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Recently, high-entropy alloys (HEAs) have emerged as a unique platform for discovering superconducting
materials and offer avenues to explore exotic superconductivity. The highly disordered nature of HEAs suggests
the regular phonon required for BCS superconductivity may be unlikely to occur. Therefore, understanding the
microscopic properties of these superconducting HEAs is important. We report a detailed characterization of
the superconducting properties of the noncentrosymmetric («-Mn structure) HEAs (HfNb)g 10(MoReRu)g g9 and
(ZrNb)g 10(MoReRu)j 99 by using magnetization, specific heat, AC transport, and muon-spin relaxation/rotation
(uSR). Despite the disordered nature, low-temperature specific heat and transverse-field muon spin rotation
measurements suggest a nodeless isotropic superconducting gap, and zero-field £SR measurements confirm that
time reversal symmetry is preserved in the superconducting ground state.

DOI: 10.1103/PhysRevB.104.094515

I. INTRODUCTION

High-entropy alloys (HEAs) are a class of materials
with tunable physical and superior mechanical properties
compared to conventional binary and ternary alloys. These
materials are getting widespread attention from many differ-
ent scientific areas, including material science and theoretical
and experimental condensed-matter physics [1-6]. HEAs are
multicomponent alloys that contain five or more elements in
near-equimolar ratios [7-10]. The Gibbs free energy decreases
at high temperature and plays a vital role in crystalliz-
ing HEAs in different crystallographic structures [2,11,12].
Recently, HEA superconductors have emerged as a class
of disordered alloy superconductors, having a high super-
conducting transition temperature and critical field. Also,
they show retention of superconductivity at very high pres-
sure [13]. Superconductivity was first reported in the high-
entropy alloy TassNbssHfgZr4Tij; [14]; since then, it has
been observed in a few others high-entropy alloys [15-21].
To date, most of the research in HEA superconductors has
been focused on discovering new HEA superconducting ma-
terials that crystallize in various structures and enhance the
superconducting transition temperature. In contrast, the super-
conducting pairing mechanism is largely unexplored, mainly
due to the HEA multicomponent and a high-disorder na-
ture. It is difficult to calculate the electronic structure and
understand the lattice vibration, which are usually essential
for understanding the superconducting pairing mechanism.
A comparative study of binary alloy superconductors with
HEAs, which have the same crystal structure and a large
disorder, can provide more insight into the superconducting
properties of HEAs. A topical example of a binary alloy
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is the Re-based superconductors. These materials have a
noncentrosymmetric «-Mn crystal structure and have been
studied extensively due to the presence of time reversal
symmetry (TRS) breaking [22-26]. However, the exact super-
conducting pairing mechanism is still not fully understood.
Structural similarity, disorder, and the multicomponent na-
ture of Re-based noncentrosymmetric (NCS) HEAs may help
us understand the superconducting pairing mechanism of
noncentrosymmetric superconducting compounds and HEAs
themselves, which are still elusive. In this paper, we per-
form a comprehensive study of the superconducting ground
state using magnetization, heat capacity, and resistivity, to-
gether with muon-spin spectroscopy on the NCS «-Mn HEA
(HfNb)g.10(MoReRu)g g9, having a T = 5.9(1)K, and an-
other «-Mn NCS HEA, (ZrNb)g.1o(MoReRu)g 99, reported by
Stolze et al. [18], having a T¢ 5.8(1) K.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of the (HfNb)g jo(MoReRu)g 9o
and (ZrNb)g0(MoReRu)p g9 HEAs were prepared by arc
melting stoichiometric quantities of high-purity elements (SN)
under argon (5N) atmosphere. The resulting ingots were
flipped and melted several times to enhance the homogeneity.
In both HEAs, the weight loss was negligible (<0.1%) after
melting. Phase purity and crystal structure of the samples
were confirmed by x-ray diffraction at room temperature on
a PANalytical diffractometer equipped with Cu K« radiation
(x = 1.54056 A).

