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a b s t r a c t

We carried out an investigation of the structural and superconducting properties of Re3W1−xMx alloys, 
which can crystallize in both a centrosymmetric (CS) hexagonal, and a non-centrosymmetric (NCS) cubic α- 
Mn phase. The superconducting transition temperatures (Tc) of the CS and NCS phases in pure Re3W are ∼ 
9.1 and ∼ 7.7 K, respectively. While boules fast cooled from the melt have a mixture of CS phases, the NCS 
phase can be stabilized upon annealing at very high temperatures (∼ 1700 °C), or upon the partial sub
stitution of the transition metals M = Ta, or Nb for W. X-ray diffraction and wavelength dispersive X-ray 
spectroscopy (WDS) data suggest that the optimal composition for the formation of the α-Mn phase directly 
from the melt in Re3W1−xMx is x ≈ 0.5. A detailed study of the superconducting properties of the Re3W1−xMx 

solid solutions was carried out by means of measurement of magnetization, ac magnetic susceptibility, 
electrical transport, and low temperature specific heat. As the M content is increased, the superconducting 
critical temperature Tc progressively decreases, though the overall superconducting properties remain si
milar to those of the parent NCS Re3W compound. The partial substitution at the W site does not seem to 
affect the pairing mechanism. Given the exponentially vanishing character of the electronic specific heat Ce 

(T) at low temperatures, the superconducting behavior of the NCS alloys is consistent with a nodeless, s- 
wave superconducting gap symmetry in all NCS samples. These findings add the pseudo-binary Re-M-W 
systems to the small roll of NCS materials where the pairing symmetry of the superconducting state can be 
explored.

© 2023 Elsevier B.V. All rights reserved. 

1. Introduction

While global gauge symmetry is a key element of the super
conducting state, parity is the key symmetry regarding non-cen
trosymmetric (NCS) superconductors. The absence of an inversion 
center in the crystal structure of NCS materials breaks the parity 
symmetry and leads to anti-symmetric spin-orbit coupling (ASOC), 
therefore lifting the twofold spin degeneracy of conduction band 
electrons [1]. Cooper pairs without a unique spin component can 
then be formed on the spin-split bands. Therefore, coexistence of 
spin singlet and triplet superconducting states is no longer pro
hibited by symmetry constraints [2,3].

Among the weakly correlated class of materials, the family of 
Rhenium-based NCS materials has recently drawn attention due to 
the simultaneous occurrence of time-reversal symmetry breaking 
(TRSB) in the superconducting state and conventional s-wave su
perconducting order parameter. These apparently opposing features 
have been proposed to occur in Re6M (M = Hf, Zr, Ti) [4–7] and 
Re0.82Nb0.18 [8]. On the other hand, zero-field muon-spin-rotation 
(µSR) data suggest that the time-reversal symmetry remains pre
served in Re3W, Re3Ta, and Re5.5Ta [9–11] even though all the ma
terials share the same α-Mn NCS crystal structure. To further 
complicate the experimental picture, the elemental centrosym
metric (CS) Re, having a superconducting critical temperature Tc ∼ 
2.7 K, exhibits a small internal magnetic field in the superconducting 
state [8], seemingly ruling out the NCS crystal structure as the origin 
of the TRSB in Re-based superconductors.

Given the complex phase diagram of the binary Re-W alloys, and 
melting temperatures exceeding 2000 °C [12], it is difficult to syn
thesize single-phase Re-W compounds. This is particularly true for 
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the NCS phase, which lies close to the Re:W ratio of 3:1. Depending 
on the synthesis route for producing polycrystalline samples, two 
polymorphs are known to form with the Re3W composition: one 
possessing a CS structure and the other with the NCS form. As-cast, 
arc-melted samples of Re3W crystallize mostly in the CS structure, 
previously associated with the hexagonal pure rhenium structure 
(space group P63/mmc - Re-h.c.p. type). This CS phase can be 
transformed into the NCS cubic phase (space group I4̅3m - α-Mn- 
type) upon annealing at temperatures exceeding 1500 °C under very 
low O2 pressure. The CS phase can be reversed back by arc melting 
[13]. The CS and NCS phases have distinct Tc’s of ∼ 9.4 and 7.8 K, 
respectively.

