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High critical temperature and field
superconductivity in Nb0.85X0.15, (X = Ti, Zr, Hf)
alloys: promising candidates for superconducting
devices

Roshan Kumar Kushwaha, Sonika Jangid, Priya Mishra, Suhani Sharma and
Ravi Prakash Singh *

Niobium and its alloys with early transition metals have been extensively studied for their excellent superconducting

properties. They have high transition temperatures, strong upper critical fields, and high critical current densities,

making them ideal for superconducting applications such as SQUIDs, MRI, NMR, particle accelerators, and Qubits.

Here, we report a systematic investigation of as-cast Nb-rich alloys, Nb0.85X0.15 (X = Ti, Zr, Hf), using magnetization,

electrical transport, and specific heat measurements. They exhibit strong type-II bulk superconductivity with

moderate superconducting transition temperatures and upper critical fields. The estimated magnetic field-

dependent critical current density lies in the range of 105–106 A cm�2 across various temperatures, while the

corresponding flux-pinning force density is on the order of GNm�3, suggesting the potential of these materials for

practical applications. Electronic-specific heat data reveal a strongly coupled, single, isotropic, nodeless

superconducting gap. These Nb-rich alloys, characterized by robust superconducting properties, hold significant

potential for applications in superconducting device technologies.

1. Introduction

Superconductivity is one of the most fascinating phenomena in
condensed matter physics, offering both deep insights into
quantum states of matter and broad technological potential.
Among various superconducting materials, niobium (Nb)-based
superconductors have emerged as highly sought-after materials in
research due to their potential applications, characterized by
high superconducting transition temperatures (Tc) and upper
critical fields (Hc2).1–4 Extensive studies have been conducted
on Nb-based A-155–9 and Nb-T (T: early transition metals)10

superconductors.11 These materials show a wide array of physical
properties, including large magnetoresistance,12 non-trivial band
topology,13 and the ability to form wires6,8 and superconducting
joints.14,15 Such characteristics make them promising candidates
for advanced technologies.16–18 In addition to industrial applica-
tions, Nb and Ta are widely recognized as suitable materials for
superconducting radio frequency (SRF) cavities19 and Josephson
junctions,20,21 which facilitate the development of superconduct-
ing qubits.22,23 Recent studies have shown that Ta–Zr24 and Ta–
Hf25 alloys also exhibit promising superconducting properties.
Owing to the high electropositivity of Hf and Zr, their alloys are
considered strong candidates for meeting theoretical benchmarks

aimed at enhancing qubit performance. Nb and Ta-based alloys,
characterized by diverse crystal structures and physical properties,
can provide a foundation for exploring similar compounds.

Among Nb–T alloys, Nb–Ti alloys26–29 have achieved wide-
spread commercial success in superconducting magnets and
have also recently been studied under high pressure, setting
new records for both Tc (= 19.1 K) and Hc2 (= 19 T) among all
alloys composed only of transition metals.30 Additionally, Nb–Ti
alloys with an Nb content of 50% or more are applicable in
osseous implant devices, such as orthopedic and orthodontic
implants.31 Furthermore, Nb–Zr32–37 and Nb–Hf38–40 alloys are
also decisive in the same context. Nb–Zr alloys also present
significant advantages for SRF cavities, including higher transi-
tion temperature, which facilitates reduced energy dissipation
and cryogenic costs. Their simplified phase diagrams enable
easier processing and optimization, while a stable ZrO2 native
oxide enhances RF performance by minimizing quench-inducing
defects.41 In addition, the combination of high values of Tc and
Hc2 with low surface resistance, the absence of nodes in the gap
symmetry, metallic behavior, high thermodynamic critical field
and superheating field, and material morphology42 make these
alloys excellent candidates for high-performance SRF cavities.
However, most of the research on these Nb-based alloys has
focused on the A15 phase; a detailed study of the cubic a-W
structure, which is the same as pure niobium, is lacking. These
alloys are expected to exhibit superior superconducting and

Department of Physics, Indian Institute of Science Education and Research Bhopal,

