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High-entropy alloy superconductors represent a unique blend of advanced material systems and quantum
physics, offering significant potential for advancing superconducting technologies. In this study, we report a
detailed theoretical and experimental investigation of high-entropy alloy superconductors Tag2Nbg Vo2 Tig2Xo2
(X = Zr and Hf). Our study unveils that both the materials crystallize in a body-centered-cubic structure (space
group: Im-3m) and exhibit bulk superconductivity with a superconducting onset temperature of (7,°**) of 5 K
for X = Hf and 6.19 K for X = Zr sample. Our detailed analysis, including magnetization, resistivity, heat
capacity measurements, and density functional X = Zr theory (DFT) calculations indicates moderately coupled
isotropic s-wave superconductivity in these materials. Our DFT results find significant spectral weight at the
Fermi energy and phonon spectra is free of imaginary modes, confirming the dynamical stability and metallic
nature of these alloys. Remarkably, we have observed a high upper critical field [H,.,(0)] surpassing the Pauli
paramagnetic limit for the X = Hf sample and explained it on the basis of the increased spin-orbit coupling in
the structure. Tag,Nbg , V¢ 2 Tig2Zr¢ 2, on the other hand, shows a conventional H,, behavior. With the dynamical
stability of these alloys, excellent normal state metallic nature, high microhardness, and high upper critical field,

these samples emerge as potential candidates for future applications in superconducting devices.

DOI: 10.1103/PhysRevMaterials.9.064801

L. INTRODUCTION

Quantum materials have recently garnered significant re-
search interest due to their potential to revolutionize a wide
range of technological fields, including quantum computing,
energy storage, and quantum sensing [1]. Superconductors,
in particular, play a critical role among quantum materials
because of their unique ability to maintain quantum coherence
and facilitate the creation of qubits, the fundamental units of
quantum information [2].

The recent discovery of quantum phenomena like super-
conductivity in highly disordered, compositionally complex
high-entropy alloys (HEAs) has sparked significant research
interest, as these materials offer promising new avenues for
developing advanced superconducting materials [3—7]. Unlike
traditional alloys, which typically contain one or two principal
elements, HEAs consist of five or more elements mixed in
near-equiatomic ratios [8,9]. Thermodynamically, the forma-
tion of single-phase solid solutions in HEAs is driven by the
dominance of the entropy of mixing (ASpix) in the Gibbs

free-energy equation:
AGnix = AHpyix — T ASmix,
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where T= temperature and AHp; = mixing enthalpy.
This high configurational entropy stabilizes disordered solid
solutions in simple crystal structures, for instance, in
face-centered-cubic (fcc), body-centered-cubic (bcc), and
hexagonal-close-packed systems (hcp), akin to pure metals.

The large atomic disorder, resulting from multiple ele-
ments with slightly different atomic sizes, is believed to play
a part in their novel physical and exceptional mechanical
properties [10]. For instance, HEAs show high fracture tough-
ness [11], hardness [10], strength, and superior corrosion
resistance [12]. These properties make them valuable for vari-
ous applications, including structural materials, applications
in aerospace, magnetic cooling, energy storage, and super-
conducting magnets, radiation protection, and biocompatible
advanced materials.

Superconducting HEAs, first observed in a TaNbHfZrTi
alloy [3] with a transition temperature of 7.3 K, combine
the robust mechanical properties of HEAs with the fascinat-
ing quantum phenomenon of superconductivity. The HEA
and medium entropy alloy (MEA) superconductors exhibit
intriguing superconducting characteristics, such as retention
of superconductivity under extremely high pressure [13,14],
enhanced upper critical fields in a few materials [15,16], high
critical current densities [17-19], Debye temperature within
the range typical for elemental superconductors [13,18,20,21]
and significant broadening in specific heat jumps. Also, the
ability to convert these materials into thin films and their

©2025 American Physical Society
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robust fracture strength at cryogenic temperatures make them
promising candidates for superconducting devices even in
extreme conditions. For instance, TaNbHfZrTi films exhibit
superconductivity that is over 1000 times more resistant to
displacement damage than other superconductors [18]. This
resilience highlights the potential of HEA superconductors
for application in extreme conditions, including aerospace
applications, nuclear fusion reactors, and high-field supercon-
ducting magnets.