In this work we probe the effect of the partial substitution of Nb 
and Ta for W on both the phase formation and the superconducting 
properties of the Re3W1−x(Nb, Ta)x for x = 0 and 0.5. Although the Re- 
Ta-W ternary phase diagrams reveals the occurrence of the NCS α- 
Mn phase [14], the superconducting properties of these phases re
mained largely untested. As it turns out, the partial substitution of 
the lighter Nb or Ta for W promotes the formation of the α-Mn phase 
in as-cast materials, the samples are superconducting, and the ASOC 
is considerably weakened. Given the improved phase stability and 
weakened ASOC strength, a detailed study of the potential crossover 
from conventional to unconventional superconductivity is in order. 
The superconducting behavior of the NCS Re3W1−x(Nb,Ta)x solid so
lutions seems consistent with the conventional s-wave BCS frame
work, with no experimental evidence for triplet pairing.

2. Experimental details

Polycrystalline samples of Re3W, Re3W0.5Nb0.5, and Re3W0.5Ta0.5 

were synthesized by arc melting in a home built apparatus. 
Stoichiometric amounts of high purity Re (99.95 %), W (99.9 %, Nb 
(99.99 %), and Ta (99.99 %) from Alfa Aesar were placed on top of a 
water-cooled copper hearth, and arc melted together in a Ti-gettered 
ultra high purity Ar atmosphere, using a tunsten tip. The boules were 
turned over and melted again at least four more times in order to 
ensure homogeneity. The weight loss was lower than 0.5 % and it 
was not compensated by the addition of the constituents. The re
sulting samples, hereafter referred to as “as-cast” (AC), were then cut 
in half; one half remained AC while the other, hereafter referred to as 
AN, was wrapped in Ta foil, annealed in high vacuum (∼ 10−6 atm) at 
1700 °C for 10–30 h, and cooled rapidly.

X-ray diffraction (XRD) measurements at room temperature were 
conducted on powdered and bulk samples using a Bruker D8 
Advance diffractometer in Bragg-Brentano geometry equipped with 
Cu-Kα1-radiation (λ = 1.5406 Å). The microstructure of the ReW1−x 

(Nb, Ta)x samples was examined with a TESCAN MIRA-3 and a Zeiss 
LEO Stereoscan S440 operating in the backscattered electron (BSE) 
imaging mode. The chemical composition of the samples was de
termined by wavelength dispersive X-ray spectrometer (WDS) (from 
INCA/Oxford).

Magnetization and ac magnetic susceptibility data were obtained 
with a Quantum Design SQUID magnetometer (MPMS), and the 
ACMS II option for the Physical Property Measurement System 
Dynacool (PPMS). The temperature dependent magnetization data M 
(T) were acquired in field-cooled (FC) and zero-field cooled (ZFC) 
modes. For the ZFC measurements the sample was first cooled down 
to 2 K in zero field, a small field was applied (typically H = 5 Oe), and 
magnetization data was collected upon warming. The ac measure
ments were conducted using a drive frequency of 155 Hz and an 
amplitude of 1 Oe, while the dc external field was maintained at H 
= 5 Oe. Heat capacity and electrical resistivity measurements were 
carried out using the dedicated options of the PPMS, relying on a 
relaxation method and four-lead methodology, respectively. For the 
electrical resistivity measurements, four gold leads were attached to 

parallelepiped-shaped samples using Ag paint. The typical dimen
sions of the samples were ∼ 2 × 1 × 0.2 mm³ .

3. Experimental results

Except for the AC Re3W sample, all as-cast specimens were brittle 
and easy to grind, yielding fine powders appropriate for structural 
studies by means of X-ray powder diffraction (XRD). However, the 
parent compound Re3W could only be ground after annealing at 
1700 °C under high vacuum, reflecting a full transformation to the 
α–Mn phase. Shown in Fig. 1 are the powder XRD diffractograms for 
the AC and AN ReW1−x(Nb, Ta)x samples with x = 0 and 0.5. The scan 
of Fig. 1(a)(i) was taken on a polished flat surface of the AC Re3W 
material, and a careful analysis of the XRD data indicates the pre
sence of at least two phases, including the CS σ phase and hexagonal 
phases. The σ phase is tetragonal (space group P4₂/mnm), whose 
prototype material is CrFe, and it is closely related to the α–Mn (or 
also known as χ) phase, and both can be included in the Frank- 
Kasper family of topological phases [15,16]. The σ phase is con
sidered to be the most stable phase within the Re-W alloys with Re 
contents lower than 75 at%. The presence of the σ phase in AC Re3W, 
which we report here for the first time, was not identified in pre
vious studies [13,17].