Temperature- and field-dependent magnetization, heat ca-
pacity, and transport measurements were performed using
a Quantum Design MPMS-3 and physical property mea-
surement system. The muon-spin relaxation/rotation (uSR)
measurements in zero-field (ZF) and transverse-field (TF)
conditions were carried out using the MuSR spectrometer at

©2021 American Physical Society
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FIG. 1. The x-ray diffraction pattern from (HfNb)g o

(MoReRu)y g9 (left) and (ZrNb)g jo(MoReRu)ygo (right) collected
at room temperature using Cu Ko radiation (A = 1.54056 A). The
black line is the Le Bail fitting, and the green ticks are the expected
locations for the diffraction Bragg peaks.

the ISIS Neutron and Muon Facility, Rutherford Appleton
Laboratory, United Kingdom. A full description of the uSR
technique may be found in Ref. [27].

III. RESULTS
A. Structural characterization

X-ray diffraction spectra from both HEAs were col-
lected at ambient conditions, and Le Bail fitting was
carried out using the FULLPROF software [28], as shown
in Fig. 1. Figure 1 shows that both alloys crystal-
lize in a cubic noncentrosymmetric o-Mn (space group
143m) crystal structure and have unit cell parameters a =
9.6170(2) A and 9.6180(2) A for (HfNb)g 1o(MoReRu)g.
and (ZrNb)g.10(MoReRu)g g9, respectively. The refined cell
parameters of (ZrNb)y. j0(MoReRu)g g9 are in good agreement
with the published data [18]. Due to the large number of
different atoms and sites, the tendency to form a solid solution
makes it difficult to determine the occupancies of atomic sites
unambiguously (see the Supplemental Material [29]).

B. Normal and superconducting state properties
1. Electrical resistivity

Temperature dependences of the resistivity p(7T) for
both samples were performed in zero field from 1.9
to 300 K. The results for (HfNb)yj9(MoReRu)yg9y and
(ZrNb)y.10(MoReRu)g g9 are shown in Figs. 2(a) and 2(b),
respectively. Low-temperature data shown in the top in-
sets in Figs. 2(a) and 2(b) clearly present a very sharp
drop in resistivity at 72 =5.9(1) and 5.8(1)K for
(Hbe)o_]o(MORCRU)o,go and (ZI‘Nb)Q,lo(MOReRU)o_go, re-
spectively. Resistivity increases leisurely with temperature,
showing poor metallic behavior. The residual resistivity ra-
tio (RRR) for both samples was found to be 1.2. The small
value of the RRR for both HEAs indicates a high degree
of disorder, and these values are comparable to the reported
RRR ratio for HEAs and «-Mn binary alloys [18,23-25,30].
A Hall measurement was also performed to calculate the
carrier concentration and the type of charge carriers. The
bottom insets in Figs. 2(a) and 2(b) show the field depen-
dence of Hall resistivity p measured at 7 = 10 K for both
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FIG. 2. Temperature dependence of the resistivity for (a)
(Hbe)o_l()(MOReRU)()_g() and (b) (ZI'Nb)()»]o(MOReRU)()_g() in zero
field. The top insets show the superconducting transition, and the
bottom insets show the field-dependent Hall resistivity at 10 K.

HEAs. p(H) is well described by a straight line fit, and carrier
concentration yields n = 11.9(4) x 10728 m~3 and 11.4(8) x
10728 m—3, respectively, for (HfNb) o(MoReRu)yq and
(ZrNb)g.10(MoReRu)g gp.

