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Superconductivity in the high-entropy alloy (NbTa)y ¢;(MoHfW), 33
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Structural and physical properties of the high-entropy alloy (NbTa)g¢;(MoHfW), 33 were studied by x-ray
powder diffraction, energy dispersive x-ray spectroscopy, magnetization, electrical resistivity, and specific heat
measurements. The experimental results were supported by theoretical calculations using two complementary
approaches for electronic structure calculations: the Korringa-Kohn-Rostoker method with the coherent potential
approximation (KKR-CPA) and projector augmented wave (PAW) within the density functional theory. It was
found that the alloy forms with a cubic, body-centered structure (space group Im3m, W-type structure) with a lat-
tice parameter @ = 3.287(1) A and a random (but microscopically homogeneous) distribution of the constituent
elements. At high temperature the alloy exhibits simple metallic behavior, while at low temperature it becomes a
type-II superconductor with the critical temperature 7; = 4.3 K and the upper critical field poH, ~ 1.45 T. The
electron-phonon coupling constant calculated from the PAW data, A% ~"*W = (.63, is in perfect agreement with

el—ph
the experimental results.

DOLI: 10.1103/PhysRevB.106.184512

I. INTRODUCTION

High-entropy alloys (HEAS), i.e., solid solutions of five or
more elements mixed in equimolar or near-equimolar ratios,
have recently attracted much attention because of their unique
and very promising physical properties. The most important
feature that distinguishes HEAs from other alloys is that
(contrary to the general understanding of physical metallurgy)
they do not form multiple binary or ternary intermetallic com-
pounds of the principal elements, but they form well-defined,
simple, close-packed structures (body-centered cubic, face-
centered cubic, or hexagonal). The name HEA comes from the
large changes in configurational entropy during the formation
of a solid solution from multiple elements with equimolar
fractions, that were predicted by Yeh et al. [1].

The concept of HEA has opened up new possibilities in the
engineering and design of functional materials. As a result,
they have led to the discovery of HEAs with superior chem-
ical, mechanical, and physical properties, such as strength
comparable to that of metallic glasses and ceramics [2], high
fracture toughness [3], corrosion resistance [4], and most
recently, superconductivity [5]. According to Yeh [6], these
intriguing properties can be mainly attributed to the following
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basic effects: (i) Thermodynamic stabilization of the single
phase with the high-entropy effect, (ii) retardation of the
growth of the second phase from the single-phase solution due
to slowed diffusion, (iii) excessive strength and slow kinetics
due to strong lattice distortions, and finally (iv) the cocktail
effect, in which the physical properties of HEA should be
approximately the average of the properties of the elements
in the composition.

From the point of view of solid state physics, one of
the most interesting phenomena discovered in high-entropy
alloys is superconductivity. The first HEA, in which this
phenomenon was observed, was TassNb33HfgZr4Tiy, re-
ported by Kozelj et al. [5], which turned out to be a
type-II superconductor with the critical temperature T, =
7.3 K and the upper critical field H, =82 kOe. It
sparked a search that resulted in the discovery of more
HEA superconductors based on transition metals, such as
Hf1Nb,sTi5V5Zra4 [7], TaysNbasHf 1 j6Zr 6 Tiy /6 [8], and
Nbyg+2:Mo3s_Ruzs_RhioPdip (0 <x <5) [9] (for a re-
view, see also Ref. [10]). Moreover, the superconductivity
was found not only in the HEA consisting of d-electron
elements, but also in the alloy containing uranium, namely
[TaNb]g 31 (TiUHf)g 69 [11]. This extends the search for new
HEA superconductors to alloys with actinides and possibly
lanthanides.

Motivated by all those discoveries, we have undertaken a
search for new HEA superconductors based on Ta and Nb,
and mixed with other transition elements such as Ti, Zr, Hf,
Mo, or W. In this paper, we report on the formation, crys-
tal structure, and physical properties of a high-entropy alloy
(NbTa)p.67(MoHfW ) 33.