The exact atomic composition of the AC Re3W sample could not 
be unambiguously determined from the XRD data alone, primarily 
due to the large width of the most intense reflections. However, the 
coexistence of the σ and Re-h.c.p. phases in the AC Re3W specimen is 

Fig. 1. (a) X-ray diagrams of AC (i) and AN (ii) Re3W and the AC Re3W0.5Ta0.5 (iii) and 
Re3W0.5Nb0.5 (iv) solid solutions. The data is offset for clarity. The AC Re3W diagram 
(black line on top) exhibit features of a multi-phase (σ + Re-h.c.p.) material, being 
markedly distinct from the single-phase (α-Mn) diagrams. (b) Rietveld refinement of 
the AN Re3W data confirming the single-phase character of the material, as is also the 
case of both AC alloys Re3W0.5Ta0.5 and Re3W0.5Nb0.5 shown in (a).
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conceivable, given the well-known progression of the structure from 
single Re-h.c.p. in Re0.9W0.1 to single-phase σ in Re0.5W0.5 (see Fig. S1
in Supplementary material), as well as for the microstructural details 
of the AC Re3W material, which we’ll discuss later. Therefore, the 
main reflections of the XRD scan in Fig. 1(a)(i) are indexed in analogy 
to the Bragg reflections observed in as-cast Re0.82W0.18, Re0.67W0.33, 
and Re3W specimens. Given the large width of the reflections, it is 
not possible to completely rule out the nucleation of a small amount 
of the NCS α–Mn as a minority phase. In contrast, the XRD data for 
the well established two-phase Re-W materials, having the α–Mn as 
a minor phase (shown in Supplementary material, section S2), yield 
radically different scans from the ones shown in Fig. 1(a)(i).

The powder XRD scan for the Re3W sample annealed at 1700 °C is 
shown in Fig. 1(a)(ii), and it displays only reflections belonging to the 
NCS α-Mn type structure. This transformation from the CS phase to a 
purely α-Mn phase is consistent with the peritectoid transformation 
(Re-h.c.p. + σ → α-Mn) taking place upon annealing at 1700 °C [12]. 
This transformation to a single-phase is reminiscent of the Re-Mo 
system [18], where single-phase α-Mn materials have only been 
obtained upon annealing at high temperatures. The lattice para
meters of the single-phase samples were then calculated from 
Rietveld refinements using the Fullprof suite [19]. The refined XRD 
diagram for the α-Mn phase Re3W is displayed in Fig. 1(b), and the 
calculated lattice parameters for all samples are listed in Table 1. The 
calculated lattice parameter of the AN Re3W was found to be a 
= 9.6005(2) Å, showing good agreement with the range 
9.5965–9.599 Å reported in neutron diffraction studies [13,20]. Ac
cording to Fig. 1(a), the Bragg peaks of the solid solution samples are 
shifted to lower angles in relation to those of the pristine AN Re3W, 
clearly indicating an enlargement of the lattice parameter upon the 
partial atomic substitution. Therefore, this enlargement is confirmed 
by the Rietveld refinements, which yielded a = 9.642 and 9.647 Å for 
the Re3W0.5Ta0.5 and Re3W0.5Nb0.5 AC materials, respectively. Al
though larger than that of the Re3W parent compound, the lattice 
parameters of the solid solutions are smaller than those of Re3Ta 
(9.691 Å) and Re3Nb (9.689 Å); those values were obtained in our 
samples and are in agreement with the reported ones [10,21,22]. As 
expected for a solid solution system, we have confirmed that the 
lattice parameters of the Re3W1−x(Ta,Nb)x materials grow mono
tonically with the substitution level x, closely following the Ver
gard’s law (aRe3W1-x(Nb,Ta)x ∼ (1-x) aRe3W + x a Re3(Nb,Ta)).

In contrast to Re3W, AC Re3Ta and Re3Nb both crystallize in the α- 
Mn structure right from the melt (see Supplementary material, 
section S3), although annealing at high temperatures improves 
slightly the phase purity and homogeneity. It is thus tempting to 
consider that the partial substitution of Ta or Nb for W in Re3W 
facilitates the formation of the α-Mn phase upon casting. We found 
that the 50 % substituted Re3W0.5Ta0.5 and Re3W0.5Nb0.5 solid solu
tions solidified from the melt with the α-Mn structure, as indicated 
by the XRD scans of Fig. 1(a) (iii and iv). Therefore, the partial atomic 
substitutions promote the α-Mn phase stability, in addition to 
widening the solubility limit of the α-Mn phase, according to the 
ternary phase diagram above 1500 °C proposed for Re-Ta-W [14].