2. Magnetization

To confirm bulk superconductivity in both HEAs, the tem-
perature dependence of the DC magnetization measurements
was measured in an applied field of 1.0 mT in zero-field-
cooled warming (ZFCW) and field-cooled cooling (FCC)
modes. The onset of superconductivity was observed below
Te = 5.2(1) K for (HfNb)gjo(MoReRu)y gy and 5.5(1) K
for (ZrNb)g.j0(MoReRu)g g9 by a sharp decrease in a dia-
magnetic magnetization, as shown in Figs. 3(a) and 3(e). In
order to estimate the lower critical field H¢;, we have per-
formed magnetization versus field measurements at a range
of temperatures. The value of H¢; at each temperature is
taken as the deviation of the magnetization from the lin-
earity, as shown in the insets of Figs. 3(b) and 3(f) for
(Hbe)o_lo(MORCRU)O.QO and (ZrNb)Ovlo(MOReRu)Q'go. The
lower critical field at absolute zero temperature H¢(0) can
be calculated by extrapolating H¢(T) using the Ginzburg-
Landau expression, which is given as

Hei(T) = Hei (0)(1 — 12), (1

where t = T'/T¢ and the lower critical field H¢1(0) was esti-
mated as 2.14(1) and 3.27(3) mT for (HfNb)( ;o(MoReRu)g 99
and (ZrNb)g 10(MoReRu) o9, respectively, by fitting Eq. (1)
in the data given in Figs. 3(b) and 3(f).

The upper critical field at T = 0K, H»(0), is estimated
using the Ginzburg-Landau (GL) relation

Heo(T) = a0 221 @)
C2 - C2 (1 +[2) £

where t = T /T and the estimated value of Heo(res,mag,he)(0)
= 87(1), 94(1), and 97(1) T for (Hbe)O.lo(MORCRU)Q'go
and  Heores,mag(0) = 104(9) and 11.52) T for
(ZrNb)g.j0(MoReRu)g99. The Ginzburg-Landau coherence
length (the length between Cooper pairs) can be estimated
with the help of H¢»(0) by using the expression

o)

Hcr(0) = el
GL

3

094515-2



PROBING THE SUPERCONDUCTING GROUND STATE OF ...

PHYSICAL REVIEW B 104, 094515 (2021)

T T T T T T T T —— y T T T
00k (HfNb), ,(MoReRu)g 4 ---.__ (HfNb),;(MoReRu),, Xy (HINb)o, (MoReRu),
2.0r 1 s N — Resistivity 03— T=19K (HfNb), ,
FCC ®) \ Specific Heat (MoReRu)y
050 1~15L | (© N\ Magnetization| o2} (d) T
Te=s52K (270 4, o6 \ )
= & —_ 1K — | 200 \50 0 e
F oL ® 1 gtk 3o\ 1.8, Esof™ 5 —
1.0 2'rg =4t 5 ‘ 3
502 g 0.1t ]
_ =50
sl zrCcw H=1mT | o5-3,03 W 1 2ra Ll ‘
02468 2 s 03} i
H (mT) ) T (K)
1 1 ! 1 0.0 1 1 1 L L 0 + . + + ! ! ! ! I I
> 4 6 8 10 o 1 2 3 4 5 00 02 04 06 08 10 6 4 2 0 2 4 6
T (K) T (K) T/Te H(T)
T (ZrI\llb) (MIOReRu)I n 3.5 T T T T T 12 T T T T T T
L 0.1 0.9 [""=--.__ (ZNb), ,(MoReR 0.6~
0.0 30k- \\\('w Jo.it Wos | | (Z1Nb), ,(MoReRu)q o —e-T=19K | (ZiNb),
- QU 10
Q o (MoReRu), o
04l FCC B al —— Resistivity 0.3+ (h) T
- Tc=55K . (& < Magnetization| 5
= o = E P
F o5l © | ~ 13 200 £0.0 ==
0.8 3, o | 5s o
. Tyl 150 =
5. 47 S n =03l -
H=1mT . 550 '
121 ZFCW 1 54 o2r %
— | 2 4 6 8
1 I 1 I 1 . L& 8 T (K) 06t 1 I | | I 1 I |
e s 10 2 3 4 s 0 02 04 06 08 1.0 4 5 o 2 4
T (K) T (K) T/Tc H (T)

FIG. 3. (a) and (e) The temperature dependence of magnetic moment in 1.0 mT in FCC and ZFCW modes. (b) and (f) The temperature
dependence of the lower critical field. (c) and (g) The upper critical field estimated using specific heat, resistivity, and magnetization data. The
dotted lines are the result of the fit to Eq. (2). (d) and (h) Magnetic field dependent magnetization (M-H) at 1.9 K.