Despite their highly disordered nature, high-entropy alloy
superconductors exhibit phonon-mediated superconductivity,
similar to the observed superconductivity in binary and
ternary superconducting alloys, even though regular phonon
modes are generally less likely to occur in such disordered
systems. This makes superconducting HEAs particularly in-
triguing, as they provide a unique opportunity to investigate
the intricate interplay between disorder and superconductivity.
So far, the understanding of BCS superconductivity in HEAs
without having the conventional phonon modes remains a
significant challenge [22], mainly due to the limited research
in this field. Identifying and characterizing both the normal
and superconducting properties of HEAs is crucial for ad-
vancing our knowledge of these complex, disordered systems.
At the same time, the multicomponent nature of HEAs not
only allows for tunability and design of quantum materials
but also provides insights into the fundamental aspects of
superconductivity in disordered systems.

Herein, we report a thorough experimental and theoretical
study of the normal state and superconducting properties of
two moderately dense equiatomic HEA superconductors with
compositions Tag,Nbg,Vo,Tig2Xo2 (X = Hf and Zr). The
inherent maximal disorder in this equiatomic HEA presents
a valuable opportunity to study the superconductivity in a
high-entropic and high-disorder system. Our detailed specific
heat and resistivity measurements highlight the possibility of
unconventional superconductivity in Tag,Nbg 2 Vo2 TigHfo».
At the same time, a high microhardness is observed in these
materials. Aside from high hardness, the normal state and
superconducting state properties of these two materials are
presented and compared here.

II. METHODOLOGY
A. Experimental details

The polycrystalline samples of Tag,Nbg,V2Tip2Xo.2
with X =Zr and Hf were synthesized via the arc melt-
ing method. High-purity elemental precursors were precisely
weighed according to their stoichiometric ratios and melted
several times under a high-purity argon atmosphere. A min-
imal weight loss was recorded during the synthesis process.
The phase purity of the synthesized sample was confirmed
by room-temperature powder x-ray diffraction method (XRD)
using a Rigaku diffractometer with Cu-K«1 radiation (A =
1.5406 A). Energy dispersive x-ray spectroscopy (EDS) map-
pings were obtained using a BRUKER XFlash 6160 system,
while microstructure analysis was performed with a ZEISS
GEMINI field emission scanning electron microscope (FE-
SEM). Vickers microhardness was assessed on the polished
surfaces using an OMNITECH MVH-1C microhardness

tester, with a 500-g load applied for 20 s. A vibrating sam-
ple magnetometer (VSM) attached to the Quantum Design
Physical Property Measurement System (QD-PPMS) is used
for all the magnetization measurements. Field-cooled (FC)
and zero-field-cooled (ZFC) modes were used to record the
magnetic susceptibility data of the sample. Furthermore, the
resistivity (p) and specific heat capacity (C) measurements
were performed (function of temperature and magnetic field)
using QD-PPMS.

B. Computational details

To model the atomic-scale structure of the disordered high-
entropy alloy (HEA) Tap,Nby,Vo2Tig2Xo2 (X = Hf and
Zr), we employed the special quasirandom structure (SQS)
approach, which provides a reliable representation of the
disordered solid solution. The SQS was generated using the
Monte Carlo based simulated annealing algorithm imple-
mented in the mcsqs module of the alloy theoretic automated
toolkit (ATAT) [23-25]. This method optimizes both the cell
shape and atomic site occupancies to match as closely as pos-
sible the pair and higher-order correlation functions of a fully
random alloy. Specifically, we constructed a 10-atom SQS that
accurately reproduces the pair correlation functions up to the
first-nearest-neighbor shell, ensuring an unbiased represen-
tation of the disordered nature of the HEA. Using this cell,
we carried out electronic structure calculations by employing
density functional theory (DFT) approaches as implemented
in quantum espresso [26]. The exchange-correlation energy
was described using the Perdew-Burke-Ernzerhof (PBE) func-
tional within the generalized gradient approximation (GGA)
[27]. A plane-wave energy cutoff of 50 Ry was employed to
ensure numerical accuracy. The Brillouin zone was sampled
using a 12 x 12 x 16 Monkhorst-Pack k-point grid [28] for
self-consistent calculations. To obtain a stable equilibrium
configuration, full structural relaxation was performed, where
both atomic positions and cell parameters were optimized
by minimizing the atomic forces. The force convergence
threshold was set to 1073 eV /A per ion, ensuring accurate
equilibrium geometries before computing the electronic and
vibrational properties. Following structural relaxation, the
phonon spectra were computed within density functional per-
turbation theory (DFPT).