Published by the American Physical Society


https://orcid.org/0000-0002-5979-4250
https://orcid.org/0000-0003-4445-4736
https://orcid.org/0000-0002-2301-8671
https://orcid.org/0000-0003-1650-6420
https://orcid.org/0000-0002-5998-0707
https://orcid.org/0000-0002-4001-8649
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.106.184512&domain=pdf&date_stamp=2022-11-23
https://doi.org/10.1103/PhysRevB.106.184512
https://creativecommons.org/licenses/by/4.0/

P. SOBOTA et al.

PHYSICAL REVIEW B 106, 184512 (2022)

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

A polycrystalline sample of (NbTa)y¢7(MoHfW ), 33 was
synthesized by conventional arc melting the stoichiometric
amounts of elemental components (of at least 99.9% purity)
in a Ti-gettered argon atmosphere. To avoid evaporation of
the elements with the melting point much lower than that of
tantalum, all the substrates were wrapped in Ta foil before
melting, which was repeated several times to improve the
homogeneity of the alloy. The total weight loss after synthesis
was less than 0.2%.

The crystal structure of the so-obtained product was stud-
ied by powder x-ray diffraction (XRD) using a PANalytical
X’pert Pro diffractometer with Cu Ko radiation. The exper-
imental XRD pattern was analyzed by the Rietveld method
using the. HIGH SCORE PLUS software. The chemical compo-
sition and homogeneity of the sample were verified by energy
dispersive x-ray spectroscopy (EDXS) using a FESEM FEI
Nova NanoSEM 230 scanning electron microscope equipped
with an EDAX Genesis XM4 spectrometer on a polished
surface of the cut specimen.

The magnetic properties of the alloy were studied in the
temperature range 1.72-300 K and in magnetic fields up to 20
kOe using a commercial Quantum Design magnetic properties
measurement system (MPMS-XL) magnetometer. The heat
capacity and electrical resistivity were measured from room
temperature down to 1.8 K using a Quantum Design physical
properties measurement system (PPMS) platform.

A high degree of chemical disorder is an inherent feature
of HEA. In the case of the alloy (NbTa)y¢7(MoHfW )33,
as many as five different metal atoms randomly occupy
lattice sites. A computational method commonly used
to study the electron structure of such systems is the
Korringa-Kohn-Rostoker formalism with the coherent po-
tential approximation (KKR-CPA) [12-16]. In the present
study, we used the KKR-CPA method implemented in the
AkaiKKR (MACHIKANEYAMA) package [17-19]. The Perdew-
Burke-Ernzerhof exchange-correlation functional (PBE) was
applied to construct the muffin-tin crystal potential in the
semirelativistic approach [20-22]. The cutoff for the angu-
lar momentum was set to /,,x = 3 and 5216 k points were
used to sample the irreducible part of the Brillouin zone
during the self-consistent cycle and density of states (DOS)
calculations. The muffin-tin radius was set to the largest
nonoverlapping sphere, i.e., Ryr = a+/3/4. The lattice pa-
rameter axgr—cpa = 3.26 A, the bulk modulus Bxkr_cpa =
194.5 GPa, and its derivative Byyp_cpa = 3.29 of the crystal
(NbTa)g ¢7(MoHfW ) 33 were derived using the third-order
Birch-Murnaghan equation of state [23]. The results ob-
tained by the KKR-CPA method were further verified by
supercell density functional theory (DFT) calculations in
the plane-wave function basis implemented in the Vienna
ab initio simulation package (VASP) [24-26]. The electron
exchange-correlation interactions were treated at the gener-
alized gradient approximation (GGA) level using the PBE
functional form. The electron ion-core interactions were rep-
resented by the projector augmented-wave (PAW) potentials
[27,28]. A plane-wave basis set with a kinetic energy cutoff of
400 eV was applied. Since the supercell approach requires a
well-defined position of all constituent species, three different
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FIG. 1. Powder X-ray diffraction pattern of
(NbTa)ge7(MoHfW)y33 and results of its Rietveld refinement
(see text for details). Red dots and the black line represent the
experimental data and the theoretical curve, respectively. The
blue line shows a difference between the two, and green dashes
indicate positions of the Bragg reflections (also described by their
corresponding Miller indices); an arrow indicates a reflection
coming from a graphite sample holder.

random atomic arrangement were considered all containing
18 Ta and Nb atoms and 6 Mo, Hf, and W atoms to approxi-
mate the atomic composition of the studied HEA. The atoms
were randomly placed at the nodes of the body-centered-cubic
3 x 3 x 3 supercell. The lattice parameters derived using the
third-order Birch-Murnaghan equation of state were for all
three configurations close to apaw = 3.29 A.