where @, is the flux quantum (®¢ = 2.07 x 1015 Tm?).
Substituting the He»(0) value from magnetization gives &g, =
5.92(2) nm for (HfNb)j 1o(MoReRu)y 99 and 5.35(3) nm for
(ZrNb)y.10(MoReRu g 99. The calculated values of H¢;(0) and
&61L.(0) were used to evaluate the magnetic penetration depth
AgL(0) (the value of the distance at which magnetic field
becomes 1/e times the external applied magnetic field) for
both the samples with the help of the relation

(l AaL(0)
n
&aL(0)

and were obtained as 609(2) and 487(3) nm for
(HfNb)o.10(MoReRu)g 99 and  (ZrNb)p.1o(MoReRu)g 90,

respectively. The Ginzburg-Landau ratio is given by gg’t((g;

and KGL > \/Li for (Hbe)o,]Q(MORCRU)Q,go and (ZrNb)Q'l()
(MoReRu) g9, respectively. This confirms that both of these
HEAs are, indeed, strong type II superconductors.

In a type II superconductor, Cooper pair breaking due
to the applied magnetic field is attributed to two types of
mechanisms: the orbital limiting field and Pauli paramagnetic
limiting field effect [31,32]. In the orbital pair breaking, the
induced kinetic energy of a Cooper pair by an external field
exceeds the Cooper pair condensation energy. However, in
Pauli limiting, the applied magnetic field aligns one of the
Cooper pair spin moments in the direction of its field, thereby
breaking the pairing. The orbital limiting field Hggbiml(O) is
given by the Werthamar-Helfand-Hohenberg expression:

o)
4 )‘éL 0)

Hc(0) = + 0.12> “)

dHce(T)

Hg;bilal(o) — —aTC dT ,
T=T¢

&)

where o is the purity factor and a value of 0.693 defines
dirty-limit superconductors (see Sec. III B 5). The initial
slope —df—TCZ at T = T¢ was estimated 2.24(5) and 2.6(2) T/K
for (HfNb)o.jo(MoReRu)og9 and (ZrNb)o.io(MoReRu)o.90,
respectively, and gives the orbital limiting upper critical
field Hgg”(O) as 8.0(2) T for (HfNb)y j0(MoReRu)y g9y and
9.95) T for (ZrNb)yio(MoReRu)gg9. The Pauli param-
agnetic limit is given by Hf, = 1.84 T within the BCS
theory. Substituting the values of Ty, we have determined
ng = 956(2) and 1012(2)T for (Hbe)Q'lo(MOReRU)O_go,
and (ZrNb)gj0(MoReRu)g g, respectively. The Maki pa-
rameter, which is a measure of the strength of the Pauli
limiting field and orbital critical field, is given by the
expression oy = «/EHggb(O)/Hé’z(()). The values obtained
for oy, are 1.18 for (HfNb)g o(MoReRu)pg9y and 1.38 for
(ZrNb)g.10(MoReRu)g.99.

The magnetization hysteresis loops for both HEAs at
1.9 K are shown in Figs. 3(d) and 3(h). A closed-loop form
at 2.0 and 3.5 T denotes that H;,. is far below the upper
critical magnetic fields of both HEA samples. These val-
ues of H;, suggest the depinning of the flux line vortices.
The depinning generally happens due to the thermal fluc-
tuation of the condensation energy of the Cooper pair or
is stress induced by the grain boundary/disorder in poly-
crystalline samples. The strength of the thermal fluctuation
with respect to the condensation energy of the charge car-
riers is described by the G; number [33]. The calculated
value of G; for both HEAs (~107) falls between high T¢
(~1072) and conventional superconductors (~107%), suggest-
ing the defect and grain boundaries could be responsible for
depinning [34].
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FIG. 4. Normalized specific heat data C,/y,T fitted with the
BCS s-wave model shown by the red line for both HEAs:
(a) (Hbe)o_]o(MOReRu)o_go and (b) (ZTNb)Q_lo(MOReRU)O_go. The
inset shows the temperature-dependent specific heat data in zero-field
data plotted as C/T vs T2.