III. RESULTS AND DISCUSSION

The room-temperature XRD pattern for Tag,Nbg, Voo
Tip2Xo2 (X = Zr and Hf) are presented in Figs. 1(a) and 1(b).
Le Bail of the XRD data confirms that the material crystallizes
in a cubic bec structure (space group: Im-3m). The obtained
lattice parameters are a = b = ¢ = 3.305 (1) and 3.307 (1)
A for X = Zr and Hf, respectively. The microstructure and
chemical homogeneity were examined using field emission
scanning electron microscopy (FE-SEM) and energy disper-
sive spectroscopy (EDS). The EDS mappings [Figs. 1(c) and
1(d)], conducted at ambient temperature, reveal a stoichio-
metric chemical composition (TagNbg Vo2 Tig,Hfg,) with
an excellent uniform distribution of all elements across the
sample on a micrometer scale for X = Hf sample. Multiple re-
gions of the sample were analyzed to confirm the consistency
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FIG. 1. (a), (b) Le Bail plots of the x-ray diffraction (XRD) patterns obtained at room temperature; (c), (d) room-temperature FE-SEM

image along with EDS elemental mapping for X = Zr and Hf samples.

of these observations. For the X = Zr sample, a little devia-
tion from the equiatomic ratio (Ta()'18Nb0_20V0_17Ti0'2221'0_23)
is observed. A Vickers microhardness of 417 HV and
469 HV (Figs. S1 and S2 in the Supplemental Material
[29]) is observed for X =Zr and Hf, respectively, and
these are significantly higher than that of the similar HEA
superconductors [30,31].

The temperature variation of the electrical resistivity, p(T),
for X =Zr and Hf, measured in the absence of an ap-
plied magnetic field, are presented in Figs. 2(a) and 2(b).
In the low-temperature region, the resistivity begins to drop
at T2 = 6.19 K and 5 K and reaches zero at T”™ = 5.9
and 4.68 K for X = Zr and Hf, respectively, indicating the
transition to a superconducting state. The resistivity above the
superconducting onset temperature increases slowly with tem-
perature, indicating poor metallic behavior. We have analyzed
the normal state resistivity data for both materials with the
Bloch-Grueneisen (BG) model, as written below [Figs. 1(a)
and 1(b)]:

T\" [0/T X
r=m+e(z) [ ey O

In Eq. (1), po is the residual resistivity, and the second term
is BG expression [32] in which C depends on the intrinsic
properties of the material, » depends on the electron-phonon
scattering, and 6p is Debye temperature. The expression is
best fitted using n = 3 for both the samples, and yields
po = 39.5 and 30.7 u2cm and 6p =215 and 211 K for
X =Zr and Hf, respectively. We have also determined the

Kadowaki-Woods ratio (Rxw = %), which quantifies the

strength of electron-electron interactions. The coefficient A
reflects the low-temperature electron-electron scattering and
can be derived by fitting the normal state resistivity to the
power-law expression p = py +AT?, as shown in Figs. 2(a)
and 2(b). From this fitting, we obtained A = 2.15(3) x 10~
and 2.3(3) x 107* uQ-cm K2 for X = Zr and Hf, respec-
tively. Considering y, = 8.60(3) (for X = Zr, taken from the
specific heat fitting, Fig. 4) and 8.03(2) mJ mol 'K~2 (for
X = Hf), the calculated Rxw is 0.29 x 107> and 0.36 x
1073 u2-cm K?>mJ2mol® for X = Zr and Hf, respectively.
The values of Kadowaki-Woods ratio, being less than 1 x
1073 u€2-cm K?mJ~2mol?, suggest that both the materials are
weakly correlated.

Figures 2(c) and 2(d) illustrate the temperature depen-
dence of magnetic susceptibility, x(7'), measured under a
10-Oe applied magnetic field in both ZFC and FC modes.
The ZFC data show a sharp diamagnetic response below
TC"nsel = 6.0 and 4.9 K for X = Zr and Hf, respectively, mark-
ing the onset of superconductivity for both these samples.
The previously reported magnetic susceptibility data for the
X = Hf sample indicate a similar superconducting transition
temperature (7" = 4.8 K) [33]. However, their resistivity
measurements show a higher 7,°"" of approximately 5.5 K. In
contrast, our measurements show consistent superconducting
transition temperatures (7°™ ~ 4.9 K) in resistivity, magne-
tization, and specific heat data. The difference in the transi-
tion temperature observed in different measurements could
arise from the microscopic inhomogeneity in the sample.
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FIG. 2. (a), (b) Temperature-dependent electrical resistivity measured in the absence of magnetic field; and (c), (d) temperature-dependent
dc-magnetic susceptibility measured at 10 Oe for X = Zr and Hf samples. Insets in (c) and (d) illustrate the variation of magnetization with

magnetic field at different fixed temperatures.