III. RESULTS AND DISCUSSION

A. Crystal structure and chemical composition

Figure 1 shows the powder XRD pattern obtained for the
alloy (NbTa)y¢7(MoHfW)g33. The experimental data were
easily indexed within a cubic, body-centered crystal structure
(space group Im3m, W-type structure). No reflections were
detected from any secondary phases and the only additional
peak visible at 26 = 26.6° was identified as the most intense
reflection (002) from the graphite sample holder. In addition,
no peaks were detected from any superstructure. Thus, it can
be concluded that the synthesized alloy is a high-entropy alloy,
i.e., all its constituent elements have been randomly incorpo-
rated into the crystal structure of the majority components (Ta
and Nb), with no sign of any ordering in a lower symmetry
structure. The values of the fitting parameters usually used
to estimate the quality of the fit (R, = 2.5, and R,,, = 3.4)
demonstrate the good quality of the obtained results. The
lattice parameter estimated by the Rietveld method for the
solid solution studied, i.e., a = 3.287(1) A, is slightly smaller
than that for pure Nb and Ta (a = 3.303 A and a = 3.306 A,
respectively). This is most likely a consequence of the addi-
tion of two elements forming with much smaller bee unit cells,
i.e., molybdenum (a ~ 3.147 A) and tungsten (a ~ 3.165 A),
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FIG. 2. SEM micrograph (top left image) and EDXS el-
emental mapping (other images) of the sample surface of
(NbTa)o.67(MoHfW ) 33.

and only one forming with a significantly larger bcc unit cell,
i.e., hafnium (a ~ 3.615 ;\).

The EDXS analysis confirmed that, within the experi-
mental accuracy, the composition of the synthesized alloy
[i.e., 31.09(62) Nb-35.68(71) Ta-12.19(49) Mo-11.73(47)
Hf-9.32(37) W at. %] is almost the same as the nominal one
(i.e., 33.5 Nb- 33.5 Ta-11 Mo-11 Hf —11 W at. %). The
small deviations are due to the limited accuracy of EDXS,
the uneveness of the sample surface, and the overlapping of
EDXS peaks in the emission spectra. The elemental mapping
showed that the studied compound is a microscopically ho-
mogeneous mixture of the five constituent elements with no
zones significantly enriched in any of the components (see
Fig. 2). There is a possibility for minor phase segregation on
the nanometer scale, as noted in other HEA superconductors,
but its effect on the superconductive properties should be
negligible as reported in Ref. [29].

B. Physical properties

Magnetic properties measurements revealed that over
almost the entire temperature range studied, the alloy
(NbTa)g ¢7(MoHfW)g33 is a Pauli paramagnet with a very
weak and nearly temperature-independent magnetic suscep-
tibility of the order of 1.2 x 10™* ¢cm? mol™! (not shown
here). At low temperature, the susceptibility shows a clear
transition to strong diamagnetism, which is characteristic of
the superconducting state. As can be seen in Fig. 3(a), the
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FIG. 3. (a) Temperature dependence of molar magnetic suscep-
tibility xme of (NbTa)g 67 (MoHfW )g33 in nominal applied magnetic
field puoH, measured at low temperature in both zero-field-cooling
(ZFC) and field-cooling (FC) regimes. (b) Field variation of mass
magnetization o of (NbTa)ge;(MoHfW)g33 measured at various
temperatures in the superconducting state; the inset displays o (H)
in low fields and the straight solid line shows its linear-in-field part.

transition occurs at the critical temperature 7. of about 4.3 K.
The large difference between the curves measured in the zero-
field-cooling (ZFC) and field-cooling (FC) regimes indicates
strong vortex pinning, characteristic of the type-II supercon-
ducting state and expected for HEA. Figure 3(b) shows field
variations of the mass magnetization o of the studied al-
loy, measured at various temperatures in the superconducting
state. Taking the initial slope of the o (H) curve [see the inset
to Fig. 3(b)] and assigning it to the fully developed Meissner
state, we estimated the experimental demagnetization factor
of the sample to be about 0.34. Using this value and the ZFC
susceptibility /magnetization curves displayed in Fig. 3(a), we
estimated the dimensionless volume susceptibility 4w xy of
the studied alloy as reaching about —0.73 at the lowest tem-
perature studied, confirming the bulk and intrinsic character
of the observed superconductivity. From the isotherms o (H)
one can determine the values of the lower critical field poH.1,
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FIG. 4. (a) Temperature variation of specific heat Cp of
(NbTa)g 67 (MoHfW )33 (here displayed as Cp/T'); the solid curve is
a fit of Eq. (1) to the experimental data. (b) Cp/T vs. T? measured
in various external magnetic fields uoH; the straight solid line is a
fit to Eq. (2). (c) In(C,/yT:) as a function of inverse temperature,
measured in zero magnetic field applied; the straight solid line is a fit
of Eq. (8) to the experimental data.