Bhopal, 462066, India. E-mail: rpsingh@iiserb.ac.in

Received 14th September 2025,
Accepted 11th January 2026

DOI: 10.1039/d5ma01057h

rsc.li/materials-advances

Materials
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 3
/1

/2
02

6 
6:

05
:4

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0003-2548-231X
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ma01057h&domain=pdf&date_stamp=2026-01-27
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01057h
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA007004


2380 |  Mater. Adv., 2026, 7, 2379–2389 © 2026 The Author(s). Published by the Royal Society of Chemistry

physical properties, making them suitable for superconducting
device applications. Therefore, a detailed study of niobium-rich
alloys in the a-W structure is crucial to identify promising
candidates for practical applications.

In this paper, we have investigated the superconducting and
normal-state properties of the Nb-rich family of alloys,
Nb0.85X0.15 (nominal composition: Nb6X, X = Ti, Zr, Hf). We
substitute elements Ti (3d), Zr (4d), and Hf (5d) at the X site with
a fixed Nb content. We perform a comparative analysis of super-
conducting and normal-state parameters derived from electrical
resistivity, magnetization, and specific heat measurements, which
remain relatively unexplored in the literature. Temperature-
dependent magnetization loops yield critical current densities in
the range of 105–106 A cm�2, while the corresponding flux-pinning
force density reaches several GNm�3, underscoring their viability in
technological applications. All alloys crystallized in the a-W bcc
structure and show type-II strongly coupled superconductivity with
an isotropic gap. The results obtained from this study on alloys,
combined with a malleable morphology required for surface pre-
paration, highlight their potential for further investigation in a thin
film form for future applications in superconducting devices, such
as single-photon detectors and superconducting qubits.

2. Materials and methods

Polycrystalline samples of the Nb0.85X0.15 (X = Ti, Zr, Hf) series
were synthesized by arc melting in a pure argon atmosphere on
a water-cooled copper hearth. The chamber was first evacuated
to a base pressure and then backfilled to a partial pressure. This
evacuation and backfilling cycle was performed three times to
ensure a highly inert atmosphere. To ensure an oxygen-free
environment, a Zr getter was employed to absorb residual
gaseous impurities. Stoichiometric amounts of the high-purity
constituent elements (purity Z99.9%) were melted together on
a water-cooled copper hearth using a tungsten electrode. To
achieve optimal homogeneity, the resulting ingot/button was
flipped and remelted at least four to six times. The buttons were
subsequently cooled naturally on the copper hearth. The weight
loss of the buttons after melting was observed to be negligible.
The final samples used for various measurements were pre-
pared by mechanically sectioning the arc-melted buttons using
a low-speed diamond saw with a cutting fluid to prevent
localized heating and structural damage, yielding pieces of the
required dimensions. Phase purity and crystal structure were
analyzed by room-temperature powder X-ray diffraction (XRD)
using Ka (l = 1.5406 Å) radiation using a PANalytical powder X-
ray diffractometer. XRD refinement was performed using Full-
prof Suite software.43 Elemental composition and homogeneity
were assessed by energy-dispersive X-ray analysis (EDXA) on a
scanning electron microscope (SEM). Magnetization and AC
susceptibility were measured using the magnetic property
measurement system (MPMS3). Full range magnetization loops
at different temperatures were measured to calculate the critical
current density on the rectangular slab of all alloys. Electrical
resistivity was measured using the standard four-probe method

at 1.9–300 K, while specific heat measurement was performed
using the two-tau relaxation technique using a physical property
measurement system (PPMS).

3. Results and discussion
3.1. Sample characterization

All alloys are crystallized in the cubic structure a-W, and the crystal
structure of Nb0.85X0.15 (X = Ti, Zr, Hf) is shown in Fig. 1(a). The
Rietveld refinement of the Nb0.85Ti0.15 alloy is shown in Fig. 1(b).
The elemental mapping of all alloys is shown in Fig. 1(c). The XRD
patterns of the polycrystalline samples of Nb0.85X0.15, (X = Ti, Zr,
Hf) are shown in Fig. 1(d) and the lattice parameters determined
from the refinement are summarized in Table 1.