Furthermore, the magnetic hysteresis curve M (H ), measured
at different fixed temperatures, exhibits the typical behavior
of a type-II superconductor [insets in Figs. 2(c) and 2(d)].
The lower critical field [H,(0)] is determined using the points
where the M (H) curve deviates from its initial linearity and is
estimated to be 50 and 38 mT for X = Zr and Hf at zero
temperature using the Ginzburg-Landau approximation:
T\2
Ho(T) = Hcl(0)|:1 - <7) :| )
The upper critical field [H,(0)], was determined through
a series of measurements, including temperature-dependent
electrical resistivity [p(7)] [Figs. 3(a) and 3(d)] and specific
heat (Fig. 4), measurements at different fixed magnetic fields.
In the resistivity measurements, the midpoint of the resistiv-
ity drop is considered as T, to calculate the H.,(0). As the
magnetic field is increased, resistivity, dc-magnetization, and
specific heat measurements show that 7, values shift to lower
temperatures. The H,(T) vs T curves obtained from these
measurements are shown in Figs. 3(c) and 3(f). The H.»(T)
vs T behavior for both the samples is analyzed using the
phenomenological Ginzburg-Landau (GL) model:

1 - (T/T.)

Ho(T) = ch(o)m-

3

The GL model fits the H(T) data accurately and gives
H.,(0)=9.51£0.07Tand 9.14 £ 0.15 T for X = Zr and Hf,
respectively. Interestingly, for the X = Hf sample, the obtained
value of the H(0) is higher than the Pauli paramagnetic
field (1.85T,), suggesting the possibility of unconventional
superconductivity in this sample. Surpassing the Pauli limiting
field is extremely rare in high-entropy alloy superconductors.
For instance, a large H.»(0) is observed in a magnetic cation
Cr containing noncentrosymmetric high-entropy alloy [16]
and recently studied ScVTiHfNb [15] (7. = 4.17) shows a
high upper critical field surpassing the Pauli paramagnetic
limit. In addition to the potential for unconventional super-
conductivity (either through unique pairing mechanisms or
superconducting state symmetries), these materials exhibit en-
hanced stability in high magnetic fields (exceeding the Pauli
limit). This makes them particularly valuable for high-field
applications, such as MRI machines, particle accelerators, and
magnetic confinement fusion systems. The presence of Ta and
Hf in the present sample introduces spin-orbit coupling (SOC)
and possibly reduces the influence of the Pauli paramagnetic
effect, allowing H.,(0) to surpass the Pauli limiting field.
However, compared to Hf, since Zr has SOC effects lower
than the Pauli paramagnetic field (1.857;) in the sample X =
Zr type-1I superconductors, superconductivity (pair breaking)
can be disrupted by two primary mechanisms: the orbital lim-
iting effect and the Pauli paramagnetic effect. To investigate
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FIG. 3. (a), (d) Resistivity as a function of temperature under different magnetic fields for X = Zr and Hf samples, respectively;
(b), (e) temperature dependence of the lower critical field [H,;(0)] and (c), (f) upper critical field [H.,(0)] for X = Zr and Hf, respectively.
Insets in (b) and (e) illustrate M vs H plots at different fixed temperatures. The upper critical field [H.,(0)] is analyzed with the GL and WHH

models [34,35].

the mechanism of pair breaking in these materials, H,,(0)
is also examined using the Werthamer-Helfand-Hohenberg
(WHH) model [34,35], which accounts for the effects of Pauli
spin paramagnetism (o, also Maki parameters [36,37]) and
spin-orbit scattering (Asp). The Maki parameter [37], which
also estimates the relative strengths of the orbital and Pauli-
limiting fields, is given by

_ ﬁHC"Zrb(O)

oy = HE(©0) “

In the dirty limit, for type-II superconductor, the orbital limit
of the upper critical field H3°(0) is expressed by

dH(T)

