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Abstract: A comparison of the results of studies on the influence of structural defects on the critical pa-
rameters of superconductivity has been made for the high-entropy alloy (NbTa)0.67(MoHfW)0.33 and
for the conventional superconducting magnet material Nb-47wt%Ti. Positron annihilation lifetime
spectroscopy (PALS), electrical resistivity, magnetization and magnetic susceptibility measurements
were used. In addition, X-ray powder diffraction studies were performed on the high-entropy alloy
(NbTa)0.67(MoHfW)0.33. Due to the rapid cooling of the materials after melting in the arc furnace, they
contain a higher concentration of structural defects compared to the heat-treated materials. Magnetic
property measurements showed that both the critical temperatures Tc and the upper critical fields
µ0Hc2 of bulk superconductivity-related materials are improved in the presence of structural defects.

Keywords: high-entropy alloy; superconductivity; X-ray powder diffraction; magnetic susceptibility
measurements; positron annihilation lifetime spectroscopy

1. Introduction

The presence of crystallographic defects (i.e., impurities, vacancies, and dislocations)
can have significant effects on the superconducting properties of various metals and
alloys [1]. For example, if the concentration of defects is sufficiently high, a material
that is originally a type I superconductor becomes a type II superconductor. This effect
has been convincingly demonstrated for tantalum [2,3] and rhenium [4]. Prozorov et al.
have recently suggested that pure niobium is also a type I superconductor in the clean
limit, but disorder (crystallographic defects, strain, stress) pushes it to become a type II
superconductor [5]. Based on Reference [6], similar expectations can be made in the case of
vanadium. All these observations can be explained by the assumption that crystallographic
defects, or disturbances in composition [7,8], introduced into a pure crystal reduce the
mean free path of electrons, leading to a shorter mean distance between electrons in
the Cooper pairs. As a result, an increase in the penetration depth λ and a decrease in
the coherence length ξ lead to an increase in the Ginzburg–Landau parameter κ = λ/ξ.
The superconductor is classified as type I when κ is less than a critical value equal to
κc = 1/

√
2 ≈ 0.707. If κ > κc, the superconductor is of type II. Another interesting aspect

of the presence of the crystallographic defects in superconductors is related to the fact that
the defects, acting as strong pinning centers, essentially influence the magnetic properties of
the type II superconductor, i.e., by modifying the vortex structure, changing the reversible
magnetization and/or increasing the critical current density Jc [9–12].

In view of the above, we decided to investigate the influence of crystallographic
defects on the superconducting properties of the conventional Nb-47wt%Ti alloy as well
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as the recently discovered high-entropy alloy (NbTa)0.67(MoHfW)0.33 [13]. The presence
of defects, mainly vacancies and dislocations, was studied using positron annihilation
lifetime spectroscopy (PALS), a non-destructive and powerful experimental method for
the detection and quantification of atomic-scale defects in various types of solids [14–16].
The superconducting properties of both alloys were determined by electrical resistivity
and magnetic property measurements. The combination of PALS and DC magnetization
data obtained for as-cast and annealed samples provides useful information about changes
in the superconducting properties in the studied materials caused by the presence of
crystallographic defects.

2. Materials and Methods

The (NbTa)0.67(MoHfW)0.33 and Nb-47wt%Ti samples were prepared from high-purity
metals in the form of slugs and chips. The purity of used metals was as follows: 99.95% for
Ta, 99.9% for Nb, 99.95% for Mo, 99.6% for Hf, 99.9% for W, and 99.99% for Ti. The synthesis
was carried out by a conventional arc melting technique under a Ti-gettered purified argon
atmosphere. In the case of the (NbTa)0.67(MoHfW)0.33 samples, all substrates were wrapped
in tantalum foil prior to melting to prevent evaporation of elements with lower melting
points. Both specimens were remelted several times to ensure alloy homogeneity and
cooled rapidly to room temperature. These samples are referred to as the as-cast samples.
In the next step, the specimens ingots were annealed in a vacuum furnace at 1170 K for 2 h
(for the Nb-47wt%Ti sample) and at 1270 K for 2 h (for the (NbTa)0.67(MoHfW)0.33 sample).
The samples were heated to the desired temperature and held for a certain time, then slowly
cooled to room temperature. These specimens are referred to as the annealed samples.