taking the points at which o (H) deviates from linearity [see
the inset to Fig. 3(b)]. The resulting noH.(T) dependence is
shown in Fig. 5.

The temperature dependence of the specific heat Cp of
(NbTa)g ¢7(MoHfW ), 33 was found to be featureless above T
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FIG. 5. Tentative phase diagram of superconducting

(NbTa)67(MoHfW )y 33 determined from magnetization, specific
heat, and resistivity measurements. Solid, dashed, and dashed-dotted
lines are fits of Eq. (10) to the experimental curves woH.(T),
moHo(T), and puoHs(T'), respectively.

and easily described by the conventional formula

T \3 O80T 4
Cp(T) = yM"'T + 9Rr[ —= / — dx, (1
P( ) Y + r<®gT> 0 (EX— 1)2 X ( )

where the first term is the conduction electron contribution to
the specific heat according to the Sommerfeld model, and the
second term represents the phonon contribution to Cp(T') in
terms of the Debye model, with the Sommerfeld coefficient
yHT (the HT superscript indicates that coefficient was calcu-
lated from the entire range of the specific heat curve) and the
characteristic Debye temperature ®p, as fitting parameters;
R denotes the universal gas constant and r is the number of
atoms in the formula unit [ = 1 for (NbTa)g ¢7(MoHfW ) 33].
Least-squares fits of Eq. (1) to the experimental data [see
Fig. 4(a)] yielded the values y"T = 4.4(7) mJ K= mol~! and
@gT = 263(1) K. Figure 4(b) shows the low-temperature part
of Cp/T of (NbTa)g ¢7(MoHfW ) 33 measured as a function of
T? in various applied magnetic fields. As can be seen, in zero
magnetic field the superconducting phase transition manifests
itself as a distinct and quite broad A-shaped-like anomaly that
begins to be visible below about 4.3 K, which is consistent
with T, determined from the magnetic properties data. Al-
though the origin of this broadening is uncertain, it may be
due to the specific chemical composition of the studied alloy,
as a similar effect has been observed in some HEA alloys
regardless of their synthesis route or postprocessing [11,30].
Similar anomalies were also observed in superconductors with
much simpler chemical compositions [31,32] that had some
degree of phase inhomogeneity.

Such inhomogeneity could possibly result in a certain dis-
tribution of the 7. values, which could greatly complicate
further analyses of the superconducting properties of our sys-
tem, without bringing much new information about the type of
superconductivity [see Supplemental Material [33] for data on
the Cp(T) phase transition described by assuming the distri-
bution of 7;]. Therefore, in the rest of our paper we assumed
a single T, temperature in specific heat (i.e., 4.3 K), which
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was determined from the inflection point of the zero-field
Cp/T curve. Similarly, from the specific heat data measured
in nonzero magnetic fields, the values of the upper critical
field woH., can be determined by taking inflection points on
the Cp(T)/T curves. The resulting dependence woH(T) is
shown in Fig. 5 and described later in this paper.

Below about 6 K, Cp/T of (NbTa)g¢7(MoHfW)y33 can
be described (in the normal state) by the T3-Debye law [see
Fig. 4(b)],

Cr(T) _
D -

with yT = 4.8(1) mJ K=2 mol~! (where the LT superscript
indicates that the coefficient was estimated using the low-
temperature data) and 8 = 0.115(1) mJ K—* mol~!, as fitting

parameters, where
5 12 Rt < T )3 3
= —rRn"| —= ] .
5 o

YT+ BT, 2)

The characteristic Debye temperature Of' estimated in this
way is 256(1) K. Both y'T and OF' are close to y"T and
OHT determined from the high-temperature fit displayed in
Fig. 4(a), showing again the simple metallic behavior of the
alloy in the normal state.

