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Re;_,Mo, as an ideal test case of time-reversal symmetry
breaking in unconventional superconductors
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Non-centrosymmetric superconductors (NCSCs) are promising candidates in the search for unconventional and topological
superconductivity. The a-Mn-type rhenium-based alloys represent excellent examples of NCSCs, where spontaneous magnetic
fields, peculiar to time-reversal symmetry (TRS) breaking, have been shown to develop in the superconducting phase. By converse,
TRS is preserved in many other isostructural NCSCs, thus leaving the key question about its origin fully open. Here, we consider the
superconducting Re; _,Mo, (0 < x < 1) family, which comprises both centro- and non-centrosymmetric structures and includes also
two extra superconducting phases, -CrFe and bcc-W. Muon-spin relaxation and rotation (uSR) measurements show a gradual
increase of the relaxation rate below T, yet its independence of the crystal structure, suggesting that rhenium presence and its
amount are among the key factors for the appearance and the extent of TRS breaking in the a-Mn-type NCSCs. The reported results
propose Re;_,Mo, as an ideal test case for investigating TRS breaking in unconventional superconductors.
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INTRODUCTION

Superconductors with a centrosymmetric crystal structure can
host spin-singlet- or spin-triplet states with a well-defined parity—
even and odd, respectively. However, in non-centrosymmetric
superconductors (NCSCs), these strict symmetry-imposed require-
ments are relaxed, thus implying the possibility of parity-mixed
superconducting states. The recent interest in NCSCs is mostly
related to their unconventional superconducting properties'.
Because of the mixed superconducting pairing, NCSCs may
display significantly different properties compared to their
centrosymmetric counterparts, e.g., upper critical fields beyond
the Pauli limit, nodes in the superconducting gaps, etc.'. Owing to
the possibility of mixed singlet- and triplet pairings, NCSCs rank
among the foremost categories of superconducting materials in
which to look for topological superconductivity or to realize the
Majorana fermions, offering potential applications as, for instance,
quantum computing®™®.

More intriguingly, some of the NCSCs also exhibit broken
time-reversal symmetry (TRS) in the superconducting state'’, a
manifestation of unconventional superconductivity. Among
these, a-Mn-type ReTM (TM = Ti, Nb, Zr, and Hf) alloys
represent one of the most interesting NCSC families. Widely
studied by means of micro- and macroscopic techniques, they
often break the time-reversal symmetry in the superconducting
state’’ ™', A similar feature has also been discovered in
centrosymmetric ~ Sr,RuO,4,  PrOs,Sby;, and in  pure
rhenium'*7'6. Yet, TRS seems to be preserved in MgiolrioB1s,
Nbg 50505, and ResW'”~'°. Since the latter three share the same
a-Mn non-centrosymmetric structure with ReTM, this raises a
very interesting fundamental question about the role of non-
centrosymmetric structure in the appearance of TRS breaking in
ReTM alloys. The best way to address this question consists in
finding a family of compounds which exhibit crystal structures

both with and without inversion symmetry, while still preser-
ving the original stoichiometry.

Indeed, despite the plausibility of the above examples, they still
refer to different materials (although some of them share similar
structures). Depending on the synthesis protocol, ResW can adopt
either an hcp-Mg-type (centrosymmetric) or an a-Mn-type (non-
centrosymmetric) crystal structure, yet neither is found to break
TRS below T.'°. On the other hand, many superconducting ReTM
alloys, although known to break TRS, invariably adopt a single (a-
Mn-type) structure’' "%, In general, most ReTM phase diagrams are
rather simple, with the superconducting cases being limited to the
hcp-Mg- and a-Mn crystal structures. Clearly, the absence of an
ideal test system leaves open the question of the origin of TRS
breaking in the ReTM family and of its possible indirect link with
the lack of space-inversion symmetry.