3.2. Electrical resistivity

The temperature-dependent resistivity (r(T)) of Nb6X (X = Ti, Zr,
Hf) measured at zero field confirms the transition temperatures
Tc of 9.68(2), 11.06(4), and 9.78(3) K, as shown in Fig. 2(a)–(c),
and the insets show the corresponding zero drops in resistivity,
respectively. The low residual resistivity ratio (RRR) is approxi-
mately 2, consistent with the RRR for polycrystalline samples of
some Heusler-type superconducting alloys.44

3.3. Magnetization

The superconducting transition temperature of all alloys was
confirmed through temperature-dependent magnetization mea-
surements performed in zero field-cooled warming (ZFCW) and
field-cooled cooling (FCC) modes under an applied magnetic
field of 1 mT, where the quantity 4pwv is corrected for the
demagnetization factor. The results, presented in Fig. 2(d)–(f),
indicate Tc values of 9.65 (2) K, 11.05 (2) K and 9.67 (3) K for Nb6X
(X = Ti, Zr, Hf), respectively. Temperature and field-dependent
magnetization measurements were performed to determine the
lower critical field (Hc1(0)) and the upper critical field (Hc2(0)).
The Hc1 values at each temperature were identified as the point
where the magnetization curve deviates from the Meissner line
(solid black line). The temperature dependence of Hc1 was
analyzed using the Ginzburg–Landau (GL) relation given

Hc1ðTÞ ¼ Hc1ð0Þ 1� T

Tc

� �2
" #

, which yields Hc1(0) = 39.4 (2) mT,

107.4 (2) mT and 46.5 (3) mT for Nb6X (X = Ti, Zr, Hf), respectively.
The temperature dependence of Hc1 is presented in Fig. 3(a)–(c),
where the insets display magnetization magnetic field curves at
various temperatures for each sample. In addition, we estimate
Hc2(0) through magnetic field and temperature-dependent magne-
tization and resistivity measurements. The temperature depen-
dence of Hc2 was plotted and well fitted by the GL equation
(eqn (1)), as shown in Fig. 3(d)–(f) for Nb6X, (X = Ti, Zr, Hf),
respectively.

Hc2ðTÞ ¼ Hc2ð0Þ
1� T=Tcð Þ2

1þ T=Tcð Þ2

" #
(1)

Eqn (1) yields estimated values of Hc2(0) = 5.57(6), 9.51(1), and
5.81(5) T from magnetization and 7.57(7), 9.67(3) and 7.83(3) T
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from resistivity measurements for Nb6X, (X = Ti, Zr, Hf), respec-
tively, much higher than bulk Nb. The discrepancy between the
Hc2(0) values determined from the resistivity and magnetization
measurements likely arises from the inherent limitations of the
techniques, as well as their sensitivity to phenomena such as
surface superconductivity and flux creep; however, for practical
applications, the magnetization-derived value is more reliable, as it
better reflects the bulk response of the sample.

The mechanisms behind Cooper pair-breaking when an
external magnetic field is applied include the orbital pair-
breaking effect and the Pauli limiting field effect. The orbital
limiting field, Horb

2 (0), can be described by the Werthamer–
Helfand–Hohenberg (WHH) model,45,46 which neglects the
spin–orbit interaction and Pauli paramagnetism. According to
the WHH model, Horb

2 (0) is expressed as

Horb
c2 ð0Þ ¼ �0:693Tc

dHc2ðTÞ
dT

����
T¼Tc

: (2)

By estimating the initial slopes of the Hc2 vs. T curves,
�dHc2ðTÞ

dT
at T = Tc, we obtain the orbital limiting fields using

eqn (2) as Horb
2 (0) = 4.13(6), 7.11(5), and 4.43(3) T for Nb6X (X =

Ti, Zr, Hf), respectively. For conventional superconductors, the
Pauli limit field is given by the expression HP

2 = 1.86Tc.47,48

Using the Tc values obtained from magnetization measure-
ments, we estimate the Pauli limiting fields HP

