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Niobium and its alloys with early transition metals have been extensively studied for their excellent
DOI:00.0000M00000000x 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, Nbg gsXo.15 (X = Ti, Zr, Hf), using magnetization, electrical transport, and specific
heat measurements. They exhibit strong type-ll bulk superconductivity with moderate supercon-
ducting transition temperatures and upper critical fields. The estimated magnetic field-dependent
critical current density lies in the range of 10°-10° A/cm? 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 supercon-
ducting properties, hold significant potential for applications in superconducting device technologies.

1 Introduction
characterized by diverse crystal structures and physical proper-
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Superconductivity is one of the most fascinating phenomena in
condensed matter physics, offering both deep insights into quan-
tum states of matter and broad technological potential. Among
various superconducting materials, niobium (Nb)-based super-
conductors have emerged as highly sought-after materials in re-
search due to their potential applications, characterized by high
superconducting transition temperatures (7.) and upper critical
fields (H.,)1"#. Extensive studies have been conducted on Nb-
based A-152"% and Nb-T (T: early transition metals) 10 supercon-
ductors!L. These materials show a wide array of physical proper-
ties, including large magnetoresistance'l4, non-trivial band topol-
ogy23 and their ability to form wires®® and superconducting
joints1415 Such characteristics make them promising candidates
for advanced technologies®18. In addition to industrial appli-
cations, Nb and Ta are widely recognized as suitable materials
for superconducting radio frequency (SRF) cavities1? and Joseph-
son junctions2?2l, which facilitate the development of supercon-
ducting qubits%223, Recent studies have shown that Ta-Zr?# and
Ta-Hf2>l 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,

@ Department of Physics, Indian Institute of Science Education and Research Bhopal,
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ties, can provide a foundation for exploring similar compounds.

Among Nb-T alloys, Nb-Ti alloys26"2? have achieved
widespread commercial superconducting mag-
nets and have also recently been studied under high pressure,
setting new records for both 7. (= 19.1 K) and H,, (= 19 T)
among all alloys composed only of transition metals=?. Addition-
ally, Nb-Ti alloys with Nb content 50% or more are applicable
in osseous implant devices, such as orthopedic and orthodontic
implants=Y, Furthermore, Nb-Zr3287 and Nb-Hf3840 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 ZrO, native
oxide enhances RF performance by minimizing quench-inducing
defectsl, In addition, the combination of high values 7. and
H,, with low surface resistance, the absence of nodes in the gap
symmetry, metallic behavior, high thermodynamic critical field
and superheating field, and material morphology 42 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
physical properties, making them suitable for superconducting
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Fig. 1 (a) The bcc crystal structure of NbggsXg.15, (X = Ti, Zr, Hf) (b) Rietveld refinement of powder XRD pattern of NbgTi alloy (c) Elemental
mapping of NbggsXg.15 (X = Ti, Zr, Hf) alloys (d) Room temperature XRD patterns of NbggsXo 15, (X = Ti, Zr, Hf).

device applications. Therefore, a detailed study of niobium-rich
alloys in o-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, Nbg g5Xo.15
(nominal composition: NbgX, X = Ti, Zr, Hf). We substitute el-
ements Ti (3d), Zr (4d), and Hf (5d) at the X site with a fixed
Nb content. We perform a comparative analysis of superconduct-
ing and normal-state parameters derived from electrical resistiv-
ity, magnetization, and specific heat measurements, which remain
relatively unexplored in the literature. Temperature-dependent
magnetization loops yield critical current densities in the range of
103-10° A/cm?, while the corresponding flux-pinning force den-
sity reaches several GNm 3, underscoring their viability in tech-
nological applications. All alloys crystallized in the a-W bcc struc-
ture and show type-II strongly coupled superconductivity with the
isotropic gap. The results obtained from this study on alloys, com-
bined with a malleable morphology required for surface prepara-
tion, 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 Nby g5Xy 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 en-