H®(0) = —0.6937T,

. &)
T=T,
An initial slope of —2.044+0.02TK~' and —2.68 +
0.02T K™ near 7, yields Hc"zrb(O) =8.32T and 8.72 T for
X = Zr and Hf, respectively. The Pauli-limiting field is given
by HC”Z(O) = 1.85T. = 109T and 8.69 T for X = Zr and Hf
sample, respectively. The fact that H’,(0) is smaller than
HC"Z‘b(O) for the X = Hf sample indicates that uoH, at low
temperatures is limited by the Pauli spin susceptibility rather
than the conventional pair-breaking (orbital) effect. This ob-
servation points to an anomalous property in X = Hf sample.
The Maki parameter is calculated to be oy = 1.07 and 1.42

for X = Zr and Hf samples, respectively. By setting these
values of o and varying the Ago, we have fitted our data using
the WHH model [34,35,38]:

1 1 ixso 1 h+iso iy
In(-)=(=+"2 )= -
t 2 4y 2 2 2t
1 ir 1 h+a j

(== 50y = so _ W

2 4y 2 2 2t

1
—1/f<§>, (6)
where
i Aso \ 2
= (ah)? — [ =
y = (ah) < > )
and
= dh . 2h dH,.,
Codrl oo

with 1 = % is the reduced temperature, 4 is the reduced
field, Ago is the spin-orbit coupling parameter, « is the Maki
parameter, y is a parameter combining the effects of Pauli
paramagnetism and spin-orbit coupling, ¢ is the digamma
function. In this formula, #* represents the initial slope of the
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FIG. 4. (a), (b) C/T vs T? plots for X = Zr and Hf samples, measurement was performed with zero magnetic field. The normal-state-
specific heat data at low temperatures can be described using the Debye model. The inset in the figures highlights the C/T vs T plot measured
under different applied magnetic fields. (c), (d) The temperature variation of the electronic specific heat for X = Zr and Hf, respectively. The

electronic specific heat is modeled using the BCS s-wave equation.

reduced field & with respect to the reduced temperature ¢ at
t =1 (i.e., near T,).

The fitting is shown in Figs. 3(c) and 3(f), and it provides
Aso = 1.63 and 2.6 for X = Zr and Hf samples, respec-
tively. In conventional BCS superconductors, where o and
Aso are typically zero, the upper critical field remains well
below the Pauli limiting field [35]. Nonetheless, there are
several systems where a large (oH:»(0) and deviations from
the WHH model are observed. The obvious examples are
noncentrosymmetric superconductors [39], iron-based high-
temperature superconductors [40], and systems with strong
spin-orbit scattering [41]. We suggest that spin-orbit scatter-
ing is a key factor in enhancing the upper critical field in the
Hf containing sample, particularly due to the significant value
of Agp in this system.

We have utilized the values of H.(0) to estimate the
Ginzburg-Landau coherence length £ (0) via the following
expression [42]:

H»(0) = (N

2mEZ

where @y = 2.07 x 10715 Tm? represents the magnetic flux
quantum. By substituting the H.,(0) values, we find a similar
coherence length for both the samples [£6L(0) = 5.8 and
6 nm for X = Zr and Hf, respectively]. The magnetic pene-
tration depth Agp(0) is determined using the H.;(0) and the
previously calculated &gy (0) from the following relation [43]:

Dy ( a AcL(0)
42l O\ &6L(0)

Substituting H.1(0) and &g (0) values, the penetration depth
Aar(0) is calculated to be 981.9 and 1164 A for X = Zr and
Hf, respectively. The Ginzburg-Landau parameter xgp, which
characterizes the type of a superconductor, is given by kg =
’;6%500)). The calculated value of kg (0) =16.7 and 19.38
for X = Zr and Hf, respectively, and these are significantly
greater than «/Li’ indicating the type-II superconductivity in
both the materials.

To confirm the bulk superconducting nature of the material,
we have conducted temperature variation of the specific heat
measurements C(7") for both materials. Specific heat data are
collected under applied magnetic fields ranging from O to

H(0) =

+ 0.12). ®)
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2 T. As shown in Figs. 4(a) and 4(b), the specific heat for
both samples exhibits a distinct anomaly that shifts to lower
temperatures with an increase in the field strength, indicating
the emergence of the superconducting transition. The specific
heat data in the normal state were well fitted using the follow-
ing expression:

¢ 2
7=Vn+,3T, ©)