Unlike the above cases, the Re;_,Mo, binary alloys reported
here might represent such an ideal and rare candidate system.
Indeed, depending on the synthesis protocol, compounds with
different Re/Mo ratios can be either centrosymmetric or non-
centrosymmetric while, most importantly, they all exhibit a
superconducting state at low temperature?®. In general, since
the Re; _,Mo, system remains largely unexplored at a deeper level,
we conducted systematic microscopic investigations of its super-
conductivity via the muon-spin relaxation and rotation (uSR)
method. This required the synthesis and the preliminary
characterization of the magnetic, electrical, and thermodynamic
properties of the full range of Re;_,Mo, solid solution®®. The uSR
results presented here allow us not only to establish the presence
of TRS breaking but also to quantify it. By correlating the extent of
TRS breaking in the Re; _,Mo, series to the Re-content we find that
in ReTM materials the time-reversal symmetry breaking is most
likely related to the Re content rather than to crystal structure.
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RESULTS
Rich structural- and superconducting phase diagram

According to diffraction- and physical-properties characterizations,
binary Re;_,Mo, alloys exhibit very rich structural- and super-
conducting phase diagrams. As shown in Fig. 1a, depending on
Re/Mo concentration, different synthesis procedures can produce
four different solid phases: hexagonal hcp-Mg (P63/mmc, No. 194),
cubic a-Mn (/43m, No. 217), tetragonal B-CrFe (P4,/mnm, No. 136),
and cubic bcc-W (I/m3m, No. 229). Except for the non-
centrosymmetric a-Mn, the other three structures are centrosym-
metric. Their unit-cell crystal structures are shown schematically in
Fig. 1b, while details such as the lattice parameters and the atomic
coordinates are reported elsewhere?°, Although Re;_,Mo, alloys
exhibit different crystal structures as x changes, they all become
superconductors at low temperature. By increasing the Mo
content, the superconducting transition temperature T. varies
non-monotonically, thus defining three distinct superconducting
regions. The first superconducting region (achieved on the Re-rich
side and with highest T. = 9.43 K), corresponds to alloys adopting
an hcp-Mg-type structure. For x = 0.23, both centrosymmetric
(hcp-Mg) and non-centrosymmetric (a-Mn) crystal structures are
obtained, the latter showing a T, value about 1 K lower than the
former. In the second superconducting region, where the alloys
adopt a B-CrFe-type structure, the superconducting transition
temperature T, ~ 6.3 K is somewhat lower than in the other
regions and almost independent of Mo content. Upon further
increasing the Mo content, the third superconducting region
shows up for x > 0.5. Here, all the samples display a cubic bcc-W-
type structure and the highest T, reaches 12.4 K (for x = 0.6). Close
to the phase boundaries, the alloys show multiple superconduct-
ing transitions. To exclude possible extrinsic effects related to
them, the uSR measurements were performed only on samples
away from the phase boundaries.
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Fig. 1 Structural and superconducting phase diagram of Re;_,Mo,.
a The phase diagram of the binary Re;_,Mo, alloys includes four
different solid phases, whose crystal structures are shown schema-
tically in b. For x = 0.23, both centrosymmetric (hexagonal hcp-Mg)
and non-centrosymmetric (cubic a-Mn) structures can be obtained.
The details of the crystal structures can be found in Shang et al.?°. b
Superconducting transition temperatures T. versus Mo content, as
determined from electrical resistivity, magnetic susceptibility, and
specific-heat measurements (see ref. ). Colors identify the various
phases and highlight the correlation between the superconducting
properties and crystal structures.
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Zero field-uSR and evidence of time-reversal symmetry breaking

Owing to the large muon gyromagnetic ratio (851.615 MHz/T) and
to the availability of 100% spin-polarized muon beams, the zero-field
(ZF) SR is a very sensitive method for detecting weak magnetic
fields, down to ~0.01 mT?'. Consequently, it has been successfully
used to study the TRS breaking in the superconducting states of
different types of superconductors'>'%?27%, as well as in the search
for unconventional superconductors with broken TRS?>%,