2| Journal Name, [year], [vol.], 1

sure a highly inert atmosphere. To ensure an oxygen-free envi-
ronment, a Zr getter was used to absorb residual gaseous impu-
rities. Stoichiometric amounts of the high-purity constituent ele-
ments (purity > 99.9%) were melted together on a water-cooled
copper hearth using a tungsten electrode. To achieve optimal ho-
mogeneity, the resulting ingot/button was flipped and remelted
at least four to six times. The buttons were then cooled natu-
rally 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 prepared 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 crys-
tal structure were analyzed by room-temperature powder X-ray
diffraction (XRD) using Ky (A = 1.5406 A) radiation using a PAN-
alytical powder X-ray diffractometer. XRD refinement was per-
formed using Fullprof Suite software3. Elemental composition
and homogeneity were assessed by energy-dispersive X-ray anal-
ysis (EDXA) on a scanning electron microscope (SEM). Magneti-
zation and AC susceptibility were measured using the Magnetic
Property Measurement System (MPMS3). Full range magnetiza-
tion 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 in 1.9-300 K, while specific heat measurement was per-
formed using the two-tau relaxation technique using the Physical
Property Measurement System (PPMS).
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Fig. 2 Temperature-dependent electrical resistivity and the insets show zero drops in resistivity for (a) NbgTi, (b) NbsZr, (c) NbgHf. Magnetization
(corrected with demagnetization factor) in ZFCW and FCC mode at an applied field of 1 mT for (d) NbgTi, (¢) NbsZr, and (f) NbgHf, respectively.

3 Results and Discussion

3.1 Sample Characterization

All alloys are crystallized in the cubic structure o -W, and the crys-
tal structure of Nbg gsXy 15 (X = Ti, Zr, Hf) is shown in Figa).
The Rietveld refinement of the NbggsTip 5 alloy is shown in
Fig[T}(b). The elemental mapping of all alloys is shown in Fig[T|(c).
The XRD patterns of the polycrystalline samples of Nbg g5Xg 15, (X
= Ti, Zr, Hf) are shown in Fig (d) and the lattice parameters
determined from the refinement are summarized in TableIl

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

Parameters Nbolg5Ti0_15 Nb()_gszr()‘ls Nb()‘gst().u
a=b=c(A) 3.306(8) 3.350(1) 3.349(5)
Vet (A% 36.16(6) 37.59(3) 37.56(4)

3.2 Electrical Resistivity

The temperature-dependent resistivity (p(7)) of NbgX (X = Ti,
Zr, Hf) measured in the zero field confirms the transition temper-
atures T. of 9.68(2), 11.06(4), 9.78(3) K, as shown in Figa),
(b), and (c), and the insets show the corresponding zero drops in
resistivity, respectively. The low residual resistivity ratio (RRR) is
approximately 2, consistent with RRR for polycrystalline samples
of some Heusler-type superconducting alloys#%.

3.3 Magnetization

The superconducting transition temperature of all alloys was con-
firmed through temperature-dependent magnetization measure-
ments performed in zero field-cooled warming (ZFCW) and field-
cooled cooling (FCC) modes under an applied magnetic field of
1 mT, where the quantity 47y, is corrected for the demagnetiza-
tion factor. The results, presented in Figd), (e) and (f), indicate
T values of 9.65 (2) K, 11.05 (2) K and 9.67 (3) K for NbgX (X =
Ti, Zr, Hf), respectively. Temperature and field-dependent mag-
netization measurements were performed to determine the lower
critical field (H,(0)) and the upper critical field (H.»(0)). The H
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 H,; was analyzed using the
Ginzburg-Landau (GL) relation given

Her(T) = Ha (0) {1 - Gﬂ

which yields H,;(0) = 39.4 (2) mT, 107.4 (2) mT and 46.5 (3)
mT for NbgX (X = Ti, Zr, Hf), respectively. The temperature de-
pendence of H,| is presented in Figa), (b), and (c), where the
insets display magnetization magnetic field curves vs. at various
temperatures for each sample. In addition, we estimate H.(0)
through magnetic field and temperature-dependent magnetiza-
tion and resistivity measurements. The temperature dependence
of H,, was plotted and well fitted by the GL equation2} as shown
in Figd), (e) and (f) for NbgX, (X = Ti, Zr, Hf), respectively.

1—(T/T.)?
1+ (T/Tc)z}

€3]

HcZ(T) = HCZ(O) |: )
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Fig. 3 Temperature-dependent lower critical field where the solid black curves represent G-L fit using Equatio and the insets show the field-dependent
magnetization curves for (a) NbgTi, (b) NbgZr, and (c) NbgHf, 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) NbgTi, () NbgZr, and (f) NbgHf, respectively.