Sommerfeld coefficient [y, = 8.60(2) mJ mol~'K~2 and 8.03
(2) mImol™'K~? for X = Zr and Hf, respectively] repre-
sents the electronic part, and 8 [= 0.2125(4) and 0.1944 (5)
mJ mol~'K~* for X = Zr and Hf] corresponds to the lattice
part to the specific heat. These parameters are essential for cal-
culating the density of states at the Fermi level [D.(Er)], the
Debye temperature (6p), and the electron-phonon coupling
constant (A,.,,). The Debye temperature 0p is determined as
2154 (1) K and 209.1 (1) K for X = Zr and Hf samples,
respectively, and is related to 8 by the expression [44]

(127141%1\/)5
bp=——7—]) . (10)
5B

These 6p values matched well with the obtained values from
the BG fitting of the normal state resistivity data for both
samples.

To investigate the pairing symmetry and superconducting
gap ratio, we have analyzed the electronic specific heat C,.
Figures 4(c) and 4(d) display the electronic part (C) to the
specific heat obtained by subtracting the phononic part for
X = Zr and Hf samples, respectively. The following expres-
sion describes the superconducting state normalized entropy
for a single-gap BCS superconductor [15,38]:

S __6 (20N [* o
vle _n2(kBTC)/O Lf In(f) + (1 = f)In(l = fldy,

(11)
where Fermi-Dirac distribution function = f(§)=

{exp[E(&)/kgT]1+ 1}, energy of quasiparticles relative
to the Fermi energy = E(§) = /&2 + AZ(r), y = §/A(0),
t =T/T,, and A(t) = temperature-dependent superconduct-
ing gap = tanh{1.82[1.018((1/¢) — 1)]°'}.

The first derivative of the normalized entropy with respect
to temperature is related to the normalized electronic specific
heat below T, by

wl. —  di
For X = Zr sample, the obtained superconducting gap
ratio agcs = A(0)/kgT. = 1.71, which is close to the BCS
value of agcs = 1.76. However, the BCS fitting estimates a
lower value of the specific heat jump (AC /v, T. = 1.41). Our
estimated ACe/y,T. = 1.62 as shown in the Supplemental
Material (Fig. S3, [29]). The disorder-induced broad transition
(in specific heat) could be the reason for this discrepancy. By
fitting this model with the data for the sample X = Hf, we
obtain a superconducting gap ratio agcs = A(0)/kgT. = 1.86
(ACq/yuT. = 1.54), which is significantly higher than the
BCS value of agcs = 1.76, and also exceeds the value re-
ported for the equimolar ScVTiHfNb (showing a high critical
field) [15].

Ca _ d(S/nTo) .

The specific heat data of these samples are further analyzed
in the strong coupling limit using the following equations by
considering 5 < 1:

ACel TC 2 Win
=143|14+53(— ) 1 , 13
y It |: * <w1n) n<3 TC):| )

2A(0) T.\*. [ o
=353 1+125(=<) In L4
kg T oM 2T,

The value of the specific heat jump (1.62 and 1.54 for X =
Zr and Hf, respectively) is used to estimate the logarithmically
averaged phonon frequency (wj,) for both the samples. The
estimated wy, = 179 K for X = Zr and 200.27 K for X = Hf.
These values are comparable to the Debye temperature. The
calculated value of the A(0)/kgT. is 1.82 for X = Zr and 1.80
for X = Hf sample.

To quantitatively assess the potential for superconductiv-
ity, we computed the electron-phonon coupling parameter A
from our DFT calculations. It is expressed by the following
equation:

A=Y g, (15)
qv

where A, is the electron-phonon coupling strength associated
with a specific phonon mode v and wave vector g. The A, is
given by
Yo 2
Aoy = w? ),
" aN(ep) P

where y,, is phonon linewidth, N(EF) is the density of states
(DOS) at the Fermi energy, and w is the frequency associ-
ated with specific phonon modes. From our calculations we
obtained an electron-phonon coupling constant of A = 0.63
for X = Hf and A = 0.76 for X = Zr. These values fall in the
moderately coupling regime. The computed values of the A
can be used to estimate the value of the screened Coulomb
repulsion constant (u*) using the Allen-Dynes formula [45]

®ln 1.04(1 + &)
T.= —expl|— .
1.2 A—p*(140.62 1)

The obtained values of u* = 0.13 for Zr and 0.112 for Hf
are in a good agreement with commonly used for weak
and moderately coupled intermetallic superconductors u* =
0.13 [15,46]. Therefore, electronic specific heat measure-
ments, combined with the electron-phonon coupling constant,
suggest that both samples exhibit moderately coupled BCS
superconductivity [47]. A summary of all the obtained param-
eters is provided in Table 1.

