,1/2,1/2)}, Where m
and ¢ denote the mirror plane and fractional translation par-
allel to the plane, respectively. Twofold degeneracies along
the high symmetry lines XS, XU, UR, and RS result from
G, and that along YS and UZ result from G3 [17]. The
band structure of NbOsSi (which is similar to that of TaOsSi
[16,23]) computed using density functional theory within the
generalized gradient approximation is shown in Fig. 3(c) with
and without the effect of SOC. We note that SOC leads to
small yet finite splitting of the bands near the Fermi level with

A(T) = A(0) tanh [ 1.82{1.018(T./T —
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FIG. 3. Band structure of NbOsSi. (a) First Brillouin zone with the high symmetry points marked. (b) Combined view of all the four Fermi
surface sheets of NbOsSi without SOC. The large parallel sections of the Fermi surface sheets are clearly visible. (c) The band structure of
NbOsSi with and without considering SOC. (d) Enlarged view of the band structure along the RS direction. The Dirac point is marked by the

red circle. (e) The dispersion close to the Dirac point marked in (d).

a maximum splitting ~100 meV near the R point (maximum
splitting ~140 meV near the S point for TaOsSi [23]).

(Ta, Nb)OsSi are inherently multiband systems with the Nb
4d orbitals (Ta 5d orbitals) and the Os 5d orbitals contributing
the most to the density of states (DOS) at the Fermi level.
There are four Fermi surface sheets (without SOC) with two of
them contributing ~80% to the DOS at the Fermi level [17]. A
combined view of all the four Fermi surface sheets of NbOsSi
without SOC is shown in Fig. 3(b).

The Kramer’s theorem guarantees that all the elec-
tronic bands of nonmagnetic centrosymmetric materials (Ta,
Nb)OsSi are at least twofold degenerate even in the presence
of SOC. We find that (Ta, Nb)OsSi have four bulk Dirac
points within a ~10-20 meV energy window below the Fermi
level [17]. A Dirac point in a 3D material can be considered
to be composed of a superposition of two Weyl points with
opposite Chern numbers [1]. The fourfold degeneracy at the
Dirac point is, therefore, not topologically protected since its
net Chern number is zero and will in general be lifted in
the absence of any additional symmetries [1]. In the cases
of (Ta, Nb)OsSi, two of the four Dirac points that lie on
the RSR line (R = —R) are protected by the nonsymmorphic
symmetry G, which leads to the additional twofold degen-
eracy. A zoomed-in view of the band structure of NbOsSi
along the RS direction is shown in Fig. 3(d) and the dis-
persion close to the Dirac point along this line is shown
in Fig. 3(e). The other two Dirac points are, however, not
protected by symmetry and the surface Fermi arcs are unfor-
tunately not clearly distinguishable [17]. Thus (Ta, Nb)OsSi
are nonsymmorphic symmetry-protected Dirac semimetals
expected to have characteristic spectroscopic and transport
properties [2].

As a result of the exceptionally low symmetry crystal
structure of (Ta, Nb)OsSi, in the strong SOC limit, there are
no symmetry-allowed TRS-breaking superconducting order
parameters. In the weak SOC limit, while the relevant point
group Dy, ® SO(3) [SO(3) is the group of spin rotations in
three dimensions] has four symmetry-allowed TRS-breaking
superconducting instabilities, all of them have nodes [9]. Thus

clearly all the symmetry-allowed superconducting instabilities
of (Ta, Nb)OsSi in the effective single band picture [24] are
inconsistent with the experimental observations.

Motivated by the multiband nature of (Ta, Nb)OsSi,
we phenomenologically consider an internally antisymmetric
nonunitary triplet (INT) superconducting state [11] proposed
in the case of LaNiGa,, which has the same point group as (Ta,
Nb)OsSi. Pairing in the INT state occurs between electrons
on the same site but in two different orbitals in the nonuni-
tary triplet channel and fermionic antisymmetry comes from
orbital space. The pairing potential is A = Ag ® Az where
the pairing potential in spin space is Ag = (d .0)io, and in
orbital space is AB = i1y, with o (7) being the vector of Pauli
matrices in spin space (orbital space). The triplet pairing is
characterized by the d vector: d = A, n with |5|> = 1 which
is nonunitary and is characterized by the real vector ¢ = i(n x
n*) # 0, and A, is the pairing amplitude considered to be
uniform to realize an isotropic gap observed in (Ta, Nb)OsSi.
We stress that further studies are necessary to uncover the
mechanism of such a pairing and Hund’s rule coupling [25]
is expected to play a key role due to the multiorbital nature of
these materials.

There are several extended regions inside the Brillouin
zone of (Ta, Nb)OsSi where two of the Fermi surface sheets
are parallel and close to each other as shown in Fig. 3(b) for
example. This feature is essential to stabilize the INT state
and we model it by considering a simple toy model with two
bands € (k) = €(k) £ s emerging from two nearly degenerate
effective orbitals rigidly shifted from each other by an energy
2s. We consider a generic dispersion € (k) = —2t[cos(k,) +
cos(ky) + cos(k;)] with ¢ being a hopping energy scale and
focus on the limit s/t < 1 implying small but finite splitting
between the corresponding two Fermi surfaces. To take into
account the effect of SOC present in these materials, we
phenomenologically consider a Rashba-type SOC. Note that
although (Ta, Nb)OsSi are globally centrosymmetric, inver-
sion symmetry is broken locally at the (Ta, Nb) sites due to the
TiNiSi-type structure [26,27] which can result in a Rashba-
type SOC [28,29]. Then the normal state Hamiltonian for the
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FIG. 4. Electronic specific heat. Temperature dependence
of the experimentally measured electronic specific heat fitted
with the theoretically computed specific heat in the INT state
for the toy model with parameters s/t = 0.1, u/t = —3.0, and
n = (1,710 i1017/100) The fitting parameters for TaOsSi case
are Ag/(kgT:) = 2.20 and o/t = 0.15; and for NbOsSi case are
Ao/(kgT;) = 2.63 and o/t = 0.20.