2 as 17.94(3),
20.5(5), and 18.54(2) T for Nb6X (X = Ti, Zr, Hf), respectively,
which are significantly higher than the corresponding esti-
mated values of Hc2(0). The coherence length xGL(0)49 can be

estimated from Hc2(0) using the relation Hc2ð0Þ ¼
F0

2pxGL
2

where

the magnetic flux quantum F0 = 2.07 � 10�15 T m2.49 The
penetration depth lGL(0)50 is obtained from the equation

Hc1ð0Þ ¼
F0

4plGL
2ð0Þ ln

lGLð0Þ
xGLð0Þ

þ 0:12

� �
. The estimated values

of Hc1(0) and Hc2(0) yield coherence lengths xGL(0) and pene-
tration depths lGL(0) as 76.9(1), 58.8(5) and 75.6(4) Å for xGL(0)
and 1073(3), 615(2) and 975(4) Å for lGL(0), for Nb6X (X = Ti, Zr,

Hf), respectively. The GL parameter defined as kGL ¼
lGLð0Þ
xGLð0Þ

was found to be much higher than
1ffiffiffi
2
p for the three alloys,

indicating strong type II superconductivity. In addition, the
thermodynamic critical field (Hc(0)) is defined as Hc1(0) Hc2(0) =
Hc

2(0) ln(kGL). This yields the values of Hc(0) = 288.6(2),
659.7(5), and 325.6(8) mT for Nb6X, (X = Ti, Zr, Hf), respectively.
However, the RF performance in the SRF cavities using bulk Nb
reaches the theoretical limit of Hc(0) B 200 mT, and our results
indicate that the Nb6X series has a higher thermodynamic

Table 1 Lattice parameters for Nb0.85X0.15, (X = Ti, Zr, Hf) obtained from
XRD refinement

Parameters Nb0.85Ti0.15 Nb0.85Zr0.15 Nb0.85Hf0.15

a = b = c (Å) 3.306(8) 3.350(1) 3.349(5)
Vcell (Å3) 36.16(6) 37.59(3) 37.56(4)

Fig. 1 (a) The bcc crystal structure of Nb0.85X0.15, (X = Ti, Zr, Hf). (b) Rietveld refinement of the powder XRD pattern of Nb6Ti alloy. (c) Elemental mapping
of Nb0.85X0.15 (X = Ti, Zr, Hf) alloys. (d) Room temperature XRD patterns of Nb0.85X0.15, (X = Ti, Zr, Hf).

Materials Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 3
/1

/2
02

6 
6:

05
:4

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01057h


2382 |  Mater. Adv., 2026, 7, 2379–2389 © 2026 The Author(s). Published by the Royal Society of Chemistry

critical field (4200 mT), hence the higher superheating field

Hsh �
0:89ffiffiffiffiffiffiffiffi
kGL

p Hc

� �
.51

The Ginzburg–Levanyuk number (Gi) quantifies the strength
of thermal fluctuations relative to vortex unpinning in type-II

superconductors,52 which is described by the following
expression

Gi ¼ 1

2

kBm0tTc

4pxð0Þ3Hc
2ð0Þ

� �2

; (3)

Fig. 2 Temperature-dependent electrical resistivity with the insets showing zero drops in resistivity for (a) Nb6Ti, (b) Nb6Zr, and (c) Nb6Hf. Magnetization
(corrected with demagnetization factor) in ZFCW and FCC mode at an applied field of 1 mT for (d) Nb6Ti, (e) Nb6Zr, and (f) Nb6Hf, respectively.

Fig. 3 Temperature-dependent lower critical fields and the insets show the field-dependent magnetization curves for (a) Nb6Ti, (b) Nb6Zr, and (c)
Nb6Hf, respectively. Temperature-dependent profiles of the upper critical field, estimated from magnetization and resistivity, where the insets show
magnetic field-dependent resistivity data for (d) Nb6Ti, (e) Nb6Zr, and (f) Nb6Hf, respectively.
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where t is the anisotropy factor that is 1 for cubic Nb6X, (X = Ti,
Zr, Hf). Using the estimated Tc, x(0) and Hc(0) of magnetization
measurement, we obtain Gi = 6.18(2) � 10�8, 1.48(4) � 10�8,
4.43(8) � 10�8 for Nb6X (X = Ti, Zr, Hf), respectively. These
values are comparable to typical values of Gi observed for low Tc

superconductors (B10�8). This suggests that thermal fluctua-
tions do not contribute significantly to vortex unpinning in the
Nb6X series.53