Equatio yields estimated values of H»(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 from resistivity measurements for NbgX, (X = Ti, Zr,
Hf), respectively, much higher than bulk Nb. The discrepancy
between the values H,(0) 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 exter-
nal magnetic field is applied include the orbital pair-breaking ef-
fect and the Pauli limiting field effect. The orbital limiting field,
H%?(0), can be described by the Werthamer-Helfand-Hohenberg
(WHH) model#546l which neglects the spin-orbit interaction and
Pauli paramagnetism. According to the WHH model, H;’Z”’ (0) is
expressed as

dHcZ(T)

H%Y(0) = —0.693 T, R N

€)

By estimating the initial slopes of the H,, vs T curves, 7d};"7%(T)

at T = T,, we obtain the orbital limiting fields using Equation
as H3?(0) = 4.13(6), 7.11(5), and 4.43(3) T for NbeX (X =
Ti, Zr, Hf), respectively. For conventional superconductors, the
Pauli limit field is given by the expression HE = 1.867,4748. Us-
ing the T, values obtained from magnetization measurements, we
estimate the Pauli limiting fields HCP2 as 17.94(3), 20.5(5), and

4 Journal Name, [year], [vol.], 1

18.54(2) T for NbgX (X = Ti, Zr, Hf), respectively, which are sig-
nificantly higher than the corresponding estimated values H.,(0).
The coherence length &g (0)42 can be estimated from H,,(0) us-
ing the relation H.,(0) = 2:?& where the magnetic flux quantum
@y = 2.07 x10~1 T m?49, The penetration depth A (0)2 is
obtained from equation H,;(0) = % (1"2”#5003 +0.12). The
estimated values of H,(0) and H.,(0) yield coherence lengths
&6L(0) and penetration depths Ag.(0) as 76.9(1), 58.8(5) and
75.6(4) A for &;(0) and 1073(3), 615(2) and 975(4) A for
Acr(0), for NbgX (X = Ti, Zr, Hf), respectively. The GL param-

eter defined as kg;, = gsf((g; , was found to be much higher than

% for the three alloys, indicating strong type II superconductiv-
ity. In addition, the thermodynamic critical field (H.(0)) is de-
fined as H,;(0) H.(0) = H2(0) In(kg). This yields the values of
H.(0) = 288.6(2), 659.7(5), 325.6(8) mT for NbgX, (X = Ti, Zr,
Hf), respectively. However, RF performance in SRF cavities using
bulk Nb reaches the theoretical limit of H.(0) ~ 200 mT, our re-
sults indicate that the NbgX series has a higher thermodynamic
critical field (> 200 mT), hence the higher superheating field

(Hy, ~ GE-HC).

The Ginzburg-Levanyuk number (Gi) quantifies the strength of
thermal fluctuations relative to vortex unpinning in type-II super-
conductors®Z, which is described by the following expression

2
kB#OTTc(O)> ’ @

. 1
“=3 (47:5 (082

where 7 is the anisotropy factor that is 1 for cubic NbgX, (X =
Ti, Zr, Hf)). Using the estimated 7, £(0) and H.(0) of magne-
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Fig. 4 (a), (b) and (c) M-H loops at different temperatures, whereas (d), (e) and (f) magnetic field dependent J. variation at different temperatures
and (g), (h) and (i) Variation of flux pinning force with magnetic field for NbgX, (X = Ti, Zr, Hf), respectively.

tization measurement, we obtain Gi = 6.18(2) x 10~%, 1.48(4)
x 1078, 4.43(8) x 10~8 for NbgX, (X = Ti, Zr, Hf), respectively.
These values are comparable to typical values Gi observed for low
T, superconductors (~10~%). This suggests that thermal fluctua-
tions do not contribute significantly to vortex unpinning in NbgX
series®3,

3.4 (Critical Current Density and Flux Pinning Force

Magnetic hysteresis loops (see Figsa), (b), and (c)) of NbgX
(X = Ti, Zr, Hf) series were measured at different temperatures
to assess the critical current density (J.) and its variation with
magnetic field. Both NbgZr and NbgHf alloys show several low-
field flux jumps in the M-H curves, as shown in Fig[5{(b) and
(c). These flux jumps weaken and disappear when the temper-
ature rises above 4 K or the magnetic field exceeds 3 T. Usu-
ally, flux jump phenomena are common in these alloys because
of the strong magnetic flux pinning, while Nbg Ti does not have a
flux pinning force at all, suggesting a relatively weak flux pinning
force. The magnetic flux pinning force inside the NbgZr sample

is strongest, reflecting the high-low field flux jumps. The irre-
versible field (H;.) of all samples is evaluated from the corre-
sponding M-H loops at different temperatures. H;,, is the mag-
netic field above which vortice unpinning begins, and as the tem-
perature increases, the irreversible fields of all samples decrease
to various degrees. J, is obtained by the Bean model®¥ as de-
scribed for J, in the following equation:

20 AM
w(l=3)

where, w and 1 are the width and length of the sample (1 > w)
perpendicular to the direction of applied magnetic field, and AM
is the width of the magnetization at the same magnetic field and
Fig (d), (e) and (f) show the magnetic field dependence of J.
for NbeX, (X = Ti, Zr, Hf), respectively. The J.(0) at T = 2 K is
extracted as J.(0) = 2.48 x 10° A/cm?, 1.02 x 10° A/cm? and
4.87 x 10° A/cm? for Nbg X (X = Ti, Zr, Hf), respectively. In
addition, the pinning force density was calculated using the re-
lation F, = poH x J:35 The variations of the flux pinning force

Je= (5)
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Fig. 5 (a), (b) and (c) C/T vs T2 plot for NbgX, (X = Ti, Zr, Hf), respectively, where the solid black lines represent the Debye-Sommerfeld fitting
represented by Equatiorf6] (d), (e) and (f) Co vs T plot for NbgX, (X = Ti, Zr, Hf), respectively, where solid black curves represent the s-wave model

fit with BCS type single gap function.

density with magnetic field for NbgX, (X = Ti, Zr, Hf) are shown
in Fig[5[(g), (h) and (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 NbgZr due to the presence of low-field
flux jumps, which is relatively low in NbgHf and negligible in
NbgTi, suggesting the lowest value of the pinning force in NbgTi.
While flux jumps are commonly observed in Nb-based supercon-
ductors due to thermomagnetic instabilities, their absence in cer-
tain Nb alloys can be attributed to enhanced thermal conductiv-
ity and homogeneous flux pinning, which suppress abrupt vortex
avalanches®®, 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 NbgX (X = Ti, Zr, Hf). Normal state C/T
vs T? data were fitted using the Debye-Sommerfeld model repre-
sented by Equatiorf6|and shown in Fig[5|(a),(b) and (c) with solid
black curves.

C/T=y+BT? (6)

where, ¥, is the Sommerfeld coefficient, f holds the phononic
contributions to the specific heat. Fitting normal state spe-
cific heat data using Equatim@ gives y, = 51.17(6), 61.45(8),
51.93(7) mJ mol 'K~2 and B = 0.63(1), 0.79(2), 0.99(3) mJ
mol 'K~ for NbgX (X = Ti, Zr, Hf), respectively. v, is related to
the density of states on the Fermi surface D.(E;) by the relation
Yo = (”23k§)DC(Ef), where kg ~ 1.38 x 1072 JK 1. D.(E/) is

6 | Journal Name, [year], [vol.], 1

estimated to be 21.7(1), 26.1(2), 22.1(1) states/€V f.u. for NbgX,

(X = Ti, Zr, Hf), respectively. The debye temperature (6p) related
1/3

to B as 6p = (12;’4%) / , where N is the number of atoms per

formula unit and R is the molar gas constant (8.314 Jmol~' K1),
which calculates 6y = 277.8(9), 258.2(4), 239.5(3) K for NbgX,
(X = Ti, Zr, Hf), respectively.

McMillan’s model estimates the electron-phonon coupling
strength from a dimensionless quantity A,_ 27 which depends
on the estimated values of 6p and T, as

o 1.04+ u*In(6p/1.45T,)
e=Ph = | (1-0.62u%)In(6p/1.45T,) — 1.04

(7

where p* is screened Coulomb repulsion, considering u* = 0.13
as described for transition metals®Z, estimated A,_,, = 0.83(6),
0.92(4), 0.89(7) for NbgX, (X = Ti, Zr, Hf), respectively. It clas-
sifies them as strongly coupled superconductors. After subtract-
ing the term B T3 from total specific heat (C), the temperature-
dependent electronic specific heat (C,;) was extracted for all sam-
ples and fitted with the isotropic single gap model, represented as
solid black curves in Fi d), (e) and (f) and the quantity Ay —

YHIL‘
1.87(2), 1.79(5), 1.85(3) for Nb¢X, (X = Ti, Zr, Hf), respectively.