In order to further probe the effect of the substitutions on the 
formation of the α-Mn phase, one can rely on the information from 
the binary phase diagrams of the Re-Ta and Re-W systems (Figs. 2(a) 
and 2(b), respectively). The single-phase α-Mn field (yellow high
light) is quite different in the two systems, as far as the solidification 
temperatures and solubility range. The transformation of two solid 
phases (Re-h.c.p. and σ) is required to stabilize the α-Mn phase in the 
Re-W system (peritectoid reaction), in contrast to the congruent 
melting transformation observed in the Re-Ta system, that leads the 
liquid phase directly into the α-Mn solid phase. In the latter case, the 
small temperature gap between the solidus and liquidus lines along 
the broad α-Mn solubility range is responsible for the straightfor
ward formation of single-phase Re3Ta directly from the melt (i.e. as- 
cast), without phase segregation. Similar phase formation behavior 
is observed in the Re-Nb system (data not shown).

The details of the Re-W, Re-Ta, and Re-Nb binary systems suggest 
that the partial substitution of Ta or Nb for W alters the α-Mn single- 
phase field, transitioning it to an intermediary format in the ternary 
Re-Ta-W system, i.e. the partial substitutions both widens the so
lubility limit and drives the peritectoid Re-W temperature towards 
the liquidus line. The substitution level eventually reaches the values 
where the pseudo-binary material melts congruently. Therefore, the 
phase segregation upon solidification in the Re-W system can be 
avoided with partial substitutions. As shown in the Supplementary 
material, phase segregation remains present in as-cast Re3W1-x 

(Ta,Nb)x at minor substitution levels (x ≈ 0.1) in Re3W0.9Ta0.1 and 
Re3W0.9Nb0.1. Atomic substitutions x ≈ 0.25 changes the overall 
phase composition drastically, yielding as-cast materials nearly 
single-phase, with just one unidentified reflection with very low 
intensity at 2θ ∼ 42.7° in Re3W0.75Ta0.25. A further increase in sub
stitution level to x ≈ 0.5 yields single-phase as-cast materials, as 
displayed in Fig. 2(d).

In order to illustrate the effect of the partial substitutions on 
phase formation, the 1500 °C isothermal section of the Re-Ta-W 
system is displayed in Fig. 2(c). Although this isothermal section is 
quite far in temperature from the liquidus-solid boundary line near 
the 75%at. Re content, the diagram is helpful, as it shows the con
tinuous broadening of the α-Mn phase field, as the substitution level 
x is increased in the Re3W1-xTax series. This broadening is consistent 
with the ability of the α-Mn structure to accommodate the off- 
stoichiometry compositions by means of substitutions at the four 
sites of the structure [26]. This ability is somewhat limited in the Re- 
W binary system, but it is largely enhanced as the Ta or Nb content is 
progressively increased. Therefore, the atomic substitutions of Ta or 
Nb for W are also consistent with the increase of site disorder, which 
is already present in annealed Re3W.

The ternary phase diagram Re-Ta-W (Fig. 2(c)) suggests that the 
solid solutions can be homogenized in heat treatment at 1500 °C 
under very high vacuum. Thus, heat treatments at temperatures 
above 1500 °C (∼ 1700 °C in the case of this work) significantly de
crease the time required to attain optimally homogenized materials. 
An expanded view of the Re-rich region is shown in Fig. 2(d). The 
Re3W0.5Ta0.5 is deep inside the single-phase field, suggesting that 
heat treatments in temperatures above 1500 °C avoid the pre
cipitation of other phases, while possibly further promoting the 
homogeneity of the α-Mn phase.

A SEM study of the microstructure supports the phase compo
sition findings of the XRD data and phase diagram analysis, i.e. the α- 
Mn phase formation in the Re-W system obtained by heat treatment 
and the promotion of this phase by partial substitutions. Shown in 
Figs. 3(a) and 3(b) are SEM/BSE images of the AC Re3W sample. The 
microstructure shows the Re-h.c.p. and σ phases, in good agreement 
with the Re-W phase diagram, whose region close to 75%at. Re is 
depicted in Fig. 2, and the XRD measurements. The subtle contrast 
seen in the micrographs is due to regions with slightly different 
mean atomic number, ranging from 74.8 to 74.9 in the Re0.82W0.18 

Table 1 
Superconducting and normal state parameters of the annealed Re3W1−xMx; M = Nb, 
Ta; x = 0, 0.5, and 1. 