In general, the behavior of specific heat of a superconduct-
ing material is different in the superconducting state and the
normal state. The electronic part of the specific heat data (Ce)
gives a direct manifestation of the change in internal energy
(AU), entropy (AS), and the free energy (AF') of the material
[48]. The difference in the internal energy of the material can
be estimated using the following relation:

(16)

0
AU(T)=/ [Ca(T") — yuT'1dT’, a7
T

where the symbols have been explained previously and 7’ =
temperature. Similarly, the change in entropy of the system
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TABLE I. Superconducting state parameters of Tag,Nbg V2 Tig2Xo5.

Properties unit X =Hf X =7r

Tonset K 50£02 6.2+£02

T, mia K 47+0.1 59+0.1

H.:(0) mT 37.54 £2.01 50.5+2.0

H.(0) T 9.14 £0.15 9.51 £0.07

H5(0) T 8.63 10.92

&aL A 60 + 1 588+ 1.0

AGL A 1164 + 11 981 + 10

K 19.38 £ 0.08 16.7 £ 0.1

y mJ mol ~'K~2 8.03 £0.02 8.60 £ 0.02

B mJ mol~'K~* 0.2125 £ 0.0004 0.1944 £ 0.0004

Op K 209.1 2154

Wiy K 200.27 179

Ae-ph 0.63 +0.02 0.76 £ 0.02

A(0)/kT. [Eq. (11)] 1.86 + 0.01 1.71 +£ 0.01

A(0)/kgT, [Eq. (14)] 1.80 £ 0.01 1.82 £ 0.01

ACq/yT, 1.54 £ 0.01 1.62 + 0.01

can be calculated by the following equation: state. Above the superconducting transition temperature, the

0 , , AF is still stabilized, but the system shows a transition to the
_ [Ca(T) —yT'] ., 1 1li Fi 5 i i

AS(T) = e o AT (18) normal metallic state. Figure 5(b) presents the relationship

T/

These calculated parameters AU and AS help us to under-
stand the thermodynamics of the superconductors in relation
to the difference in free energy between the superconducting
and normal states [49] with the following equation:

AF(T)=AU(T)—-TAS(T). (19)

It is observed from Fig. 5(a) that the values of AF are neg-
ative for both samples below the superconducting transition
temperature. In BCS framework, the negative value of AF
implies enhanced stability of the superconducting state due to
the formation of Cooper pairs. As the temperature rises, the
entropy of the material becomes significantly large and the
gradual breaking of Cooper pairs takes place. This implies
the quasiparticles start to break out of the superconducting

0 FF———— 0000 =
2 20
g ‘
=
E 40
23 —— AU (X =2Zr)
< I —— TAS(X=27r) |
vy -60 —+— AF (X=7Zr)
<
[_1 - p
> -80 —o— AF(X=Hf)
< —O— AU (X =Hf)
r —0— AU (X =Hf) ]
10020y on
2 3 4 5 6 7
T (K)

between the critical temperature 7. and the valence electron
concentration (VEC) for both samples. To compare, data from
both crystalline and amorphous metals are included [50,51]
in the graph. The data of other HEA superconductors are
also included in the figure [15,21,52]. The 7. dependence on
VEC for HEA superconductors is expected to lie between that
of crystalline and amorphous alloys. Therefore, our data are
consistent with other HEA superconductors with similar VEC
values.

To further provide crucial insights into the structural stabil-
ity and electronic structure of Tag,Nbg V2 Tig2Xp2 (X = Hf
and Zr), we presented our results of DFT based calculations
in Fig. 6. The phonon dispersion spectrum [Figs. 6(a) and
6(c)] reveals the absence of imaginary frequencies across the
Brillouin zone, establishing the dynamical stability of these

16 S L L L e B,
(b) = = Crystalline metal alloys e “
= == Amorphous metal alloys ] ' i
® X=7r " 1
12+ m X=Hf , |‘ |
CsCLHEAs [ ’
e HCP
C RN \HEAs

| , BCC a—Mn i

, HEAs ‘o ! HEAs
1] R R S S R R
40 45 50 55 60 65 70 75

Valence Electron Count (e/a)

FIG. 5. (a) The temperature dependence of change in internal energy (AU), change in entropy (multiplied by temperature 7'AS), and
change in free energy (AF) for X = Zr and Hf samples. (b) The superconducting transition temperature vs the valence electron concentration
(VEC) plot. Superconducting transition temperature and VEC for various crystalline metals [50], amorphous metals [51], and different cubic

HEA alloys are compared here [7,15,52].