3. Specific heat

Specific heat measurements for both samples were per-
formed between 1.9 and 20 K in zero field. The observed
Tc for both the samples is in agreement with the magneti-
zation and resistivity data. The specific heat data above T¢
in the normal region were fitted using the equation % =Y+
B3T? + BsT* and are shown in the insets in Fig. 4. Here y,
is the coefficient for electronic specific heat in the normal
state (Sommerfeld coefficient) and B3 and S5 are the phononic
contributions. The fitting provides the parameters as y, =
3.6(1) and 3.8(1) mJ mol~! K2, B3 = 0.047(1) and 0.052(3)
mJ mol~! K=*, and s = 0.07(1) and 0.07(1) uJ mol~' K¢
for (Hbe)o'lo(MORCRU)O.go and (ZI‘Nb)()_l()(MORCRu)O'g(),
respectively.

The density of states D¢ (Er) and Debye temperature 6p
have been calculated using y, and B3. The obtained val-
ues are Dc(Ep) = 1.53(3) and 1.63(4) states/eV f.u. and
0p = 346(2) and 335(7)K for (HfNb)g 10(MoReRu)y 99 and
(ZrNb)g.10(MoReRu)g 99, respectively. Moreover, the strength
of the attractive interaction between the electron and phonon
can be expressed according to the McMillan model [35] as

1.04 + p*In(0p/1.45T¢)
Mepn = . ©
(1 — 0.62u*)In(6p/1.45T¢) — 1.04

where p* is the screened Coulomb repulsion parameter,
which is usually between 0.1 and 0.15 and for intermetal-
lic superconductors is ~0.13 [24,25]. Inserting the value of
the Debye temperature 6, and Ty, we find the strength be-
tween the electron and phonon, A._p, = 0.62(6) and 0.63(8),
for (Hbe)o'lo(MOReRu)o.go and (ZrNb)O,]O(MoReRu)O,go,
respectively. This value indicates a moderately coupled super-
conductivity similar to other Re-based noncentrosymmetric
superconductors such as RegHf [24] and Re¢Ti [25].

In order to determine the electronic specific heat
contribution, we have subtracted the phononic contribu-
tion from the total specific heat: C,; =C(T) — BT3 —
BsT>. The normalized electronic specific heat jump is
ACZ =1.67 for (HfNb)yo(MoReRu)ygy and 1.49 for
(ZrNb)O 10(MoReRu)g g9, which further suggests moderately
coupled superconductivity for both these HEA samples. The
electronic specific heat data below transition temperature T¢

can be best fit with the single-gap BCS expression for nor-
malized entropy S,

s 6<A(0)
wle kpTc

) fo LFIn(f) + (1 — f)In(1 — F)ldy.

(N
where f(£) = {exp[E(£)/kgT] + 1}~ is the Fermi function,
with E(§) = /&2 + A2(¢), where E(&) is the energy of the
normal electrons relative to the Fermi energy; y = £/A(0);
t =T /T¢; and A(t) = tanh(1.82{1.018[(1/¢) — 1]}°!) is the
BCS approximation for the temperature dependence of the
energy gap. The normalized electronic specific heat below T¢
is related to the normalized entropy by

Ce _ td(S/VnTC)
VnTC dt .

Figure 4 shows the fits of Eq. (8) to the specific
heat data and provides % =1.85(3) and 1.82(2) for
(Hbe)o 10(MORCRU)0 90 and (ZI‘Nb)Q 1Q(MOR6RH)0 90, ItC-
spectively, both of which are higher than the usual BCS value
in the weak-coupling limit, again suggesting moderately cou-

pled superconductivity in both HEAs.