The ZF-uSR measurements were performed in both the normal
and the superconducting states of Re,_,Mo, alloys, whose crystal
structures cover the whole phase diagram. Representative ZF-uSR
spectra for Re;_,Mo,, collected above and below T, are shown in
Fig. 2a for x = 0 (i.e., pure rhenium) and in Fig. 2b for x = 0.12. The
lack of any oscillations in the spectra, implies the non-magnetic
nature of Re;_,Mo,. Consequently, in absence of external fields,
the relaxation is mostly determined by the interaction of the
muon spins with the randomly oriented nuclear magnetic
moments in Re;_,Mo,. The rather fast decay of ZF-uSR asymmetry
reflects the relatively large nuclear moment of rhenium (~3.2 uy,).
The ZF-uSR asymmetry could be described by means of a
phenomenological relaxation function, consisting of a combina-
tion of Gaussian- and Lorentzian Kubo-Toyabe relaxations [see Eq.
(1)]. The resulting Gaussian relaxation rates oz vs temperature for
x = 0 and 0.12 are shown in Fig. 2c and d, respectively. In both
cases, while Az is almost temperature independent, a small yet
clear increase in o0z(T) below T. indicates the onset of
spontaneous magnetic fields, thus representing the signature of
TRS breaking in the superconducting state. For pure Re (x = 0), the
results obtained using two different instruments (LTF and GPS) are
highly consistent, further confirming the intrinsic nature of TRS
breaking. On the other hand, upon further increasing the Mo
content (i.e, 0.23<x<0.6, see Supplementary Figs. 1, 2), the
relaxation rates in the normal and the superconducting states
become almost identical. Here, the lack of an additional relaxation
below T. implies a preserved TRS in the respective super-
conducting states (at least within the sensitivity of uSR). Further,
longitudinal-field (LF) uSR measurements at base temperature,
indicate that a field of only 15 mT (or 5 mT) is sufficient to fully
decouple the muon spins from the weak spontaneous magnetic
fields in pure Re (or in ReggsMog 15), and that such weak internal
fields are static within the muon lifetime. A comparison of ZF-uSR
measurements, covering the whole Re,_,Mo, phase diagram,
shows that only the alloys with x = 0 and 0.12 exhibit a broken
TRS in their superconducting states, while those with 0.23 <x <
0.60, including here both the centrosymmetric- and non-
centrosymmetric-Reg77Mo0g 53, preserve the TRS. The latter case,
together with the preserved TRS in Mglri9B1s, Nbg 50505, and
ResW'"7'%, all of which share the same a-Mn-type structure,
implies that TRS breaking is clearly not related to the non-
centrosymmetric crystal structure or to a possible mixed pairing
but, most likely, is due to the presence of rhenium and to its
amount. Indeed, in many ReTM alloys, if the Re-content is below a
certain threshold, as e.g., here in Re;_,Mo, for high x (but also in
ResW and ResTa'®?%), the TRS seems to be preserved.

On the other hand, it could also be that the spontaneous field is
below the resolution of uSR technique in these samples. The use
of other techniques, such as the optical Kerr effect®, another very
sensitive probe of spontaneous fields in unconventional super-
conductors, might clarify this issue.

Transverse field uSR and superconducting gap symmetry

To investigate the superconducting properties of the Re,_Mo,,
transverse-field (TF) uSR measurements were also performed
across its phase diagram. The development of a flux-line lattice
(FLL) in the mixed state of a superconductor broadens the internal
field distribution, in turn reflected in an enhanced muon-spin
depolarization rate. Since the latter is determined by the magnetic
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Fig.2 ZF-uSR spectra bring evidence of TRS breaking. a, b ZF-uSR time spectra collected above and below T, for Re; _,Mo, alloys with x = 0
(@) and x = 0.12 (b). The ZF-uSR spectra of the other samples are shown in Supplementary Fig. 1. ¢, d Zero-field muon-spin relaxation rate
versus temperature of Re;_,Mo, with x = 0 (c) and x = 0.12 (d). A consistent increase of oz below T reflects the onset of spontaneous
magnetic fields, indicative of a breaking of TRS in the superconducting state. The flat uSR datasets in a and b correspond to LF-uSR spectra,
which suggest a prompt decoupling of the muon spins already at small LF. The solid lines through the data in a and b are fits to Eq. (1), while
the solid lines in c and d are guides to the eyes. For x = 0, further ZF-uSR data were collected at the LTF spectrometer and shown to be highly
consistent with the GPS datasets adopted from Shang et al.', where the data analysis is reported in great detail. The error bars of o, are the

SDs obtained from fits to Eq. (1) by the musrfit software package®.

penetration depth and, thus, by the superfluid density, the
superconducting gap magnitude and symmetry can both be
evaluated from the temperature-dependent superconducting
relaxation rate (see Methods). The optimal field values for the
TF-uSR measurements were identified from the lower critical field
H., and the field dependence of the superconducting relaxation
rate (see Supplementary Figs. 3, 4).