3.4. Critical current density and flux pinning force

Magnetic hysteresis loops (see Fig. 4(a)–(c)) of the Nb6X (X = Ti,
Zr, Hf) series were measured at different temperatures to assess
the critical current density ( Jc) and its variation with magnetic
field. Both Nb6Zr and Nb6Hf alloys show several low-field flux
jumps in the M–H curves, as shown in Fig. 4(b) and (c). These
flux jumps weaken and disappear when the temperature rises
above 4 K or the magnetic field exceeds 3 T. Usually, flux jump
phenomena are common in these alloys because of the strong
magnetic flux pinning, while Nb6Ti does not have a flux

pinning force at all, suggesting a relatively weak flux pinning
force. The magnetic flux pinning force inside the Nb6Zr sample
is strongest, reflecting the high-low field flux jumps. The
irreversible field (Hirr) of all samples is evaluated from the
corresponding M–H loops at different temperatures. Hirr is the
magnetic field above which vortice unpinning begins, and as
the temperature increases, the irreversible fields of all samples
decrease to various degrees. Jc is obtained by the Bean model54

as described for Jc in the following equation:

Jc ¼
20DM

w 1� w

3l

� � (4)

where w and l are the width and length of the sample (l c w)
perpendicular to the direction of the applied magnetic field,
and DM is the width of the magnetization at the same magnetic
field and Fig. 4(d)–(f) show the magnetic field dependence of Jc

for Nb6X (X = Ti, Zr, Hf), respectively. The Jc(0) at T = 2 K is
extracted as Jc(0) = 2.48 � 105 A cm�2, 1.02 � 106 A cm�2 and
4.87 � 105 A cm�2 for Nb6X (X = Ti, Zr, Hf), respectively. In

Fig. 4 (a)–(c) M–H loops at different temperatures, whereas (d)–(f) magnetic field dependent Jc variation at different temperatures and (g)–(i) variation
of flux pinning force with magnetic field for Nb6X, (X = Ti, Zr, Hf), respectively.
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addition, the pinning force density was calculated using the
relation Fp = m0H � Jc.55 The variations of the flux pinning force
density with magnetic field for Nb6X, (X = Ti, Zr, Hf) are shown
in Fig. 4(g)–(i), respectively. The density of the pinning force is
obtained in the order of GNm�3 for this series, with the highest
value obtained for Nb6Zr due to the presence of low-field flux
jumps, which is relatively low in Nb6Hf and negligible in Nb6Ti,
suggesting the lowest value of the pinning force in Nb6Ti. While
flux jumps are commonly observed in Nb-based superconduc-
tors due to thermomagnetic instabilities, their absence in
certain Nb alloys can be attributed to enhanced thermal con-
ductivity and homogeneous flux pinning, which suppress
abrupt vortex avalanches.56 The critical current density and
flux pinning force values for all alloys exceed the practical
threshold value.

3.5. Specific heat

Temperature-dependent specific heat measurements were per-
formed for all samples without an external magnetic field to
study the thermal properties of Nb6X (X = Ti, Zr, Hf). Normal
state C/T vs. T2 data were fitted using the Debye–Sommerfeld
model represented by eqn (5) and shown in Fig. 5(a)–(c) with
solid black curves.