®)

4. Muon spin relaxation and rotation

The nature of the superconducting  ground
state of both HEAs, (HfNb)yi9(MoReRu)yg9 and
(ZrNb)g.j0(MoReRu)g.99, was further investigated by using
muon spin relaxation and rotation measurements. First,
we shall discuss the ZF-uSR measurements, which were
carried out above and below T¢ for both samples. This was
to detect any possibility of the presence of a time reversal
symmetry breaking signal. The absence of any precession
signal confirms the absence of local magnetic field associated
with long-range ordering, and depolarization of muon spin
occurs due to the presence of static randomly oriented nuclear
moments. In the absence of magnetic moment, the behavior
of time-dependent muon asymmetry spectra is best described
by the Gaussian Kubo-Toyabe function [36]

1 2 —02.1?
Gkr(t) = 3 + 5(1 - Uzzpfz)@(P(%), 9

where oy is the relaxation rate of the muon spin due to static,
randomly oriented local fields associated with the nuclear
moments. The time-dependent asymmetry spectra can be best
described by the following function:

A(r) = A1 Ggr(t)exp(—At) + Apg, (10)

where A; and Apg are the sample asymmetry and nonde-

caying constant background signal and A is an electronic
relaxation rate. ZF-uSR spectra collected in both normal
and superconducting states exhibit the identical relaxations
seen in overlapping ZF-uSR spectra (Fig. 5). They confirm
additional ZF-uSR relaxations below the superconducting
transition temperature exclude the possibility of time reversal
symmetry in the superconducting ground state of both the
HEAs.

To gain information on the superconducting gap structure,
we have performed a TF-uSR measurement where an applied
magnetic field of 30 mT was applied above the superconduct-
ing transition temperature and then the sample was cooled

094515-4
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FIG. 5. Temperature-dependent ZF-SR asymmetry spectra col-
lected above and below the transition temperature for both samples.
The fitting curve is shown as a solid line.

to the base temperature of 0.26 K of the *He cryostat. The
applied magnetic field is greater than H¢; but less than H¢p
in order to generate a flux line lattice. Figure 6 shows the TF-
#SR asymmetry spectra below and above T¢ for both HEAs.
The fast decay of TF-uSR spectra below Ty with respect to
spectra above Tt is due to the formation of the flux lattice line.
The TF-uSR signal is best fit with the oscillatory function:

N
1
A(t) = § Ajexp (-50,.%2) cos(y,Bit + ¢)
i=1

+ Agg cos(y,Bpgt + @), (11)

where B; is the mean field of the ith component of the Gaus-
sian distribution, Bpg is the contribution from the sample
holder, A; and Agg are the asymmetry contributions from the
sample and sample holder, ¢ is the initial phase offset, and
o is the Gaussian muon spin depolarization rate. The second
moment was used in the case of (HfNb)g ;o(MoReRu) 99, and
the first and second moments are given as

2
AiB,'
B = _— 12
; A+ Ay 12)
2 2 2 2
Ail(oi B;—B
Yi o A+ A
(a) 5 10262K
02555 ¢ s 0 67K 4 02
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202 CEPRERET T 62
(HIND), ;(MoReRu)q
1 2 3 4 1 2 3 4

time (ps) time (us)

FIG. 6. Transverse field asymmetry spectra were collected at
30 mT magnetic field above and below the transition temperature
of HEAs. The solid line is the fit using the Gaussian modulated
oscillatory function.

TABLE 1. Superconducting and normal state parameters of
(HfNb)o.10(MoReRu)g g0 (Hf-HEA) and (ZrNb)g ;o(MoReRu)g99
(Zr-HEA)