Re3W Re3W0.5Ta0.5 Re3Ta Re3W0.5Nb0.5 Re3Nb

Tc (K) 7.7 6.9 4.75 7.6 6.3
RRR 1.15 1.12 1.04 1.12 1.05
ρ (μΩcm) 171 231 280 252 307
a (Å) 9.601 9.642 9.691 9.647 9.689
γn (mJ mol−1 K−2) 17.1 17.4 13.3 17.9 16.3
Δ0 (meV) 1.29 1.14 - 1.28 -
2Δ0/kBTc 3.86 3.85 - 3.91 -
ΔCp/γnTc 1.58 1.61 1.57 1.71 1.48
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(Re-h.c.p.) and Re0.66W0.33 (σ) compositions, respectively. An ele
mental quantitative analysis using WDS was carried out at the 9 
locations along the ∼ 100 µm line shown in Fig. 3(b), and the relative 
concentrations of Re and W are shown in Fig. 3(d). These data show a 
high level of inhomogeneity, and a rather large fluctuation in the 
chemical composition throughout the material, with substantial 
deviations from the 75 % at. Re nominal value (dashed lines). Two 
compositions are confirmed: one with approximately 80 % at. Re, 
indicated by the blue points in Fig. 3(d), due to the presence of the 
Re-h.c.p. phase, and the other with Re content below 70 % at., in red, 
most likely associated with the σ-phase. These data also suggest that 
given the rapid cooling of the AC materials, the solid solution (Re- 
h.c.p./σ) maybe retained upon freezing, since this phase lies above 

the perictectic temperature, as illustrated in Fig. 3(c), resulting in a 
dendrite-like microstructure.

Shown in Fig. 4(a) and Fig. 5(a) are the micrographs for the AN 
Re3W and AC Re3W0.5Ta0.5 specimens, respectively. The BSE image 
for AN Re3W (Fig. 4(a)) is clearly different from its AC counterpart 
(see Figs. 3(a) and 3(b)), as the α-Mn phase stabilization is reflected 
in the more homogeneous image. Although being more uniform, the 
AN micrographs exhibit a few darker regions, suggesting that a very 
low volumetric fraction of micro segregations still remains present 
after the 1700 °C heat treatment in high vacuum. The WDS analysis 
displayed in Fig. 4(b) shows that the expected atomic ratio Re:W of 
75:25 (dashed lines) is approximately met in the main portion of the 
material while it becomes Re-rich (80:20) only in the selected points 

Fig. 2. Equilibrium phase diagrams of the Re-Ta (a) and Re-W (b) systems are displayed in the left side of the figure. Panel (c) exhibits the isothermal section at T = 1500 °C of the 
ternary Re-Ta-W system. An expanded view of the rhenium-rich portion of the ternary diagram is depicted in (d). The single-phase NCS α-Mn fields are highlighted in yellow in all 
the diagrams. Binary phase diagrams Re-Ta, Re-W, and the ternary Re-Ta-W were adapted from Refs. [23,24], and [25], respectively.

Fig. 3. (a) and (b) SEM/BSE images for distinct segments of the AC Re3W alloy. The blue highlighted points in (b) are the positions where WDS microanalyses were conducted. (c) 
Expanded view of the Re-W phase diagram, focusing on the high temperature, rhenium-rich side. The black dashed arrow illustrates the cooling process in AC materials. (d) 
Concentration profile measured with WDS at the enumerated points in (b): the horizontal dashed lines represent the nominal composition (in at%) of the AC Re3W specimen. The 
rhenium deficient red data points are related to the σ phase while the blue ones are associated to the Re-rich h.c.p. phase.
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in the segregation areas. Nonetheless, the Re:W ratio of 73.7:26.3 
was obtained by the WDS analysis in a 30 × 10 µm² area that includes 
the micro segregations, indicating that these formations do not 
change the overall sample composition significantly. In contrast, the 
concentration profile of the AC Re3W0.5Ta0.5 solid solution (Fig. 5(b)) 
was found to be very uniform over 100 µm, with no significant de
viation from the expected atomic ratio Ta/W/Re of 75/12.5/12.5. A 
similar ratio of 75/12.5/12.5 was found for the AC Re3W0.5Nb0.5 

specimens (see Supplementary material, section S4). The contrast 
seen in the SEM image of Fig. 5(a) is suggestive of grain with the 
same composition but different orientation. Therefore, as the mi
crograph displayed in Fig. 5(a) comes from an as-cast sample, the 
substitution alone is effective in promoting the phase stabilization. 
No distinguishable changes were noted in the micrographs of the 
annealed solid solutions.