Following a field-cooling protocol, the TF-uSR spectra were
collected at various temperatures upon warming up, covering
both the superconducting and the normal states (see Fig. 3a to d).
Below T, the fast decay induced by the FLL is clearly visible in all
the samples. The slow decay in the normal state, instead, is
attributed to the randomly oriented nuclear magnetic moments
(similar to that of ZF-uSR in Fig. 2 and Supplementary Fig. 1) and
expected to be the same also below T. The additional
inhomogeneous field distribution caused by the FLL is clearly
seen in the fast-Fourier-transform (FFT) spectra shown in Fig. 3e-h.
Such field distribution could be modeled by means of Eq. (2).

The effective magnetic penetration depth and, in turn, the
superfluid density were calculated from the measured Gaussian
relaxation rates (see Methods). Figure 4 shows the inverse square
of the effective magnetic penetration depth )\gff(T) (proportional
to the superfluid density) as a function of the reduced
temperature (T/T.) for the Re;_,Mo, (0 < x < 0.60) alloys, covering
all the four different phases. Although the Re;_,Mo, alloys exhibit
different T, values and crystal structures (i.e., with or without an
inversion center), below T./3, their Ae‘ff values are practically
independent of temperature. The low-T invariance of A (T) and,
consequently, of the superfluid density, clearly suggests the lack
of low-energy excitations and, hence, a fully gapped super-
conductivity in Re;_,Mo,, in good agreement with low-T
electronic specific-heat measurements®®. As shown by the solid
lines in Fig. 4, A¢ (T) is well-described by an s-wave model with a
single superconducting gap. Both the clean- (Fig. 4) and dirty-limit
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cases (Supplementary Fig. 10) produce similar results. The derived
zero-temperature effective magnetic penetration depths A,, are
comparable with the values calculated from the upper and lower
critical fields (see Supplemenatry Table 1). In addition, also the
superconducting-gap values are consistent with those derived
from the specific-heat results®°.

DISCUSSION

First, we discuss why ReTM are fully-gapped superconductors. The
lack of inversion symmetry in NCSCs often induces an antisym-
metric spin-orbit coupling (ASOC), which splits the Fermi surface
by lifting the degeneracy of the conduction-band electrons. As a
consequence, both inter- and intraband Cooper pairs with the
same or with opposite spin directions can be formed, thus
allowing admixtures of spin-triplet and spin-singlet SC pairing. In
general, the degree of such admixture is determined by the
strength of ASOC and other microscopic parameters'®. Yet,
normally it is the ASOC to play the key role in the superconducting
properties of NCSCs'. By increasing the strength of ASOC, a fully-
gapped superconductor can be tuned into a nodal super-
conductor, the latter typically being dominated by the spin-
triplet SC pairing. Such mechanism has been shown to occur, e.g.,
in Liz(Pd,Pt)3st'29 and, more recently, in CaPtAs?%3°. As for ReTM
NCSCs, despite the relatively large ASOC of rhenium atoms, all of
them exhibit fully-gapped superconducting states, more consis-
tent with singlet pairing’''*'°?”, However, we recall that often,
due to the similar magnitude and same-sign of the order
parameter on the spin-split Fermi surfaces, a possible mixed-
pairing superconductor may be challenging to observe or to
distinguish from a single-gap s-wave superconductor®'. Consider-
ing that ReTM superconductors frequently exhibit TRS breaking
below T, the existence of triplet pairing (and nodal super-
conductivity) is to be expected. For instance, both triplet-pairing
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Fig. 3 Exploring Re,_,Mo, superconductivity via TF-uSR. a, b, ¢, d TF-uSR time spectra, collected in the superconducting and in the normal
state (i.e., below and above T,), of different phases of Re,_,Mo, alloys with x = 0 (hcp-Mg) (a), x = 0.23 (a-Mn) (b), x = 0.45 (3-CrFe) (c), and x =
0.60 (bcc-W) (d). e, f, g, h Fast Fourier transforms (FFT) of the time spectra shown in the left panels for x = 0 (e), x = 0.23 (), x = 0.45 (g), and
x = 0.60 (h). The upper and lower panels represent FFT in the superconducting and normal states, respectively. Clear diamagnetic shifts and
field distribution broadening are observed in upper panels (superconducting state). The vertical dashed lines indicate the applied magnetic
field in each case, always larger than the respective lower critical field value (see Supplementary Fig. 3 and Supplementary Table 1). Solid lines
through the data are fits to Eq. (2). Panels b and f refer to the x = 0.23 (a-Mn) sample, synthesized via solid-state reaction. The sample prepared
via arc melting exhibits similar features (see Supplementary Fig. 5). The temperature-dependent diamagnetic shifts are shown in