Parameter Units Hf-HEA Zr-HEA
T K 5.2(1) 5.5(1)
Hc(0) mT 2.1(1) 3.2(3)
H75(0) T 9.4(1) 11.5(2)
HE(0) T 9.56(3) 10.12(3)
&aL nm 5.92(2) 5.35(3)
AGL nm 609(2) 487(3)
2(0)uon nm 495(6) 522(1)
kgL 103(1) 91(1)
AC, /vuTe 1.67(5) 1.49(4)
A(0)/kpTc (specific heat) 1.85(3) 1.82(2)
A(0)/kgTe (muon) 1.68(6) 1.96(8)
m*/m, 4.7(2) 5.3(2)
v 10° ms™! 3.7(2) 3.2(2)
s 10 m—3 11.9(4) 11.4(8)
&/, 374(98) 332(93)

o includes both the temperature-independent depolarization
oy, which comes from the static field arising due to the
nuclear magnetic moment, and the contribution of the field
variation from the flux line lattice, given as o = o2 +
OFZLL. As for both the samples £(0)/l > 1 (see Table I), the
temperature-dependent London magnetic penetration depth
in the dirty limit within the London approximation can be
estimated by

op(T)  AX(T)  A(T) h|:A(T)
orL(0)  A72(0)  A(0) 2kT

] (14)

The solid line in Fig. 7 is the fit, using Eq. (14),
to the muon depolarization rate from the flux line
lattice, which reveals the values of the energy gap
as  A0)=0.753)meV  [A(0)/kgTc = 1.68(6)] for
(HfNb)o.10(MoReRu)p 99 and A(0) = 0.95(1)meV [A(0)/
kgTe = 1.96(8)] for (ZrNb)g 19(MoReRu)yg9. These values
are in good agreement with the values obtained from specific
heat data. For a high H.,(0) superconductor, the muon spin

05[@) ' (HiNb),,,(MoReRu)g 9 1 ®)

T T T
04 (Z1Nb), (MoReRu), o

-~ _~o03} .
S 15
N— SN
. 202k .
- —
) )
0.1F .

A(0) =0.95 meV

A(0)=0.75 meV
0.0 1 1 1 zhzl 0.0 1

30 45 60 75
T (K)

00 15 30 45 60 75 00 15
T (K)

FIG. 7. TF field muon depolarization data collected at 30 mT.
The data are well described using an isotropic s-wave model for both
(Hbe)o_lo(MOReRu)o_go (left) and (ZrNb)O_]O(MORCRll)o_g() (I'lght)
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relaxation rate in the superconducting state opry is related to
the London penetration depth A via [37,38]

0. (T) _ 0.00371d}
7 AH(T)

, 15)

where y,/2m = 135.5MHz/T is the muon gyromagnetic
ratio and @y is the magnetic flux quantum. Within the
London approximation, the estimated values of A(0) are
495(6) and 522(1) nm for (HfNb)yo(MoReRu)yg9 and
(ZrNb)g.10(MoReRu)g g9, respectively.

5. Discussion

To supplement the results of the experimental measure-
ments, we have performed calculations of the electronic
properties. The electronic heat coefficient y, is directly de-
pendent on the effective mass m™ and carrier density n of the
quasiparticle via the expression [39]

n= (Z) 16)

3 K2

where kg is Boltzmann’s constant, using the electronic
heat coefficients y, = 3.6(1) and 3.8(1) mJ mol~' K2
(determined from the normal state heat capacity) and
carrier densities n = 11.9(4) and 11.4(8) x 10®m~> (ob-
tained by Hall measurement) for (HfNb)g ;0(MoReRu)g 99
and (ZrNb)g.;o(MoReRu)g g9, respectively. This yields effec-
tive masses m* = 4.7(2)m, and 5.3(2)m,, respectively, for
(Hbe)o,lo(MOReRu)OAQQ and (ZrNb)().l()(MOReRu)()_g(). The
carrier density n and effective mass m* of the quasiparticle
are related to the Fermi velocity vp by

1 m*vf 3
n=3a\"rn ) (17

which gives Fermi velocities of wvp =3.7(2) and
3.2(2) x 10°m/s  for (HfNb)g.10(MoReRu)g. 99 and
(ZrNb)g.j0(MoReRu)g 99, respectively. The mean free path /
is related to the residual resistivity pq, effective mass m*, and
Fermi velocity vr of the quasiparticle as

3’

= ———.
e2,00m*2v%

(18)