We probed the superconductivity in the Re3W1−xNbx and 
Re3W1−xTax compounds by means of measurements of field-cooled 
(FC) and zero-field-cooled (ZFC) dc magnetization (M). Shown in 
Fig. 6(a) are the M(T) data for as-cast and annealed Re3W, as well as 
as-cast Re3W0.5Nb0.5 and Re3W0.5Ta0.5. The robust diamagnetic 

signals below Tc in the ZFC curves are indicative of bulk super
conductivity, while the weaker magnetic responses in the FC data 
reflect the low values of the lower critical field Hc1 and significant 
flux pinning, common features of type II superconductors. The su
perconducting volume fractions (SVF) yielded from the ZFC M(T) 
data at T = 2 K are within the 150–200 % range, assuming Re3W1−x 

(Ta,Nb)x samples with densities in the 18.7–20.2 g cm−3 range. Cor
rections from the demagnetizing factors, as well as from more pre
cise determinations of the remnant field of the superconducting 
magnet were not included in the analysis, resulting in the over
estimated values of SVF.

Taking Tc from the onset of the superconducting transitions, the 
values of Tc for the two Re3W specimens are ≈ 9.4 K (as-cast, mul
tiphase) and ≈ 7.7 K (annealed, α-Mn phase). The broader transition 
of the AC Re3W sample is likely due to inhomogeneities and the two- 

Fig. 4. (a) SEM/BSE images of the AN Re3W alloy; (b) Concentration profile measure at 
the enumerated, blue highlighted points in the micrograph (a). The yellow data points 
represent the regions where the Re:W atomic ratio is approximately 3:1 (brighter 
regions in the micrograph), and the data in blue are related to Re-rich micro
segregations (darker areas).

Fig. 5. (a) SEM/BSE image of the AC Re3W0.5Ta0.5 alloy; (b) Concentration profile 
measured at the blue points highlighted in (a). The material displays a high degree of 
homogeneity in its as-cast form. Fig. 6. Temperature dependence of (a) dc magnetization M(T) and (b) in-phase χ’(T) 

and out-of-phase χ’’(T) ac magnetic susceptibility. Both measurements were con
ducted under Hdc = 5 Oe, an ac excitation field Hac = 1 Oe, and frequency f = 155 Hz. 
Pure NCS materials (AN Re3W, AC Re3W0.5Ta0.5, and AC Re3W0.5Nb0.5) display only 
single peaks in χ’’(T). Two peaks in χ’’(T) were observed in the AC Re3W material, as 
seen clearly in the inset of (b).
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phase character of the sample. The Tc values for the as-cast 
Re3W0.5Nb0.5 and Re3W0.5Ta0.5 are ≈ 7.6 and 7.1 K, respectively.

Low frequency (f = 155 Hz) ac magnetic susceptibility χac(T) 
measurements near Tc are consistent with the superconducting 
transitions found from the dc magnetization data. The temperature 
dependence of the in-phase (χ’), and out-of-phase (χ”) components 
of χac are shown in Figs. 6(a) and 6(b), respectively. Consistently with 
the dc data, χ’(T) revealed large diamagnetic shielding signals below 
Tc. The clear peaks in the χ’’(T) data arise from the dissipation effect 
associated with the flux dynamics due to the onset of super
conductivity.

The inset of the upper panel of Fig. 6(b) displays χ’’(T) data for the 
AC and AN Re3W samples. While the data for the AN sample show a 
single superconducting transition, the data for the AC sample show 
two peaks, consistently with the 2-phase character. The most pro
minent peak of the AC sample is centered near 9.0 K and reflects the 
onset of superconductivity of the majority phase, while the smaller 
peak in the vicinity of 7.4 K is likely due to the minority phase.

It has been reported (Refs. 27–29) that the σ and Re-h.c.p phases 
of the Re-W binary system are known to superconduct, and their Tc 

values span a rather wide temperature range from ≈ 7.4 to ≈ 9.4 K, 
depending on the W content (see Supplementary material, section 
S5). Similar behavior was observed recently in the Re-Mo system 
[18]. We have also observed that the χ’’(T) data for the AN Re3W 
sample showed just a single peak centered at ∼ 7.8 K, consistent with 
the expected behavior of a single-phase α-Mn material [13,20]. 
Consistently with the expected behavior for single-phase materials, 
the χ’’(T) data for AC Re3W0.5Nb0.5 and Re3W0.5Ta0.5 also revealed 
just a single peak at Tc, as shown in the upper panel of the Fig. 6(b).