C/T = gn + bT2 (5)

where gn is the Sommerfeld coefficient, and b holds the
phononic contributions to the specific heat. Fitting normal
state specific heat data using eqn (5) gives gn = 51.17(6),
61.45(8), 51.93(7) mJ mol�1 K�2 and b = 0.63(1), 0.79(2),

0.99(3) mJ mol�1 K�4 for Nb6X (X = Ti, Zr, Hf), respectively. gn

is related to the density of states on the Fermi surface Dc(Ef) by

the relation gn ¼
p2kB2

3

� �
Dc Efð Þ, where kB E 1.38 �

10�23 J K�1. Dc(Ef) is estimated to be 21.7(1), 26.1(2), and 22.1(1)
states per eV f.u. for Nb6X, (X = Ti, Zr, Hf), respectively. The Debye

temperature (yD) is related to b as yD ¼
12p4RN
5b3

� �1=3

, where N is

the number of atoms per formula unit and R is the molar gas
constant (8.314 J mol�1 K�1), which calculates yD = 277.8(9),
258.2(4), and 239.5(3) K for Nb6X, (X = Ti, Zr, Hf), respectively.

McMillan’s model estimates the electron–phonon coupling
strength from a dimensionless quantity le–ph,57 which depends
on the estimated values of yD and Tc as

le�ph ¼
1:04þ m� ln yD=1:45Tcð Þ

ð1� 0:62m�Þ ln yD=1:45Tcð Þ � 1:04

� 	
(6)

where m* is screened Coulomb repulsion, considering m* = 0.13 as
described for transition metals,57 and estimated le–ph = 0.83(6),
0.92(4), and 0.89(7) for Nb6X, (X = Ti, Zr, Hf), respectively. This
classifies them as strongly coupled superconductors. After sub-
tracting the term bT3 from total specific heat (C), the temperature-
dependent electronic specific heat (Cel) was extracted for all
samples and fitted with the isotropic single gap model, repre-
sented as solid black curves in Fig. 5(d)–(f) and the quantity
DCel

gnTc
¼ 1:87ð2Þ; 1:79ð5Þ; and 1:85ð3Þ for Nb6X, (X = Ti, Zr, Hf),

respectively.
Furthermore, Cel vs. T data can provide information about

the symmetry of the superconducting gap around the Fermi

Fig. 5 (a)–(c) C/T vs. T2 plot for Nb6X, (X = Ti, Zr, Hf), respectively, where the solid black lines represent the Debye–Sommerfeld fitting represented by (eqn (5)).
(d)–(f) Cel vs. T plot for Nb6X (X = Ti, Zr, Hf), respectively, where solid black curves represent the s-wave model fit with BCS type single gap function.
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surface, revealing the intricate pairing mechanism. Normalized
entropy (S) in the superconducting region and Cel can be
related as

Cel

gnTc
¼ t

d S=gnTcð Þ
dt

(7)

where t = T/Tc, the reduced temperature. Within the framework
of the BCS approximation,58,59 the normalized entropy for a
single BCS-like gap is defined by the following relation.

S

gnTc
¼ � 6

p2
Ds
T

ð1
0

½ f lnð f Þ þ ð1� f Þ lnð1� f Þ�dy (8)

where, Ds
T ¼

Dð0Þ
kBTc

, f (x) = [exp(E(x)/kBT) + 1]�1 is the Fermi

function, EðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ D2ðtÞ

p
, where E(x) is the energy of

normal electrons measured relative to the Fermi energy, y =
x/D(0), and D(t) = tanh[1.82(1.018((1/t) � 1))0.51] represents the
temperature-dependent superconducting energy gap. The solid
black curves in Fig. 5(d)–(f) represent the fit to electronic
specific heat data using a single isotropic nodeless gap model
as described by eqn (8), which provides the normalized super-
conducting gap values D(0)/kBTc = 2.16(1), 2.19(6), and 2.15(3)
for Nb6X (X = Ti, Zr, Hf), respectively, which confirms the strong
electron–phonon coupled superconductivity.

4. Normal state properties and
Uemura classification

In this section, we have analytically solved a set of equations
simultaneously to investigate electronic properties and dis-
cussed the Uemura classification of Nb6X (X = Ti, Zr, Hf).60

The Sommerfeld coefficient (gn) is related to the quasiparticle
number-density (n), defined as

gn ¼
p
3

� �2=3kB2m�Vf :u:n
1=3

�h2NA
(9)

and Fermi velocity (vF) is related to the electronic mean free
path (le) and n by the expressions

le ¼
3p2�h2

e2r0m�2vF2
and n ¼ 1

3p2
m�vF

�h

� �3

(10)

respectively, where kB is the Boltzmann constant, m* is the
effective mass of the quasiparticles, Vf.u. is the volume of the
formula unit, NA is the Avogadro number and r0 is the residual
resistivity.