Together with T¢, the @IIST value thus estimated can be used
to calculate the electron-phonon coupling constant Aj_p, from
the inverse McMillan’s relation [34],

1.04 + M*ln(,fj?n)
@LT 2
(1-0.621%)In (1955) — 1.04

)"el—ph = (4)

where p* is the Coulomb repulsion constant. Taking pu* =
0.125 (a value commonly accepted for d-electron elements),
we obtained A¢_pn = 0.63(1), which allows us to classify
the alloy (NbTa)ye7(MoHfW)g 33 as a superconductor with
intermediate electron-phonon coupling. The strength of the
coupling is definitely weaker compared to Zr-based supercon-
ducting high-entropy alloys [30].

Using LT, one can estimate the experimental density of
states of the conduction electrons at the Fermi level N(Ef)
from the formula

v = $7kgNAN (Er) )

as being of about 2.1(1) states eV~ per formula unit (f.u.),
which is a value comparable to that in the archetypal HEA
superconductor [5]. The density of states of noninteracting
electrons [35],

N(EF)

N(Ep)" = ———,
(EF) -

(6)
is then of about 1.3(1) states eV™!' fu."!. And given the
N (Er) value we can also estimate the Pauli susceptibility of
the conduction electrons xp from the equation

xp = UENAN(Er) (7

as being of about 6.6(2) x 10~* cm?® mol ™!, being consistent
with the directly measured experimental (total) value of X
(i.e., ~1.2 x 10~* cm® mol ™).

By subtracting the phonon contribution BT estimated
above [Eq. (2) and Fig. 4(b)] from the total specific heat
Cp of (NbTa)g67(MoHfW ) 33, one can estimate the electron
contribution Cy to its specific heat. The resulting experimental
dependence C(T') [shown in Fig. 4(c) as In (Co1/y T) vs T~ ']
can be easily described in the superconducting state in terms
of the Bardeen-Cooper-Schrieffer (BCS) theory of supercon-
ductivity, i.e., by the formula [36]

Coes(T) = Ay Toexp (—ﬂ> ®)
kgT
where A( is a superconducting energy gap, and A is a con-
stant. A least-squares fit of this formula to the experimental
data [see the solid line in in Fig. 4(c)] gave Ag/kg = 5.1(1) K,
which leads to the normalized value 2A/kgT. = 2.4(2).

The latter value is lower than the value of 3.52 predicted
by the BCS theory (i.e., for a single, isotropic gap in the weak
coupling limit), suggesting the occurrence of multigap super-
conductivity in (NbTa)yc7(MoHfW) 33. However, since the
quality of the fit in Fig. 4(c) is very good (and thus indicative
of the single-gap superconductivity), the observed deviation
of the parameter 2A(/kg7; from 3.52 is most likely due to
the broadening of the transition at 7; caused by the crystallo-
graphic disorder inherently present in the HEA alloy studied,
rather than to the multigap character of the superconductivity.

Taking the obtained values of the superconducting gap
Ao/kg and the Sommerfeld coefficient per volume yy =
449.1 J m—? K2 calculated from sample mass and density,
the thermodynamic critical field uoH:(0) can be estimated
according to the formula [37]

[ 3w Ao
HO) = |——-——, 9
oH(0) 2712“0 ke 9

as equal to 13(1) mT in (NbTa)g ¢7(MoHfW)g 33.

The experimental curves woH.(T), poHo(T), and
woH3(T) [the values of uoH.s(T) were derived from the
resistivity data described later in the text] obtained for
(NbTa)g ¢7(MoHfW )33 can be described by the Ginzburg-
Landau equation

1 —(T/T.)?
1+ (T/T.)*

(where i=1,2,3), yielding wuoH.(0)=77(1) mT,
oH2(0) =1.45(4) T, and poHi3(0) =2.49(5) T as
least-squares fitting parameters (see the solid, dashed, and
dashed-dotted lines, respectively, in Fig. 5). All the values
are of the expected order of magnitude, and furthermore
HnoH(0) is close to the value of the orbital-limited upper
critical field woHS® estimated from the formula developed
for type-II superconductors in a dirty-limit scenario [38,39]:

d(Moch(T))]
T:Tc'

moH(T) = poH.;(0) (10)