A magnified view of the superconducting transitions is displayed 
in the inset of Fig. 7, showing that ρ(T) drops to zero in a very narrow 
temperature range for all samples. The AN Re3W sample displays the 
sharpest transition, reflecting the lowest level of disorder, which can 
be expected given that the W sites are fully occupied only by W.

Further probing the superconducting properties of the Re3W1−x 

(Nb, Ta)x compounds was carried out by measurements of heat ca
pacity. The specific heat Cp data for Re3W (AC and AN), Re3W0.5Nb0.5 

(AC), and Re3W0.5Ta0.5 (AC) samples near Tc are shown in Fig. 8. The 
Cp vs T data for the NCS single-phase AN Re3W in Fig. 8(a) show a 
single jump centered in the vicinity of ∼ 7.7 K, a feature consistent 
with the opening of a superconducting energy gap. Taking the Tc 

values from an entropy conservation construction, the jump 

magnitude ΔCp is ≈ 210 mJ mol−1 K−1, corresponds to ∼ 105% of 
1.43γnTc, the value expected from the conventional, weak-coupling 
BCS theory, where γn is the Sommerfeld electronic contribution to 
the specific heat (see inset of Fig. 8(b)).

The Cp vs T data for the AC Re3W sample show two clear peaks, at 
Tc1 ∼ 6.7 and Tc2 ∼ 9.1 K, respectively. The higher peak centered at ∼ 
9.1 K corresponds to ∼ 70 % (ΔCp ∼ 157 mJ mol−1 K−1) of the BCS 
value, while the smaller peak near 6.7 K accounts for ∼ 38 % (ΔCp ∼ 
63 mJ mol−1 K−1). Given this sizable, relatively narrow jump at Tc2, 
the superconducting phase with higher Tc makes up the major 
fraction of the sample volume. The two SC transitions in the Cp(T) 
data for the AC Re3W sample are consistent with the χac data of 
Fig. 6(b). Similar χac(T) and Cp(T) behaviors were reported for as-cast 
Re3W in Ref. 17; however only one feature in the Cp(T) data near T ∼ 
9.4 K was observed in Ref. 9. The absence of a second super
conducting transition in the Cp(T) data from Ref. 9 suggests that the 
phase purity and volume fraction could depend on the details of the 
solidification. It is plausible that a slight difference in the cooling 
rate upon the solidification may yield a different fractionation of the 
two main AC Re3W phases.

Shown in Fig. 8(b) are the Cp(T) data for as-cast Re3W0.5Nb0.5 and 
Re3W0.5Ta0.5, displaying single jumps in Cp(T) close to 7.8 and 6.9 K, 
respectively, consistent with the occurrence of bulk super
conductivity. The Cp/T vs T2 data for the Re3W0.5Nb0.5 sample is 
shown in the inset of Fig. 8(b) in two different applied magnetic 
fields, H = 0 and 9 T. A linear extrapolation of the C/T vs T2 from the 

Fig. 7. Temperature dependence of the electrical resistivity ρ(T) of as-cast (AC) and 
annealed (AN) Re3W and AC Re3W0.5Ta0.5 and Re3W0.5Nb0.5. The inset displays an 
expanded view of the low temperature data (T  <  10 K), in order to highlight the 
temperature window where the superconducting transitions to the zero-resistance 
states are observed.

Fig. 8. (a) Temperature dependence of the specific heat of AC and AN Re3W; and (b) 
AC Re3W0.5Ta0.5 and Re3W0.5Nb0.5. Two superconducting jumps are observed in the 
multi-phase AC Re3W specimen (in black, upper panel (a)), while a single peak, in red, 
is observed in the AN Re3W. The estimate of the normal state contribution to the 
specific heat is represented in the inset of (b).
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normal phase to T = 0 yields γn = 17.9 mJ mol−1K−2 for the as-cast 
Re3W0.5Nb0.5 sample. In order to reduce the temperature range of 
the extrapolation of Cp/T vs T2 data to T = 0 K and to obtain more 
reliable Sommerfeld coefficients for the Re3W1-x(Nb, Ta)x materials, 
the values of γn were taken from the Cp(T) data at H = 9 T, and their 
values are summarized in Table 1.