toy model is Ho = 3, &5 - Ho(k) - &, defining & =[gTak1 with
1.k

~ c . e .
Cpk =I +pky C+,p.k 1s an electron annihilation operator in the
, e ok
N2

= band with spin p =1 and |, and
§+k) 0

0 &

Hyk) =0p ® + (kyoy — ke0y) ® Ty,

(6)
where &4 (k) = e (k) — n with u being the chemical poten-
tial and oy is the identity matrix in spin space. The second
term in Eq. (6) is a Rashba-type interorbital SOC of strength
a. Although, in general, both intra- and interorbital SOC terms
should be present, we can fit the specific heat data well only
in the limit of interorbital SOC strength much larger than the
intraorbital SOC strength, emphasizing the interorbital nature
of the pairing in the INT state [17].

Using the Bogoliubov—de Gennes formalism [3], we com-
puted the quasiparticle excitation spectrum for the toy model
in the INT state considering the temperature dependence of
A,(T) in the form of Eq. (5). The specific heat is then com-
puted using the temperature dependent quasiparticle spectrum
to fit the experimentally measured electronic specific heat
after subtracting the phonon contribution [17]. In the fitting
shown in Fig. 4, we fixed s/t < 1 and T, with the corre-
sponding experimental values for (Ta, Nb)OsSi. Then there

are only three fitting parameters: «/¢, n, and Ag/(kgT.) with
Ay = A,4(0). Figure 4 shows that the electronic specific heat
for both TaOsSi [30] and NbOsSi can be fitted very well with
small SOC strengths («/f <« 1) in the weak coupling limit.
The corresponding INT ground state has |g| = 0.03 implying
small but finite spin polarization which leads to the sponta-
neous magnetization in the superconducting state seen in the
ZF-uSR experiments.

III. CONCLUSIONS

We have demonstrated through detailed wSR measure-
ments that (Ta, Nb)OsSi belong to the rare class of TRS-
breaking superconductors represented by LaNiC,, LaNiGas,
and UTe,, all of which have very low-symmetry crystal
structures providing a unique opportunity to constrain the
superconducting order parameter from symmetries. While
LaNiC, [8] and LaNiGa, [10,11] show two full gaps in the
superconducting state arising from two spin channels, UTe;
[14,31] shows point nodes and two different transitions in
the superconducting state and only below the lowest transi-
tion temperature does the TRS breaking occur. In contrast,
(Ta, Nb)OsSi show TRS breaking at 7. but have a full gap
and low temperature thermodynamic properties similar to
a conventional BCS-type superconductor as evidenced from
the TF-uSR and the specific heat data. Similarly, it will
be interesting to investigate the other known isostructural
superconductors in this family for possible TRS-breaking
superconducting ground states, e.g., ZrOsSi which has con-
trasting properties than (Ta, Nb)OsSi and comparatively low
T. [32], ZrIrSi and HfIrSi [15]. We also note that (Ta, Nb)OsSi
have the same structure as the ferromagnetic superconductors
U(Rh, Co)Ge [27] which are proposed to realize a triplet
superconducting state with equal spin pairing as in the INT
state considered here. The TRS-breaking signals found in (Ta,
Nb)OsSi by ZF-uSR experiments are most likely not due to
any muon induced effects, similar to other recently discovered
TRS-breaking superconductors [33].

By symmetry analysis and model calculations, the phe-
nomenology of the superconducting properties of (Ta,
Nb)OsSi are found to be overall consistent with a nonuni-
tary triplet superconducting ground state. The presence of
the Dirac points close to the Fermi level promotes interband
pairing and further justifies the applicability of a minimal
two-band toy model to describe the low energy normal state
properties [12]. The nonsymmorphic symmetries present in
(Ta, Nb)OsSi can allow for nodes in the order parameter at
the Brillouin zone boundaries resulting in nodal supercon-
ducting states which are clearly incompatible with the full
gap observed in the experiments. However, the nonsymmor-
phic symmetries can lead to degeneracies in the Bogoliubov
quasiparticle bands which can result in topological supercon-
ductivity [12]. Further experimental studies in these materials,
such as high-resolution ARPES, are highly desirable to con-
firm the presence of the symmetry-protected Dirac points
close to the Fermi level, when the single crystals of these
materials become available. The effect of disorder and pres-
ence of any non-s-wave superconducting behaviors in (Ta,
Nb)OsSi also needs to be carefully investigated. (Ta, Nb)OsSi
are therefore special symmetry-protected 3D Dirac semimetal
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superconductors that provide promising material platforms to
investigate the rich physics arising from an interplay between
topological Dirac fermions and unconventional TRS-breaking
superconductivity.

All the data needed to evaluate the reported conclusions are
presented in the paper and/or in the Supplemental Material.
Additional data related to this paper can be available from
the corresponding author upon reasonable request. The muSR
source data is available in [36].
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