an

H%® = —0.693T,
Mol |: aT

Since d[poH2(T))/dT |r=1, in (NbTa)oe;(MoH{W)o33 is
of about —0.46(2) TK~! (cf. Fig. 5), we get /LoHCOzrb =
1.37(1) T. This value is in turn much smaller than the Pauli
limiting field poHp, given by the relation [40]

moHp = 1.84T¢, 12)
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which gives for the studied alloy a value of 7.9(2) T. In such a
case, the Maki parameter [41]

orb
oy = V2 (13)
oHp
is equal to 0.24(1), which indicates that the upper critical field
is restricted in (NbTa)g ¢7(MoHfW) 33 mainly by the orbital
pair-breaking mechanism.
Using uH(0) and poH, derived above one can also esti-
mate the Ginzburg-Landau coherence length &g, [42],

®o

foL = o, (14)
27 1o HZ? (0)
and the Ginzburg-Landau penetration depth Agr,
Horb 0
oy = | QULHEO) as)
47 poH. (0)

The values obtained for (NbTa)ge7(MoHfW)g 33 are &g =
15.55(1) nm and Agp = 1125.1(9) nm, respectively. Taking
these two values, the Ginzburg-Landau parameter xgr, de-
fined as

KGL = £ —» (16)

can be calculated for the studied alloy as equal to 72.37(6),
which indicates once more the type-1I superconductivity.

To estimate the entropy associated with the superconduct-
ing state in the studied alloy, we used the experimental data
Ce(T) [cf. Fig. 4(c)] and the formula

0 /

Cu(T

Se(T) = / el(/ D ar, (17)
r T

We also estimated the entropy associated with the normal

state, assuming a linear contribution of electrons to the total

specific heat [cf. Eq. (2)], i.e.,

0 . LTy

S.(T) =/ VI = i, (18)
r T

We found that at the critical temperature 7., S5 of

(NbTa)g ¢7(MoHfW)y33 reaches a value of about 55

mJ K~! mol~!, which is more than twice the entropy in the

normal state Sy (7,) = 23 mJ K~! mol ™.

In a similar way, i.e., using the experimental data Ce(T)
measured in zero magnetic field (for the superconducting
state) and the linear term ™7 (for the normal state), the
difference between the internal energy of the superconducting
and normal states can be estimated as

0
AU(T) = / [Ca(T)) — I TNT’,  (19)
T

while the difference between the entropy of these states can
be calculated as

0 l LT
Ca(T") — T
AS(T) = / Cal) =y T s
T T
With the AU(T) and AS(T) functions obtained in this way

[see Fig. 6(a)], one can calculate the difference between the
free energy of the superconducting and normal states,

AF(T) = AU(T) — TAS(T), 1)

(20)
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FIG. 6. (a) Differences between the internal energy AU, en-
tropy multiplied by temperature T AS, and free energy AF
—H? [see Eq. (22), of the superconducting and normal states of
(NbTa)g¢7(MoHfW ) 33. (b) woH. /(1 —t?) vs t?, where t = T/T,;
the solid line is a fit of Eq. (23) to the experimental data.

which is also plotted in Fig. 6(a). Since
AF(T) = =3V HZ(T), (22)

(see, e.g., Ref. [43] and references therein), such a temperature
variation of AF can be used to calculate the temperature varia-
tion of the thermodynamic critical field H.(T"). The so-derived
experimental curve can be described at T — 0 by the Taylor
expansion [44]

oH(T) = poHe(O)[1 — bi* — (1 —b)*],  (23)

where ¢ is the normalized temperature (t = 7/T.). A least-
squares fit of Eq. (23) to the experimental data [shown in
Fig. 6(b) as —uwoH.(T)/(1 —t?) vs t*] gave the thermody-
namic critical field woH:(0) = 32(1) mT, which is of the same
order of magnitude as poH.(0) derived from Eq. (9) [i.e.,
13(1) mT].

Figure 7(a) shows the temperature dependence of the elec-
trical resistivity p of (NbTa)pe7(MoHfW)g 33 measured in
zero applied magnetic field. As seen, at elevated temperatures
the p(T') curve is featureless and metallic in character, which
is consistent with the results of magnetic susceptibility and
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FIG. 7. (a) Electrical resistivity p of (NbTa)ge;(MoHfW)g 33
measured as a function of temperature in zero magnetic field; the
inset shows the first derivative dp/dT at low temperature. (b) p(T')
in various fields poH. Arrows mark the critical temperature 7; and
solid curves serve as guides for the eye.

specific heat measurements. The absolute values of p (vary-
ing from about 97 pQcm at 5 K to 132 pQ2cm at room
temperature) are of the order of magnitude characteristic of
intermetallic systems, and the rather small residual resistivity
ratio RRR of about 1.4 (resulting mainly from high residual
resistivity) is due to the polycrystalline nature of the sample
and the high degree of structural disorder.