Further, C,; vs. T data can provide information about the sym-
metry of the superconducting gap around the Fermi surface, re-
vealing the intricate pairing mechanism. Normalized entropy (S)
in the superconducting region and C,; can be related as

Cel d (S / ) Tc)

Wl | dr ®
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Fig. 6 Uemura plot defined by T. and Ty for NbgX (X = Ti, Zr, Hf),
where the green shaded region represents the unconventional band.

where ¢ = T /T, the reduced temperature. Within the framework
of the BCS approximation®>? the normalized entropy for a sin-
gle BCS-like gap is defined by the following relation.

S
TTe

:_%AST/O“mn(fH(l—f)ln(l—f)]dy ©)

where, A} = ig%) ,f(E) = [exp(E(E)/kpT) +1]7! is the Fermi func-
tion, E(§) = /&2 +A%(t), where E(§) is the energy of normal
electrons measured relative to the Fermi energy, y = £/A(0), and
A(t) = tanh[1.82(1.018((7/f) — 1))%3!] represents the temperature-
dependent superconducting energy gap. The solid black curves in
Figd), (e), and (f) represent the fit to electronic specific heat
data using a single isotropic nodeless gap model as described by
Equatior9} which provides the normalized superconducting gap
values A(0)/kpT, = 2.16(1), 2.19(6), 2.15(3) for NbgX (X = Ti,
Zr, Hf), respectively, which confirms the strong electron-phonon
coupled superconductivity.

4  Normal State Properties and Uemura Classifica-
tion

In this section, we have analytically solved a set of equations si-

multaneously to investigate electronic properties and discussed

the Uemura classification of NbgX (X = Ti, Zr, Hf) 60 The Som-

merfeld coefficient (y,) is related to the quasiparticle number-

density (n), defined as

B (E>2/3 k,zgm*Vf‘u,nl/3

= 10
n 3 thA ( )

and Fermi velocity (vr) is related to the electronic mean free path
(l,) and n by the expressions

3 2h2 1 * 3
le ﬂiandn:—(m VF)

= 11
e2pom 2 v2. 372 h an

respectively, where kg is the Boltzmann constant, m* is the effec-
tive mass of the quasiparticles, V. is the volume of the formula
unit, N, is the Avogadro number and py is the residual resistivity.

View Article Online
DOI: 10.1039/D5MA01057H

Within the dirty limit superconductivity, the BCS coherence
length of a superconductor is much larger than the mean free
path (%’ > 1), and the scattering of electrons with impurities and
defects may affect the superconducting properties. The GL pen-
etration depth (Ag.) is related to the London penetration depth
(AL) at absolute zero temperature followed by the expression

£\ ! /2 w112
AGL(O) = (1 + Z) ,where A= |:,U()n62:| 12)
and BCS coherence length relates to GL coherence length and is
expressed by
SL(0) =m (H_éo)q/z.

éO B 2\7 le

We have solved the above equations simultaneously and esti-
mated the values of m*, n, vg, &, [, using the previously obtained
values of 7, po, £ (0) and Agy (0). The Fermi temperature for an
isotropic spherical Fermi surface is defined as

(13)

2,2/3
_ kg
2 m*kB

Tr 14
where kr = 372n, the Fermi wave vector. The ratio 7, /Tr classi-
fies superconductors into the conventional or unconventional cat-
egory. According to Uemura et al.®? the unconventional range
0.01< YT"T < 0.1, shown by the green shaded band in Fig
whereas, T./Tr values for NbgX (X = Ti, Zr, Hf), lie outside this
unconventional region. All superconducting and normal state pa-
rameters of NbgX (X = Ti, Zr, Hf), estimated from various tech-
niques, are listed in Table |2| This comparison highlights that, de-
spite variations in microstructure and alloying, Nb-based systems
generally exhibit weak to moderate electronic correlations and
conventional electron-phonon-mediated pairing. The similarity
of T, /Tr values across these families underscores that supercon-
ductivity in NbgX alloys is governed by the same fundamental
mechanism, situating them firmly within the conventional regime
while still offering competitive superconducting parameters for
practical applications.

5 Discussion

Figure [7| presents a comparison of key superconducting parame-
ters (T, H. and J.) 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 superconduc-
tors, especially binary alloys of Nb-T (where T = Ti, Zr, Hf) and
NbsX compounds of type Al5, represent two technologically sig-
nificant families of low-temperature superconductors, each offer-
ing unique advantages tailored to specific operational demands.
Nb-Ti alloys are widely used in commercial superconducting tech-
nologies due to their good thermal performance and suitability for
wire manufacturing on a large scale262783031l Introducing alloy-
ing elements such as Ti or Zr into niobium enhances flux pinning
capabilities while maintaining critical superconducting parame-
ters, with transition temperatures ranging from 9 to 11 K and
upper critical fields in the range of 6-14 T8 at ambient pres-
sure. Specifically, incorporating zirconium into niobium has been

Journal Name, [year], [vol.], 1 |7
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Fig. 7 Comparison of T., He, J. of NbgX, (X = Ti, Zr, Hf) with niobium® and its aIons.