Within the dirty limit superconductivity, the BCS coherence
length of a superconductor is much larger than the mean free

path
x0
le
� 1

� �
, and the scattering of electrons with impurities

and defects may affect the superconducting properties. The GL
penetration depth (lGL) is related to the London penetration
depth (lL) at absolute zero temperature followed by the expres-
sion

lGLð0Þ ¼ lL 1þ x0
le

� �1=2

; where lL ¼
m�

m0ne2

� 	1=2
(11)

and BCS coherence length relates to GL coherence length and is
expressed by

xGLð0Þ
x0

¼ p

2
ffiffiffi
3
p 1þ x0

le

� ��1=2
: (12)

We have solved the above equations simultaneously and
estimated the values of m*, n, vF, x0, and le, using the previously
obtained values of gn, r0, xGL(0) and lGL(0). The Fermi tempera-
ture for an isotropic spherical Fermi surface is defined as

TF ¼
�h2kF

2=3

2m�kB
(13)

where kF = 3p2n, the Fermi wave vector. The ratio Tc/TF classifies
superconductors into the conventional or unconventional cate-
gory. According to Uemura et al.,60 the unconventional range

0:01 � Tc

TF
� 0:1, shown by the green shaded band in Fig. 6,

whereas the Tc/TF values for Nb6X (X = Ti, Zr, Hf) lie outside this
unconventional region. All superconducting and normal state
parameters of Nb6X (X = Ti, Zr, Hf), estimated from various
techniques, are listed in Table 2. This comparison highlights
that, despite variations in microstructure and alloying, Nb-
based systems generally exhibit weak to moderate electronic
correlations and conventional electron–phonon-mediated pair-
ing. The similarity of Tc/TF values across these families under-
scores that superconductivity in Nb6X alloys is governed by the
same fundamental mechanism, situating them firmly within
the conventional regime while still offering competitive super-
conducting parameters for practical applications.

5. Discussion

Fig. 7 presents a comparison of key superconducting para-
meters (Tc, Hc2 and Jc) for Nb–T alloys a-W type (T = Ti, Zr,
Hf) and other well-known compounds based on niobium. The
data provide insight into the variation in superconducting
behavior between different material classes. Niobium-based

Fig. 6 Uemura plot defined by Tc and TF for Nb6X (X = Ti, Zr, Hf), where
the green shaded region represents the unconventional band.
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superconductors, especially binary alloys of Nb–T (where T = Ti,
Zr, Hf) and Nb3 X compounds of type A15, represent two
technologically significant families of low-temperature supercon-
ductors, each offering unique advantages tailored to specific
operational demands. Nb–Ti alloys are widely used in commer-
cial superconducting technologies due to their good thermal
performance and suitability for wire manufacturing on a large
scale.26,27,30,31 Introducing alloying elements such as Ti or Zr into
niobium enhances flux pinning capabilities while maintaining
critical superconducting parameters, with transition tempera-
tures ranging from 9 to 11 K and upper critical fields in the
range of 6–14 T68 at ambient pressure. Specifically, incorporating
zirconium into niobium has been shown to enhance surface
superconductivity and radio-frequency characteristics, aided by
the formation of a stable ZrO2 surface layer and improved
electron–phonon interactions.41 In addition, alloys such as

Nb–Zr and Nb–Hf exhibit strong resistance to radiation damage,
making them particularly suitable for nuclear environments.69

Recent computational studies suggest that irradiation promotes
the formation of Nb-rich precipitates within Zr matrices, which
adopt energetically favorable platelet morphologies. These struc-
tures contribute to enhanced microstructural integrity in nuclear
fuel cladding materials under irradiation conditions.70–72