A sudden drop of the resistivity at low temperature
manifests the superconducting transition with the critical tem-
perature of about 4.6 K, which is slightly higher than 7, =
4.3 K derived from the thermodynamic properties. As can be
seen in Fig. 7(b), this transition shifts towards lower temper-
atures as the applied magnetic field increases, as in the other
properties studied. However, the transition temperature (here
defined as the highest temperature at which zero resistivity is
observed) remains noticeably higher than the critical temper-
ature derived from Cp(T') (Fig. 4). Such a behavior indicates
some contribution of the surface superconductivity in the stud-
ied alloy (which often occurs in bulk superconductors (see,
e.g., Ref. [45]) and should be distinguished from the bulk
superconductivity of (NbTa)ye7(MoHfW)g33. Accordingly,
we plotted the transition temperatures derived from p(7) on

TABLE 1. Experimentally determined basic characteristic

parameters of normal and superconducting states in
(NbTa)g¢7(MoHfW), 33 (for details, see the text).

Parameters Values

T. 43(H) K

yHT 4.4(7) mJ K2 mol™!
eHr 263(1) K

yr 4.8(1) mJ K=2 mol

B 0.115(1) mJ K~* mol™!
O 256(1) K

Ael—ph 0.63(1)

N(Eg) 2.1(1) states eV ™! fu.~!
N(Ep)* 1.3(1) states eV~! fu.~!
Xp 0.66(2)x 1073 cm’*mol !
woH.(0) 13.31(1) mT
200/(ksTe) 24(2)

woH:1(0) 7.77(1) mT

HoHe2(0) 1.454) T

HoHe3(0) 2495 T
[d(llog;Z(T))]T:Tc —0.46(2) TK™!

moHS® 1.37(1) T

toHp 712)T

oM 0.24(1)

EgL (nm) 15.55(1)

AgL (nm) 1125.1(9)

KGL 72.37(6)

the phase diagram in Fig. 5 as uoHc3(T'), together with the
curves H.| (T') and H.,(T) derived from the magnetization and
specific heat measurements (mentioned above).

All the derived parameters describing the physical proper-
ties of (TaNb)g ¢7(MoHfW ), 33 are collected in Table 1.

C. Theoretical results

The total and partial atomic densities of states of
(NbTa)g ¢7(MoHfW)g 33 alloy calculated using the KKR-CPA
method are shown in Fig. 8. The overall shape of total
density of states (TDOS) is similar to those reported for
the superconducting HEA (NbTa)g¢7(HfZrTi)g 33 [46] and
Tao.34Nbo‘33Hf0‘ngr0'14Ti0‘]] [47] HOWCVCI, in the case of
those two alloys, the Fermi level is located in the TDOS
peak while in (NbTa)g¢7(MoHfW )33 the Fermi level lies
0.44 eV above the nearest TDOS maximum. As can be seen,
the largest contribution to TDOS in the Fermi-level region
(E — Eg from —6 to 2 eV) comes from Ta and Nb atoms,
due to their highest atomic concentrations in the alloy. At the
same time, partial atomic densities with angular momentum
decomposition reveal that the main contributions to the TDOS
are due to the d states of all constituent elements, i.e., 4d for
Nb and Mo, and 5d for Ta, Hf, and W. The density of states
at the Fermi level determined by the KKR-CPA method is
1.12 states eV~! fu. "1, Inserting this value into relation (5),
one can get the theoretical specific heat coefficient y, = 2.64
mJ K~2mol~!. In general, the DFT calculations (performed
in this paper) take into account only the noninteracting elec-
trons. Therefore the discrepancy between the theoretical yy,
and experimental value yT = 4.8 mJ K~2 mol~! allows us to
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FIG. 8. Electron density of states of (NbTa)y¢7(MoHfW)g 33
HEA calculated by the KKR-CPA method. (a) Total and partial
atomic densities, color coded and weighted by their atomic con-
centrations. (b)—(f) Partial atomic densities with angular momentum
decomposition.