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

Parameters unit NbgTi NbgZr NbgHf
T. K 9.65(2) 11.05(2) 9.67(3)
H.1(0) mT 39.4(2) 107.4(2) 46.5(3)
H(0) T 5.57(6) 9.51(1) 5.81(5)
Hp(0)Pauli T 17.94(3) 20.5(5) 18.54(2)
Ha(0)? T 4.13(6) 7.11(5) 4.43(3)
&6 (0) A 76.9(1) 58.8(5) 75.6(4)
26.(0) A 1073(3) 615(2) 975(4)
H.(0) mT 288.6(2) 659.7(5) 325.6(8)
ker 13.9(5) 10.4(5) 12.9(4)
AC, /1T 2.02(3) 2.09(5) 2.01(3)
A(0) /kpT, 2.16(6) 2.19(8) 2.15(1)
op K 277.8(9) 258.2(4) 239.5(3)
Xe—ph 0.83(6) 0.92(4) 0.89(7)
vE 10° ms™! 1.2(4) 1.4(6) 1.3(2)

n 1028 ;3 13.4(2) 23.5(4) 15.6(3)
Tr K 7234(4) 10595(25)  8346(8)
T./Tr 0.0013(3)  0.0010(3)  0.0011(5)
m* /m, 15.2(3) 15.1(2) 14.6(2)

shown to enhance surface superconductivity and radio-frequency
characteristics, aided by the formation of a stable ZrO, surface
layer and improved electron-phonon interactions?!. In addition,
alloys such as Nb-Zr and Nb—Hf exhibit strong resistance to radi-
ation damage, making them particularly suitable for nuclear en-
vironments®?. Recent computational studies suggest that irradi-
ation promotes the formation of Nb-rich precipitates within Zr
matrices, which adopt energetically favorable platelet morpholo-
gies. These structures contribute to enhanced microstructural in-
tegrity in nuclear fuel cladding materials under irradiation condi-
tions 70172,

In contrast, A15-type intermetallics such as Nb3;Sn, Nb3Al, and
Nb;Ge demonstrate significantly enhanced superconducting char-
acteristics, with critical temperatures (7.) reaching up to 23 K
and upper critical magnetic fields (H.;) exceeding 30 T. These

8 | Journal Name, [year], [vol.], 1

remarkable properties are mainly attributed to their distinctive
crystal structure, characterized by quasi-one-dimensional chains
of Nb atoms and a densely packed A;B lattice™®. This arrange-
ment strengthens electron-phonon interactions near the Fermi
level, thereby promoting superconductivity. However, these ma-
terials are inherently brittle and exhibit a high sensitivity to slight
variations in composition, which presents challenges during pro-
cessing. Beyond the superconducting parameters summarized in
Fig7] prior studies have shown that microstructural refinement
(e.g., grain size control in Nbj snb! and stacking fault regulation
by nano-oxide particles in Nb3Al?), defect density introduced by
irradiation3, and processing history such as hot rolling or equal
channel angular pressing (ECAP) in NbTiZ4 critically determine
flux pinning and current-carrying capacity. These insights also
contextualize the potential of NbgX 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, Nbg g5Xg 15 (nominal composition: NbgX, X = Ti, Zr, Hf),
which crystallizes in a o-W bcce 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 pa-
rameters follow nonmonotonic trends in NbgX 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 10°-
10% A/cm? with a flux pinning force of the order of GNm 3,
which are good values for practical applications. All alloys have
moderate transition temperatures and upper critical fields follow-
ing isotropic nodeless superconducting gaps with strong electron-
phonon coupling strength. The variation in spin-orbit coupling
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strength from 3d to 5d elements, while maintaining a fixed Nb
content, shows only a negligible influence on superconducting
properties and gap symmetry, but it can provide further insight
into the superconducting ground state and its relation to mechan-
ical properties. Due to their morphological malleability and supe-
rior superconducting properties, this family of binary alloys holds
significant promise, and dedicated thin-film studies will be essen-
tial to fully explore their technological potential in superconduct-
ing devices.
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