The samples were subjected to crystal structure studies using powder X-ray diffraction
measurements. A PANalytical X’pert Pro diffractometer with CuKα radiation was used for
this purpose. The aim of these studies was to confirm the phase purity of the material, both
before and after annealing. The resulting patterns were analyzed by the Rietveld method
using FullProf software [17].

Positron annihilation lifetime spectroscopy at room temperature was used to measure
the content of crystallographic defects in the studied materials. The positron source was
22NaCl evaporated on a thin Hostaphan foil. The obtained PALS spectra contained at least
1.5 · 106 counts. The spectra were then analyzed using the LT-9.0 program of Kansy [18],
taking into account the correction for positron annihilation in the source setting.

The electrical resistivity of the studied materials was measured with a Quantum
Design Physical Properties Measurement System platform using the four-point technique.
A current density of 5 mA/cm with a frequency of 37 Hz was used in our experiment.

The magnetic properties of the materials were measured using a Quantum Design
MPMS XL superconducting quantum interference device magnetometer. These measure-
ments were performed in the temperature range of 1.8–15.0 K and in applied magnetic
fields µ0H up to 9 T. The background from the sample holder (clean magnetic straw) with
a magnetic moment −4 · 10−7 Am2 at 1 T was subtracted form the raw data. All magnetic
measurements were performed after zero-field cooling of the samples to 2.0 K.

3. Results and Discussion
3.1. Crystal Structure

The powder X-ray patterns shown in Figure 1 were obtained for (NbTa)0.67(MoHfW)0.33
and Nb-47wt%Ti specimens. Rietveld analysis confirmed that both alloys obtained from
the arc furnace melting crystallized in a cubic, body-centered crystal structure (space group
Im3m) without secondary phases. In the case of (NbTa)0.67(MoHfW)0.33, the additional peak
located at the position 2θ ≈ 26o was recognized as the most intense reflection of graphite
(0002) derived from the sample holder. The absence of additional phases indicates the mix-
ing of all the elements that formed both alloys. They were randomly distributed throughout
the crystal structure. The XRD patterns for (NbTa)0.67(MoHfW)0.33 and Nb-47wt%Ti speci-
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mens after annealing show the same crystal structure of the alloys. This shows that under
thermal treatment, no temperature segregation of the components occurred.
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Figure 1. Powder X-ray diffraction patterns for annealed (top) and as-cast (bottom) samples of
(NbTa)0.67(MoHfW)0.33 (left) and Nb-47wt%Ti (right) with the results of Ritveld refinement. Red
circles are the experimental data, black lines are fitted theoretical curves, blue lines are the differences
between the two, and green dashes show positions of the Bragg reflections described by the corre-
sponding Miller indices. The insets show the Williamson–Hall plots, where solid lines are linear fits
to experimental points.

For (NbTa)0.67(MoHfW)0.33, the Rietveld analysis showed that the lattice parameter
for the as-cast sample is equal to a = 3.286(1) Å, while for the annealed sample, it is
slightly smaller and equal 3.281(1) Å. The results obtained are comparable with the lat-
tice parameters of other high-entropy alloys with similar compositions, presented in the
papers [19–22]. Considering the crystal lattice parameter of the components used in the
bcc structure, Nb (3.301 Å), Ta (3.303 Å), Mo (3.147 Å), Hf (3.615 Å), and W (3.165 Å), the
composition-averaged theoretical value of the lattice parameter ath = 3.304 Å derived from
Vegard’s law [23] is slightly higher than the obtained values, which is reasonable due to the
predominant content of Nb and Ta.

In the case of Nb-47wt%Ti, Rietveld analysis yields a = 3.286(1) Å for the as-cast
sample and a = 3.285(1) Å for the annealed one, and these parameters are in good
agreement with a = 3.327 Å determined for the bcc niobium–titanium alloy [24].