The specific heat can be described by Cp(T) = Ce(T) + Clatt(T), 
where Ce(T) and Clatt(T) are the electronic and phonon components, 
respectively. The electronic term is Ce(T) = γnT, and the phonon term 
can be written as Clatt(T) = α1T3 + β2T5, where the T3 term is the 
Debye low temperature approximation and the T5 term accounts for 
non-harmonicities. Subtracting the fitted lattice contribution from 
the zero-field data allows for an estimate of the superconducting 
electronic contribution Ce(T), which in turn permits comparing the 
observed behavior to the expected from the BCS theory. Displayed in 
Fig. 9 is a plot of Ce(T)/γnT versus the reduced temperature T/Tc for 
the AN Re3W and both AC Re3W0.5Ta0.5 and Re3W0.5Nb0.5 samples. 
The data for the three samples all but completely overlap, suggesting 
a universal behavior for this series. Therefore, the data could be fit 
very well to the α-model BCS [30].

The α-model BCS accounts for the strong coupling super
conducting pairing, and it is based on rescaling the α = Δ0/kBT ratio 
[30], an otherwise universal quantity in the BCS weak-coupling limit 
[31]. A model of independent fermionic excitations can be used to 
calculate Ce(T) that is given by [32]:

= +C T
T t

f f y T
d

dT
T dy

( ) 3
( )[1 ( )]{ ( ) [ ( ) ]}e

n

3

2 3
2 2 2

(1) 

where f(ε) is the Fermi-Dirac function with ε2 = Δ0
2(y2 + δ(T)2), y = ξ/ 

Δ0 is the rescaled quasi-particle energy measured relative to the 
Fermi energy, and δ(T) = 1.76 tanh(1.82[1.018(Tc/T-1)]0.51) is the 
temperature dependence of the gap function obtained by self-con
sistently solving the gap equation [33]. The α-model has been suc
cessfully applied to Re-based NCS phases [34,35], iron pnictide 
superconductors [36] as well as other families of superconducting 
materials [37].

The α values extracted from the fits yielded energy gaps of Δ0 ∼ 
1.29, 1.14, and 1.28 meV for AN Re3W, AC Re3W0.5Ta0.5, and AC 
Re3W0.5Nb0.5, respectively. These energy gaps compare well to the 
values of 1.25, 0.74, and 1.41 meV, respectively, reported in the lit
erature for the parent compounds [9,10,38]. The slightly over
estimate of Ce just below Tc using the strong coupling model 

suggests that the electron-phonon coupling in these compounds 
may be classified as moderate.

A dilution refrigerator was used to conduct the specific heat 
measurements down to T = 0.2 K, corresponding to T/Tc ∼ 0.03 
(Fig. 9), enhancing the reliability of the Ce(T) analysis in the zero 
temperature limit. The behavior of Ce(T) for the three samples is 
suggestive of a nodeless isotropic gap symmetry scenario, where Ce 

(T) drops exponentially at low T/Tc. This gap symmetry has already 
been conjectured from the specific heat data for polycrystalline 
Re0.82Nb0.18 and annealed Re3W compounds [9,21], superfluid den
sity [20,21], and superconducting electron tunneling [38,39] mea
surements, although two superconducting gaps have also been 
suggested in the case of Re0.18Nb0.82 single crystals [40].

4. Conclusions

In summary, we synthesized Re3W1−x(Nb,Ta)x (x = 0, and 0.5) 
samples by arc-melting the starting materials in a water-cooled 
copper hearth under an UHP argon atmosphere using a tungsten 
electrode. The as-cast Re3W sample was found to have two phases 
with two distinct superconducting transition temperatures of ∼ 9.1 
and 7.4 K, respectively. Single-phase, non-centrosymmetric Re3W 
specimens (Tc ∼ 7.7 K) can only be obtained after annealing in 
temperatures exceeding T  >  1500 °C in high vacuum. However, as- 
cast specimens with 50 % substitution of Ta or Nb for W solidify as 
single-phase materials with the α-Mn NCS structure, and they are 
more homogeneous than the annealed Re3W specimen. Electrical 
resistivity, heat capacity, and magnetic susceptibility measurements 
indicated that the as-cast pseudo-binary alloys Re3W0.5Ta0.5 and 
Re3W0.5Ta0.5 are both superconducting, with Tc onsets of 7.1 and 
7.6 K, respectively. The thermal and electrical properties suggest 
conventional isotropic s-wave superconductivity, with moderate- 
coupling, within the range observed in other known Re-based NCS 
superconducting materials. Although these materials do not reveal 
features of unconventional superconductivity, further studies on 
high-quality single crystals are in order to better probe this point. 
The realization that single-phase α-Mn NCS samples can be obtained 
directly from the melt in partially substituted Re3W0.5Ta0.5 and 
Re3W0.5Nb0.5 is of great importance for further probes of super
conductivity in NCS materials.
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