Supplementary Fig. 6.

and TRS breaking superconductivity have been reported in
Sr,RuO,, UPts, LaNiGa,, and LaNiC,'>?%2*3273% the latter repre-
senting a typical NCSC. In the a-Mn-type ReTM alloys, close to the
Fermi level, the density of states (DOS) is dominated by the 5d
orbitals of rhenium atoms, while contributions from the d orbitals
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of TM are negligible®*?°. Hence, even a significant increase in SOC
—from 3d Ti to 4d Zr/Nb/Mo and to 5d Hf/Ta/W—is shown to not
significantly affect the pairing admixture and thus the super-
conducting properties. Hence, in the ReTM family, the effect of
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Fig. 4 Superfluid density and gap symmetry for different
structures. a, b, ¢, d The superfluid density [p,(T) oc AZ(T)] as a
function of reduced temperature T/T, for Re;_,Mo, compounds with
x=0,0.12, 0.23 (hcp-Mg) (a), x = 0.23(S), 0.23(A) (a-Mn) (b), x = 0.45
(B-CrFe) (c), and x = 0.60 (bcc-W) (d). Lines through the data
represent fits to a nodeless s-wave model in the clean limit (see Eq.
(7)). The two datasets in b refer to the non-centrosymmetric a-Mn-
type samples prepared by arc melting [0.23(A)] and solid state
reaction [0.23(S)] methods. Similar fit results are obtained when
using a dirty-limit model, as shown in Supplementary Fig. 10. The
error bars of AZ(T) are the SDs obtained from the fits to Eq. (2) by
the musrfit software package®.

ASOC on admixtures of pairing remains elusive and requires
additional work.

Unlike in the generic ReTM case, in the Re;_ Mo, series
considered here, the Re and Mo atoms occupy the same atomic
positions of a centrosymmetric unit cell®®. Hence, as the Mo
content increases, the contribution of Mo 4d orbitals to the DOS is
progressively enhanced, at the expense of the Re 5d orbitals.
Naively, one would expect a progressive increase in singlet-pairing
character as the Mo content increases. Yet, according to TF-uSR
(Fig. 4) and zero-field specific-heat results?®, it seems that, despite
a change in stoichiometry and of different crystal structures (both
centro- and non-centrosymmetric) adopted by the Re;_,Mo,
alloys, they all behave as fully-gapped superconductors. This
finding strongly suggests that, in the ReTM superconductors, spin-
singlet pairing is dominant.

Second, we consider the role of rhenium in the time-reversal
symmetry breaking. A dominating spin-singlet pairing in ReTM
superconductors is clearly puzzling in view of the frequent
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occurrence of TRS breaking in this class of superconductors. As
discussed above, the DOS is mostly determined by the Re 5d
orbitals, since a replacement on the T-sites appears to have
negligible effects on TRS breaking and on the superconducting
pairing. At the same time, TRS is preserved in other Re-free a-Mn-
type superconductors with similar SOC strength, as e.g., binary
NbosOsos and ternary MgiolrioBis''®%7. The marginal role of
SOC, together with the observation of broken TRS also in
centrosymmetric elemental rhenium, strongly suggests that
rhenium is crucial for understanding the broken TRS in the ReTM
superconductors'®. Considering that pure rhenium has a centro-
symmetric crystal structure, the non-centrosymmetric crystal
structure seems also inessential to TRS breaking in a-Mn-type
Re-based superconductors. These indirect conclusions are clearly
confirmed by our ZF-uSR measurements on Re;_,Mo, (0<x<
0.60) across the whole structural phase diagram.