The Williamson–Hall method was used to determine the average grain size L and
average internal stresses ε of the studied samples. Using the data obtained through Rietveld
refinements of the obtained XRD patterns, a linear fit was determined and described by the
formula [25]:

β cos(θ) = ε sin(θ) +
Kλ

L
, (1)

where β is the full width at half maximum (FWHM) intensity in 2θ units, θ is the Bragg
angle, λ is the X-ray wavelength, and K = 0.9 is the shape factor. This method showed that
for the two (NbTa)0.67(MoHfW)0.33 samples, both grain size and strain do not change within
the limits of experimental uncertainty and are equal to L = 25(1) nm and ε ≈ 0.89(4)%.
In the case of Nb-47wt%Ti, the values of L and ε decreased slightly with annealing from
L = 80(39) nm and ε = 1.46(16)% to L = 53(3) nm and ε = 1.38(3)%.
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3.2. Vacancy Concentration

The PALS spectra for both annealed and as-cast samples of (NbTa)0.67(MoHfW)0.33
and Nb-47wt%Ti are shown in Figure 2. Similar to our previous studies [3,4], all PALS
spectra are described by three exponential components, characterized by the mean positron
lifetimes τ, τs1, τs2 and their intensities I, Is1, Is2. The component with the highest intensity
I ≈ 90% and the shortest mean lifetime τ is identified as the component resulting from the
annihilation of electron–positron pairs in the bulk of the test material. On the other hand,
the other components with intensities of Is1 + Is2 ≈ 10% and much longer mean lifetimes
τs1 = 378 ps and τs2 = 1.78 ns correspond to annihilation in the positron source and the
Hostaphan foil.
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Figure 2. PALS spectra measured at room temperature for (NbTa)0.67(MoHfW)0.33 (left) and Nb-
47wt%Ti (right), where the upper spectra represent measurements on annealed samples, while the
lower spectra show measurements on as-cast samples, including fits of three exponent components.
Red component is related to annihilation in the studied material, while the others correspond to
annihilation in a positron source and in a Hostaphan foil.

For the Nb-47wt%Ti sample, PALS spectra showed a decrease in the average lifetime
of positrons due to thermal treatment from τ = 182(4) ps for the as-cast sample to 140(4) ps
for the annealed sample. According to the work [26], the positron bulk lifetimes τbulk for
pure niobium and titanium are equal to 120 ps and 150 ps, respectively. At the same time,
the positron monovacancy lifetimes τvac for those two metals are much longer and close
to 210 ps and 222 ps, respectively. Taking these data into account, it could be stated that
the annealed Nb-47wt%Ti sample with τ = 140(4) ps is almost free of any lattice defects,
while τ = 182(4) ps obtained for the as-cast sample reveals the presence of numerous
vacancies that were generated during the sample preparation procedure and frozen at
room temperature.

The PALS spectra obtained for (NbTa)0.67(MoHfW)0.33 samples revealed a decrease
in the number of structural defects due to annealing. The positron lifetimes decreased
from 192(1) ps for the as-cast sample to 177(2) ps for the annealed sample. For pure metals,
which are the components of this HEA, the positron bulk lifetimes τbulk are between 105 ps
and 164 ps, while the positron monovacancy lifetimes τvac are in the range of 170 ps to
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252 ps [26]. At the same time, Williamson–Hall plots taken from the XRD patterns presented
in the previous section show that neither grain size nor strain changes significantly with heat
treatment. Based on these facts, it can be postulated that the concentration of dislocations
and grain boundaries does not change, while the content of point defects (mainly vacancies)
decreases due to annealing. However, τ = 177(2) ps indicates that the number of vacancies
in the annealed sample is still high. Such an effect may be caused by insufficient heating
temperature and/or too short a heating time. A summary of the information obtained from
XRD patterns and PALS spectra is given in Table 1.

Table 1. Highlights extracted from XRD patterns and PALS spectra for as-cast and annealed samples
of (NbTa)0.67(MoHfW)0.33 and Nb-47wt%Ti, where a is the lattice parameter, L is the mean grain size,
ε is the mean internal strain, Rwp is the weighted profile R-factor, Rexp is the expected R-factor, and τ

is the mean positron lifetime.