064801-8



NORMAL STATE AND SUPERCONDUCTING STATE ...

PHYSICAL REVIEW MATERIALS 9, 064801 (2025)

=

s

=

Frequency (THz)

o

DOS (1/eV)
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DOS (1/eV)

(b)

Energy (eV)

Energy (eV)

FIG. 6. Phonon dispersion relations along high-symmetry directions for Tag,Nbg,V2Tip2Xo» with X = Hf and Zr are shown in (a) and
(c), respectively. The total and partial density of states are presented in (b) for X = Hf and in panel (d) for X = Zr.

alloys. This confirms that the atomic configuration obtained
after structural relaxation corresponds to a mechanically
stable phase. Furthermore, the presence of low-energy optical
phonon modes suggests finite electron-phonon interactions.
However, the overall phonon bandwidth is relatively large.
The phonon modes extend up to approximately 7 THz. These
results indicate that the material exhibits a broad range of
vibrational excitations. The computed electronic density of
states (DOS) are illustrated in Figs. 6(b) and 6(d), respectively.
The total DOS for both samples demonstrates the metallic
behavior with large spectral weight at Fermi energy (Er). A
significant DOS at (Er) suggests a high carrier density, which
is a favorable characteristic for electrical conductivity and
potential superconducting properties. Further, the partial DOS
show that a substantial contribution near the Fermi level arises
from Ti and V derived states, indicating their dominant role in
electronic transport. These results along with the experimental
observations stimulate further investigations of superconduc-
tivity and transport phenomena. This suggests that while the
material exhibits metallic conductivity with a high carrier den-
sity, the electron-phonon interaction is not sufficiently strong
to induce a high superconducting transition temperature (7).
This is consistent with our experimental results. Thus, our
theoretical calculations establish that Tag,Nbg > V2Tig2Xp.2
(X = Hf and Zr) are a structurally stable, metallic sys-
tem with a high carrier density but moderate electron-

phonon coupling, which limits its superconducting transition
temperature.

IV. CONCLUSION

In conclusion, we have successfully stabilized high-
entropy equiatomic alloys Tag,Nbg2Vo2Tig2Xo2 with X =
Zr and Hf. The intrinsic maximal disorder of equiatomic high-
entropy alloys, in general, provides a valuable opportunity
to investigate further and understand the mechanisms driving
superconducting pairing in these disordered materials. Le Bail
of the RT-XRD pattern confirms that both samples crystallize
in a cubic body-centered-cubic (bcc) structure (space group:
Im-3m) with lattice parameters of a = b = ¢ = 3.305 (1) and
3.307 (1) A for X = Zr and Hf, respectively. FESEM and EDS
measurements highlight a uniform equiatomic distribution of
all the elements across the sample on a micrometer scale.
Through comprehensive magnetization, electrical resistivity,
specific heat measurements, and theoretical studies, we have
demonstrated that these alloys exhibit bulk superconductiv-
ity with an onset temperature of approximately 5 K for X
= Hf and 6.19 K for the X = Zr sample. The normal state
behavior is explored using the resistivity (Bloch-Grueneisen
model, Kadowaki-Woods ratio) and heat capacity studies. The
Kadowaki-Woods ratio highlights weakly correlated behavior
for both samples. Our detailed analysis of the superconducting
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properties highlights moderately coupled, isotropic s-wave
superconductivity in both samples. Moreover, the upper crit-
ical field, estimated from the transport and thermodynamic
measurements, surpasses the Pauli paramagnetic limit for the
X = Hf sample. In addition, our first-principles calculations
confirm the dynamical stability of both high-entropy alloys
through the absence of imaginary phonon modes. The elec-
tronic structure reveals substantial spectral weight at the Fermi
level, supporting the excellent metallic ground state of these
HEAs. Furthermore, the computed electron-phonon coupling
constants fall in the intermediate coupling regime, consistent
with the moderately coupled isotropic s-wave superconduc-
tivity inferred from experimental measurements. With its
excellent metallic properties in the normal state, high micro-
hardness, and enhanced upper critical field, these high-entropy

alloys emerge as a strong candidate for future superconducting
device applications.
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