In contrast, A15-type intermetallics such as Nb3 Sn, Nb3 Al,
and Nb3 Ge demonstrate significantly enhanced superconducting
characteristics, with critical temperatures (Tc) reaching up to 23 K
and upper critical magnetic fields (Hc2) exceeding 30 T. These
remarkable properties are mainly attributed to their distinctive
crystal structure, characterized by quasi-one-dimensional chains
of Nb atoms and a densely packed A3 B lattice.13 This arrange-
ment strengthens electron–phonon interactions near the Fermi
level, thereby promoting superconductivity. However, these mate-
rials are inherently brittle and exhibit a high sensitivity to slight
variations in composition, which presents challenges during
processing. Beyond the superconducting parameters summar-
ized in Fig. 7, prior studies have shown that microstructural
refinement (e.g., grain size control in Nb3Sn61 and stacking fault
regulation by nano-oxide particles in Nb3Al9), defect density
introduced by irradiation,73 and processing history such as hot
rolling or equal channel angular pressing (ECAP) in NbTi74

critically determine flux pinning and current-carrying capacity.
These insights also contextualize the potential of Nb6X alloys. The
bulk properties observed here motivate future efforts in thin-film
growth and characterization, where enhanced superconducting
performance and device integration could be realized.

6. Conclusion

In summary, we have synthesized and characterized the Nb-rich
series, Nb0.85X0.15 (nominal composition: Nb6X, X = Ti, Zr, Hf),

Table 2 Superconducting and normal state parameters of Nb6X, (X = Ti,
Zr, Hf)

Parameters Unit Nb6Ti Nb6Zr Nb6Hf

Tc K 9.65(2) 11.05(2) 9.67(3)
Hc1(0) mT 39.4(2) 107.4(2) 46.5(3)
Hc2(0) T 5.57(6) 9.51(1) 5.81(5)
Hc2(0)Pauli T 17.94(3) 20.5(5) 18.54(2)
Hc2(0)orb T 4.13(6) 7.11(5) 4.43(3)
xGL(0) Å 76.9(1) 58.8(5) 75.6(4)
lGL(0) Å 1073(3) 615(2) 975(4)
Hc(0) mT 288.6(2) 659.7(5) 325.6(8)
kGL 13.9(5) 10.4(5) 12.9(4)
DCel/gnTc 2.02(3) 2.09(5) 2.01(3)
D(0)/kBTc 2.16(6) 2.19(8) 2.15(1)
yD K 277.8(9) 258.2(4) 239.5(3)
le–ph 0.83(6) 0.92(4) 0.89(7)
vF 105 ms�1 1.2(4) 1.4(6) 1.3(2)
n 1028 m�3 13.4(2) 23.5(4) 15.6(3)
TF K 7234(4) 10 595(25) 8346(8)
Tc/TF 0.0013(3) 0.0010(3) 0.0011(5)
m*/me 15.2(3) 15.1(2) 14.6(2)

Fig. 7 Comparison of Tc, Hc2, and Jc of Nb6X (X = Ti, Zr, Hf) with niobium54 and its alloys.9,32–37,61–67
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which crystallizes in a a-W bcc structure. We have thoroughly
investigated their superconducting and normal state properties
through XRD, electrical resistivity, magnetization, and specific
heat measurements. All normal and superconducting state
parameters follow nonmonotonic trends in the Nb6X series,
since the X component is substituted by elements of Ti (3d), Zr
(4d) and Hf (5d). The calculated critical current density from
temperature-dependent magnetization loops has values in the
range 105–106 A cm�2 with a flux pinning force on the order of
GNm�3, which are good values for practical applications. All
alloys have moderate transition temperatures and upper critical
fields following isotropic nodeless superconducting gaps with
strong electron–phonon coupling strength. The variation in
spin–orbit coupling strength from 3d to 5d elements, while
maintaining a fixed Nb content, shows only negligible influence
on superconducting properties and gap symmetry, but it can
provide further insight into the superconducting ground state
and its relation to mechanical properties. Due to their morpho-
logical malleability and superior superconducting properties,
this family of binary alloys holds significant promise and
dedicated thin-film studies will be essential to fully explore
their technological potential in superconducting devices.
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