estimate the value of the electron-phonon coupling constant
Al oh Dy the equation [35,47]

V = Vth(l + )‘el ph) 24

The calculated value of A;?:;KR = 0.82 from the KKR-
CPA data is much higher than experimentally determined

Lei—ph = 0.63. By combining A;‘}:;KR with the experimental

o
=)

—_ —
[ (=)

DOS (states eV~ fu.™h)
o

0.8

0.4

0.0

E-E,; (eV)

g
=3

T T T T T T
Average PAW (d)
—— KKR-CPA 4

o —_ —_
oo ) (=

DOS (states V! fu.™")
o
i

o
=)

E-E; (eV)

FIG. 9. (a)-(c) Total and partial atomic densities of states of
(NbTa)g.67(MoHfW), 33 calculated by the PAW method using VASP
for three assumed random atomic arrangements which are shown in
the right panel. (d) Averaged (over three configurations) TDOS with
corresponding KKR-CPA data.

value of ®I]3T, one can estimate 7; using McMillan’s relation
[Eq. (4)]. However, taking u* = 0.125 leads to an overes-
timated 7; = 8.8 K. To explain this large discrepancy, two
alternatives can be considered. The first one was proposed
by Jasiewicz et al. [46,47] and assumes that the value of
w* is much higher than 0.125. In the case of superconduct-
ing HEA (NbTa)g ¢7(HfZrTi)g 33, it was postulated that u* =
0.215 [46]. Jasiewicz et al. argued that such high values of
the Coulomb pseudopotential have been previously reported
for various superconducting materials including Nb (u* =
0.21) [48], V (u* = 0.3) [48], Nb3Ge (u* = 0.24), [49] and
MgCNi; (u* = 0.29) [50]. If we accept that explanation then
in order to correctly reproduce the experimental 7. = 4.3 K,
u* =0.206 must be used. The second alternative is that
the DOS obtained for HEA by the KKR-CPA method gives
somewhat inaccurate results. Given this scenario, the results
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obtained by the KKR-CPA method were further verified by
supercell DFT calculations within the plane-wave function
basis as implemented in the VASP.

Total and partial atomic densities of states of the
(NbTa)g ¢7(MoHfW )y 33 alloy calculated by the PAW method
using VASP are shown Figs. 9(a)-9(c). As can be seen, the
results obtained for all three random atomic arrangements
are very similar to each other. The averaged (over three
configurations) TDOS is plotted in Fig. 9(d) together with
corresponding KKR-CPA data. A closer look at this figure re-
veals that TDOS obtained by the KKR-CPA method is clearly
shifted toward lower energy. The density of states at the Fermi
level determined from the VASP data is 1.3 states eV ! fu.~!.
Using this value and applying the same procedure previ-
ously used for the KKR-CPA results, we got yy, = 2.94
mJ K2 mol ™" and A{~*" = 0.63. The latter value agrees
perfectly with A¢_pn determined from specific heat measure-
ments using the McMillan’s formula and the standard value
of u* = 0.125. Taking the above into account, it can be con-
cluded that in the case of the studied superconducting HEA,
DFT calculations by the PAW method give more reliable
predictions than KKR-CPA. Moreover, it seems that the high
value of the Coulomb pseudopotential (u* > 0.2) postulated
for (NbTa)g 7 (HfZrTi)g 33 [46] is rather an artifact resulting
from the KKR-CPA method.

IV. CONCLUSIONS

The formation and physical properties of a high-entropy
alloy, namely (TaNb)g ¢7(MoHfW )y 33, are described. Refine-

ment of the crystal structure showed that the alloy crystallizes
in a simple bec structure, as expected for HEA, and a mi-
croprobe analysis revealed a homogeneous distribution of
elemental constituents in the studied sample. In turn, bulk
physical properties measurements revealed that the alloy is
a type-II superconductor with a critical temperature 7, =
4.3(1) K and an upper critical field puoH,(0) = 1.45(4) T.
An analysis of these properties indicates BCS-like supercon-
ductivity with intermediate electron-phonon coupling. Band
structure calculations revealed that the PAW method gives
more reliable predictions than KKR-CPA. In particular, the
determined Ag{:gﬁw = 0.63 is in excellent agreement with our
experimental data, while )L‘efl‘:glKR =0.82.
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