The measurements we report here serve a dual purpose. Firstly,
we extend previous o¢(T) results on elemental Re down to 0.02 K
(originally limited to 1.5 K, although the T, of Re is only 2.7 K). The
current data (see Fig. 2¢) are highly consistent with the previous
ones'* and exhibit a clear increase of oz(T) near T, thus
confirming that elemental rhenium breaks TRS in its super-
conducting state. Secondly, by systematically investigating the
four different solid phases of Re;_,Mo, (0<x<0.60) via ZF-uSR,
we find that only those compounds close to the Re-rich side (x <
0.12, including elemental Re) show a superconducting state with
broken TRS. In fact, for x > 0.12, although Re;_,Mo, alloys exhibit
various crystal structures (including the non-centrosymmetric a-
Mn type), the TRS is preserved in the superconducting state, again
implying that TRS breaking is not related to the lack of a center of
symmetry, but rather to the presence of rhenium and to its
content. Such conclusion is further reinforced by the preserved
TRS in the extremely diluted Re-based superconductor, ReBe,,,
whose Re-content is only 4%32,

Finally, we discuss the relationship between TRS breaking and
superconducting pairing. In general, this is a complex and still
open question. Unconventional pairings, such as spin-triplet, are
expected to break TRS in the superconducting state. For instance,
Sr,RuO, and UPt; exhibit both triplet superconductivity and
broken TRS***2, the latter having been confirmed by ZF-uSR and
Kerr effect'>?*3*233, Conversely, there are broken TRS states not
involving triplet pairing, as e.g., the s + id spin-singlet state
proposed for some iron-based high-T. superconducting materi-
als*. In case of weak SOC, the internally-antisymmetric nonunitary
triplet (INT) pairing can break the TRS, e.g. in centrosymmetric
LaNiGa,>****3, and non-centrosymmetric LaNiC,%%*%. For such INT,
the superconducting paring function is antisymmetric with
respect to the orbital degree of freedom, while remaining
symmetric in the spin- and crystal-momentum channels?>34444°,
In Re-based superconductors, the point groups T4 and Dgp,
relevant to a-Mn-type ReTM and hcp-Mg-type Re and RegggMog 12,
respectively, have few irreducible representations whose dimen-
sion is larger than 1. In this case, an INT state can be achieved also
in ReTM superconductors, where it can account for broken TRS in
presence of a fully-opened gap, with either singlet-, triplet-, or
admixed pairing. We recall that in ReTM superconductors, neither
the TRS breaking nor the fully-gapped superconducting states are
closely related to the structure symmetry, thus indicating that SOC
is here inessential. Since SOC is ignored in INT pairing, this
paradigm could provide a simple explanation of why a lack of
inversion symmetry (essential to SOC) is not a precondition for TRS
breaking in ReTM superconductors. Moreover, the occurrence of
an INT state relies on the availability of a local-pairing mechanism
driven by Hund's rules, e.g., by Ni d-electrons in LaNiC, and
LaNiGa,?*****™¢_Since rhenium, too, can induce magnetism*’*%,
such local-pairing mechanism may occur also in ReTM super-
conductors. In the latter case, TRS breaking would depend on Re
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content but not on crystal structure, in agreement with the results
we report here.

To conclude, in search of the origin of time-reversal
symmetry breaking in Re-based superconductors, we per-
formed comparative uSR studies in the Re,_,Mo, family,
covering all its four different solid phases: hcp-Mg, a-Mn, -
CrFe, and bcc-W, with a-Mn being non-centrosymmetric and
the other three centrosymmetric. The superconductivity of
Re;_xMo,, including the lower and upper critical fields, was
characterized by magnetization, electrical resistivity, and heat
capacity measurements. The superfluid density at a microscopic
level and the zero-field electronic specific heat at a macroscopic
level both reveal a fully-gapped superconductivity in Re;_,Mo,.
The spontaneous fields increase with decreasing temperature
(below the onset of superconductivity), indicating that the
superconducting states of centrosymmetric Re and Reg ggMog 1>
break the TRS and are unconventional. By contrast, TRS is
preserved in the Re,_,Mo, compounds with a lower Recontent
(i.e, x=0.23), independent of their centro- or non-
centrosymmetric crystal structures. Our findings on the
Re;_,Mo, family (here extended to two other superconducting
phases, B-CrFe and bcc-W), together with those regarding other
Re-free a-Mn-type superconductors, clearly imply that not only
the Re presence, but also its amount are crucial for the
appearance and the extent of TRS breaking in the ReTM
superconductors. Further theoretical and experimental work is
highly desirable to clarify the rhenium conundrum.