Parameter
(NbTa)0.67(MoHfW)0.33 Nb-47wt%Ti

as-Cast Annealed as-Cast Annealed

a (Å) 3.286(1) 3.281(1) 3.286(1) 3.285(1)
L (nm) 25(1) 25(1) 80(39) 53(3)
ε (%) 0.88(4) 0.89(4) 1.46(16) 1.38(3)

Rwp (%) 17.3 13.0 38.4 43.9
Rexp (%) 14.0 10.4 34.1 42.7

τ (ps) 192(1) 177(2) 182(4) 140(4)

3.3. Electrical Resistivity

Figure 3 shows the temperature dependence of the electrical resistivity measured for
the (NbTa)0.67(MoHfW)0.33 sample before and after annealing in the range between 2 K
and 300 K and in applied magnetic fields up to µ0H = 1.2 T. For both HEA samples, one
can observe that the resistivity decreases with decreasing temperature, which reflects the
metallic behavior. For the as-cast sample, the resistivity measured at temperatures above
the transition to the superconducting state varies from 97 µΩ cm (at 5 K) to 132 µΩ cm (at
300 K), and the calculated value of residual resistivity ratio (RRR = ρ300K/ρ5K) is equal to
1.36. In the case of the annealed sample, the resistance decreased more than three times
compared to the as-cast sample and varied between 27 µΩ cm (at 5 K) and 38 µΩ cm (at
300 K). The RRR parameter is 1.41. The observed decrease in electrical resistivity as well as
the small increase in the RRR parameter is probably connected with the reduction in the
number of structural defects in the bulk of the annealed HEA. It can be noted here that the
rather small values of the RRR parameter are related to the polycrystalline nature of the
studied samples as well as to the high degree of atomic disorder, which is a common feature
of high-entropy alloys. Similar results were obtained for other HEA and presented in the
papers [27–30].

At temperatures below 5 K, the sudden drops in resistivity which are presented in the
insets in Figure 3 are associated with the transition of the sample to the superconducting
state. In a zero magnetic field, the temperature at which the resistance reaches zero
decreases from 4.5(1) K for the as-cast sample to 4.2(2) K for the annealed one. As one can
expect, for both studied HEA samples, the transition temperatures systematically decrease
with increases in the external magnetic field µ0H.
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Figure 3. Electrical resistivity ρ of the as-cast and annealed samples of (NbTa)0.67(MoHfW)0.33

measured in a zero magnetic field as a function of temperature in the range from 2 K to 300 K. Insets
show ρ(T) dependencies measured in various applied fields µ0H.

3.4. Magnetic Properties
3.4.1. (NbTa)0.67(MoHfW)0.33

The results of the magnetic property measurements are shown in Figure 4. Panel (a)
shows the temperature dependence of the magnetic molar susceptibility χ for both (i.e., as-
cast and annealed) samples of (NbTa)0.67(MoHfW)0.33. The measurements were performed
in a zero-field cooling regime with a nominal field of 5 mT in the temperature range of
1.8–6 K. In addition, the figure shows the critical temperatures of the superconducting tran-
sition, which are 4.3(1) K for the as-cast sample and 4.0(1) K for the annealed sample. Panel
(b) shows the dependence of the mass magnetization σ on the applied magnetic field µ0H
for the annealed sample (top) and the as-cast sample (bottom). These measurements were
made at temperatures of 2.0, 2.3, 2.6, 2.9, 3.2, 3.5, and 3.8 K. The insets show the dependence
of σ(µ0H) for low applied fields. The magnetization data show that (NbTa)0.67(MoHfW)0.33
exhibits behavior characteristic of a type II superconductor, with a noticeably faster collapse
of the vortex phase in the case of the annealed sample. This effect is more pronounced
at higher temperatures. The transition of the material to the normal state (upper critical
field) was derived from the point of intersection of the magnetization curve at a given
temperature with σ = 0.

To the µ0Hc2(T) data collected in this way, we applied the Werthamer–Helfand–
Hohenberg (WHH) model for BCS superconductors in the dirty limit, with the spin-
paramagnetic effect (described by the Maki parameter αM) and the spin–orbit scattering
constant λSO [31–33]:

ln
1
t
=

(
1
2
+

iλSO

4γ

)
ψ

(
1
2
+

h + 1
2 λSO + iγ

2t

)
+

(
1
2
− iλSO

4γ

)
ψ

(
1
2
+

h + 1
2 λSO − iγ

2t

)
− ψ

(
1
2

)
, (2)

where t = T
Tc

, γ ≡
√
(αMh)2 − ( 1

2 λSO)2, h = 4
π2

Hc2
−dHc2(T)/dT , and ψ is a digamma function.