Using the previously calculated value of the effective mass m*
and the Fermi velocity vr with residual resistivity at the tran-
sition temperature py = 204(1) and 238(1) © <2, cm (from the
resistivity measurement), we obtain the electronic mean free
paths [ = 2.6(2) and 2.4(5) A for (HfNb), o(MoReRu)g.99
and (ZrNb)g j0(MoReRu)g g9, respectively. Within the BCS
theory, the coherence length &) can be expressed in terms of
Fermi velocity vr and transition temperature T¢ as

0.18%Avg
& = oTe (19)
where kg is Boltzmann’s constant; vy and T¢ (from magne-
tization) are the Fermi velocity and transition temperature,
from which we get & = 974(71) and 797(64) A; and
the ratio &/l > 1 for both (HfNb)g o(MoReRu)ygo and
(ZrNb)g.j0(MoReRu)g .99, which clearly suggests the signature

RegZr 3
o ReHf 3
Rey,Tis
& Lajlry
& LaRhy
Nby.15Rep 57
X MoALC A
e Li,Pd;B

100 &

LiPtB
<4 Mgylr;yB ;g

® (HfNb),,(MoReRu))o
8 (ZfNb),,(MoReRu),

[0 Y ST AT B B

10 10° 10° 10" 10°

Tr (K)

FIG. 8. Plot of the superconducting transition temperature versus
Fermi temperature for different superconducting families. The two
solid blue lines show the unconventional band of superconductors
with other exotic superconductors [43—46] and lie near the unconven-
tional band. (HfNb), ;o(MoReRu)g gy and (ZrNb)g 10(MoReRu) o9
are shown by red and blue squares, which lie far from the other
unconventional superconductors.

of the dirty-limit superconductivity for both the HEA samples.
The calculated parameters are listed in Table I.

Uemura et al. [40-42] classified the superconductor into
conventional and unconventional in relation to the ratio of
the superconducting temperature to the Fermi temperature. If
this ratio value falls in the range 0.01 < T./Tr < 0.1, then
a superconductor is considered an unconventional one; the
heavy-fermion superconductor, high-7¢ superconductor, or-
ganic superconductor, and Fe-based superconductor lie inside
this band. To calculate the 7r value for both HEA samples, the

expression used is as follows: kgTF = 2’;2 ~(37%n)*3, where
m*, kg, and n are the effective mass, Boltzmann’s constant,
and carrier density, respectively. The estimated values of Tr
for (HfNb) 1o(MoReRu)g 99 and (ZrNb)g ;0(MoReRu)g 9o are
21520(1480) and 18589(1445) K. Tr/Tr are far from the
boundary of the unconventional superconductor as shown in
Fig. 8, like the other noncentrosymmetric and unconventional

superconductors.

IV. CONCLUSION AND SUMMARY

In conclusion, we have performed a full characterization of
the superconducting properties of the NCS HEAs, in partic-
ular, (Hbe)o,lo(MOReRu)o,go and (ZI‘Nb)o_lo(MORCRU)o,go,
by using uSR, magnetization, transport, and heat capac-
ity measurements. It confirms bulk superconductivity, and
Hc»(0) is close to the Pauli limiting field, like in other Re-
based NCS superconductors. The specific heat and TF-uSR
measurements suggest moderately coupled superconductiv-
ity with the isotropic superconducting gap. The ZF-uSR
result indicates time reversal symmetry is preserved in the
superconducting ground state for both HEAs. In compari-
son the superconducting parameter of the NCS HEAs and
the binary Re-based compounds (except for the preserved
time reversal symmetry in the superconducting ground state)
are surprisingly similar. The preserved TRS in the Re-based
HEA superconducting ground state, despite structural and
superconducting properties’ similarity to the RegX series
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of compounds, indicates the complex interplay of disorder
and Re in the presence and absence of TRS breaking in
the superconducting ground state. The similarity to binary
superconductors and very low heat capacity value (in the
range of elements) in multicomponent HEAs warrant fur-
ther microscopic studies of more superconducting HEAs to
understand whether all superconducting HEA alloys show
similar behavior or HEAs with «-Mn crystal structure are
unique.
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