METHODS
Sample preparation

Polycrystalline Re;_ Mo, alloys were prepared by arc melting Re (99.99%,
ChemPUR) and Mo (99.95%, ChemPUR) powders with different stoichio-
metric ratios in a high-purity argon atmosphere. To improve the
homogeneity, samples were flipped and remelted several times and,
some of the as-cast ingots, e.g., hcp-Mg- and bcc-W-type, were annealed at
900°C for two weeks. The clean B-CrFe phase (e.g., RegssMog4s) was
obtained by interrupting the heating immediately after the melting of the
precursors, similar to a quench process. Hence, all the measurements
reported here for the B-CrFe-type samples refer to as-cast samples. The a-
Mn-type samples with a non-centrosymmetric crystal structure (e.g,
Rep.77M0g 23) were synthesized by both arc melting and solid-state reaction
methods. The arc-melted sample, which shows a majority of hcp-Mg
phase, was annealed over one week at 1400 °C in a mixed argon/hydrogen
(95%/5%) atmosphere to stabilize the a-Mn phase. Such phase could also
be obtained by annealing the mixture of Re and Mo powders at 1400 °C in
argon/hydrogen atmosphere over one week.

Lower- and upper critical fields

The lower critical field H.; was determined by field-dependent magnetiza-
tion measurements at various temperatures up to T., while the upper
critical field Hc, was determined by measuring the temperature-dependent
electrical resistivity and heat capacity under various magnetic fields, and
by field-dependent magnetization at various temperatures. The magneti-
zation, electrical resistivity, and heat capacity measurements were
performed on a Quantum Design magnetic property measurement system
(MPMS) and a physical property measurement system (PPMS). The details
of zero-field electrical resistivity and heat capacity results, as well as the
low-field magnetic susceptibility data are reported in a previous study (see
Shang et al.?).

The results of the lower critical field measurements for Re; _,Mo, (0.12 <
X <0.60) are summarized in Supplementary Fig. 3. The estimated poH.;(0)
values are listed in the right panel of Supplementary Fig. 3 and in
Supplementary Table 1. The poH:1(0) of pure Re (hcp-Mg) can be found in
Shang et al.". The results of the upper critical fields H, for Re;_,Mo, (0 <
X <0.60) are presented in Supplementary Figs. 7, 9. The uoH.,(T) data were
analyzed by both Werthamer-Helfand-Hohenberg (WHH) and
Ginzburg-Landau (GL) models***°. The estimated poHc,(0) values are also
listed in Supplementary Table 1. The coherence length &£(0) was calculated
from &0) = /®o/2m He(0), where @ = 207 x 107> T um? is the
quantum of magnetic flux. The GL magnetic penetration depth Ag_ is
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related to the coherence length and the lower critical field via poHc, =
((D0/4n)\éL)[In (k) + 0.5], where k = Ag /€ is the GL parameter®'. By using
UoHc1(0) and €(0) calculated from poHc»(0), the GL magnetic penetration
depths AgL(0) could be determined. They too are listed in Supplementary
Table. 1 and are fully consistent with the experimental values from TF-uSR
data. The GL parameter k for Re;_,Mo, (0 <x < 0.60) (see Supplementary
Table 1), is always much larger than the threshold value 1/\5, thus clearly
confirming that all Re;_,Mo, alloys are type-Il superconductors.

USR experiments

The uSR experiments were conducted at the general-purpose surface-
muon (GPS) and at the low-temperature facility (LTF) instruments of the
Swiss muon source (SuS) at Paul Scherrer Institut (PSI) in Villigen,
Switzerland. Once implanted in a material, typically within ~0.1 mm,
spin-polarized muons act as microscopic probes of the local magnetic
environment via the decay positrons, emitted preferentially along the
muon-spin direction. The spatial anisotropy of the emitted positrons (i.e.,
the asymmetry signal) reveals the distribution of the local magnetic fields
at the muon stopping sites. For ZF-uSR measurements, to exclude the
possibility of stray magnetic fields, the magnets were quenched before
starting the measurements, and an active field-nulling facility was used to
compensate for stray fields down to 1 uT. In both the TF- and LF-uSR cases,
the samples were cooled in an applied magnetic field down to the base
temperature (1.5 K for GPS and 0.02 K for LTF). The uSR spectra were then
collected upon heating.

Analysis of the ZF-uSR data

All the uSR data were analyzed by means of the musrfit software
package®. Due to the non-magnetic nature of Re;_,Mo,, in the absence of
applied external fields, the relaxation is mainly determined by the
randomly oriented nuclear moments. Therefore, the ZF-uSR spectra can
be modeled by means of a phenomenological relaxation function,
consisting of a combination of Gaussian- and Lorentzian Kubo-Toyabe

relaxations>3°*:
1 2 ( %’ ) )
i S
Az = A §+§(1 70'%:1‘2 7/\z|:t) e o :| +Abg‘ (1)

Here A; and A4 represent the initial muon-spin asymmetries for muons
implanted in the sample and the sample holder, respectively. The muon-
spin polarization, reported in the top row of Fig. 2, is the total initial
asymmetry Az normalized to its t = 0 value. In polycrystalline samples, the
1/3-non-relaxing and 2/3-relaxing components of the asymmetry corre-
spond to the powder average of the local internal field with respect to the
initial muon-spin orientation. The oz and Az represent the zero-field
Gaussian and Lorentzian relaxation rates, respectively. Since Az shows an
almost temperature-independent behavior, the oz values in Fig. 2c and d
could be derived by fixing A to its average value, here, Azg = 0.0144 (x =
0) and 0.005 us~' (x = 0.12). Further details about the data analysis can
also be found in Shang et al."*.

Analysis of the TF-uSR data

In the TF-uSR case, the time evolution of the asymmetry can be modeled
by:

n
Are(t) = ZAi cos(y,Bit + et 4 Apg €OS(V,,Bogt + ). (2)

i=1

Here A; and A, are the same as in ZF-uSR. B; and Byq are the local fields
sensed by implanted muons in the sample and the sample holder, y,, is the
muon gyromagnetic ratio, ¢ is the shared initial phase, and o; is the
Gaussian relaxation rate of the ith component. The number of the required
components depends on the field distribution in the mixed super-
conducting state, here we found 1 <n <3 for Re;_,Mo,. In case of multi-
component oscillations, the first term in Eq. (2) describes the field
distribution as the sum of n Gaussian relaxations>>:

" A V(8 —B)’
p(B) =y, Z;exp <— “(2702)> (3)

i=1 !

The first- and the second moments of the field distribution in the sample
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can be calculated by:

n AiBi
B =3 -, 4
©=2 e @
and
(32>—ﬁ—2n:i °—i2+(3-—<3>)2 )
N Vi - Aot |V I 7

where Awe = > I, Ai. The total Gaussian relaxation rate o in Eq. (5)
includes contributions from both a temperature-independent relaxation,
due to nuclear moments (o, similar to o), and a temperature-dependent
relaxation, related to the flux-line lattice (o) in the superconducting state.
The o, values were extracted by subtracting the nuclear contribution

; _ /52 2
following o, = /0% — 02.

Extracting the superconducting gap and its symmetry from TF-uSR
data

Since oy is directly related to the effective magnetic penetration depth
and thus to the superfluid density (0sc o< 1/)\2ff ~ Ps), the superconduct-
ing gap and its symmetry can be investigated by measuring the
temperature-dependent o,.. For small applied magnetic fields [H,pp1/He,
< 1], the effective magnetic penetration depth A can be calculated from
the measured o,>"®
2 2
%ll) _ 00371 20 (6)
Yu Aet(T)
For Re;_Mo, (0<x<0.60), the H,pp/Hc, ratios are comprised between
0.23% and 2.6% (see Supplementary Table 1), hence justifying the use of
the above equation. To extract the superconducting gap and its symmetry,
the temperature-dependent superfluid density pe () [ox AZZ(T)] of
Re,_xMo, was analyzed by using a fully gapped s-wave model, generally
described by:

P (T) = % :1—1-2/OC #%dE (7)

N am V/EZ = A2(T)OE
where f = (1+€f/%T) " is the Fermi function®®®, A, is the effective
magnetic penetration depth at zero temperature. The temperature
dependence of the gap value is given by
A(T) = Ao tanh{1.82[1.018(T./T — 1)]°°'}*°, where 4, is the gap value
at zero temperature.

Unlike in the clean-limit case [see Eq. (7)], in the dirty limit, the
coherence length & is larger than the electronic mean-free path /.. In this
case, in the BCS approximation, the temperature dependence of the
superfluid density is given by®”:

p¥: AT AT

=2 _AM )tanh{—( )}
A (T) A 2kgT

For Re;_xMo, (0 < x < 0.60), & and I, exhibit similar magnitudes. Hence, in

this case, both Egs. (7) and (8) describe very well the low-T superfluid

density, and yield similar superconducting gap values (see Supplementary
Table 1).

psc(T) (8)
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