The solid lines in Figure 5 are the theoretical curves simulated with Equation (2), which
we found to be the best fit to the experimental data. For both the as-cast and the annealed
samples, the spin–orbit scattering constant was found to be negligible, so it was set to 0.
In the case of the other parameters (i.e., the critical temperature and the Maki parameter),
we found a significant change: from αM = 0.30, Tc = 3.9(2) K for the as-cast sample
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to αM = 0.23, Tc = 3.6(2) K for the annealed sample. The observed reductions result
in a decrease in µ0Hc2(0) from 1.5(1) T to 1.1(1) T before and after sample annealing,
respectively. For comparison, the theoretical curves calculated assuming the absence of the
spin-paramagnetic effect and the spin–orbit scattering (αM = 0.0 and λSO = 0.0 [32]) are
shown as dashed lines.
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Figure 4. (a) Molar magnetic susceptibility χ of as-cast and annealed samples of (NbTa)0.67(MoHfW)0.33

measured as a function of temperature in a nominal applied magnetic field µ0H = 5 mT in s zero-
field cooling (ZFC) regime. (b) Dependence of mass magnetization σ on applied magnetic field µ0H
measured at several temperatures on annealed (top) and as-cast (bottom) (NbTa)0.67(MoHfW)0.33

samples; the insets display σ(µ0H) in low fields. Lines have been added to guide the eye.

The estimated Maki parameter reveals important insights into the mechanism of
Cooper pair breakup in a magnetic field. According to [33], αM can be expressed by
the equation:

αM =
√

2
Horb

c2
HP

, (3)

where Horb
c2 is the orbital-limited upper critical field and HP is the Pauli limiting field, which

is given by the relation [34]:
µ0HP = 1.84Tc. (4)

Taking the determined values of Tc, one can obtain µ0HP = 7.2(4) T for the as-cast
sample and µ0HP = 6.6(4) T for the annealed one. Knowing the values of αM and HP,
it is possible to calculate Horb

c2 using Equation (3). The values of µ0Horb
c2 = 1.53(8) T and
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µ0Horb
c2 = 1.07(7) T obtained, respectively, for the as-cast and annealed samples indicate

that the superconductivity in studied material is orbital-limited.
In the next step, the Ginzburg–Landau coherence length ξGL and the Ginzburg–Landau

penetration depth λGL can be estimated using the following equations [35,36]:

ξGL =

√
φ0

2πµ0Hc2(0)
(5)

and

λGL = 6.42× 10−3
√

ρΩcm

Tc
, (6)

where φ0 is the magnetic flux quantum and ρΩcm stands for the low-temperature normal-
state resistivity in Ωcm units. It was found that ξGL = 14.8(1) nm and λGL = 320(4)
nm in the case of the as-cast sample, while for the annealed one, ξGL = 17.3(1) nm and
λGL = 176(3) nm. This finding confirms that the presence of crystallographic defects in the
as-cast HEA sample leads to a shorter mean distance between electrons in the Cooper pairs,
which results in an increase in the penetration depth λGL and a decrease in the coherence
length ξGL. Finally, as expected, the Ginzburg–Landau parameter κ = 21.6(3) calculated
for the as-cast sample is much higher than for the annealed one, for which κ = 10.2(2).
However, both these values are higher than the critical value of 1/

√
2, indicating that

(NbTa)0.67(MoHfW)0.33 is a type II superconductor.
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Figure 5. Upper critical field of (NbTa)0.67(MoHfW)0.33 as a function of temperature, derived from
the magnetization data. Solid and dashed lines are simulations of the WHH curve (Equation (2)) to
the experimental points, as described in the text.

3.4.2. Nb-47wt%Ti

The results of the bulk magnetization and magnetic susceptibility measurements are
shown in Figure 6. The shape of the σ(µ0H) curves (Figure 6a) confirms that both the as-
cast and the annealed materials are type II superconductors, but in the case of the annealed
sample, the magnetic signal was found to be much weaker, which is consistent with the
χ(T) data shown in Figure 6b. As in the case of (NbTa)0.67(MoHfW)0.33, the magnetic
property data were used to construct the phase diagram µ0Hc2(T) for both the as-cast and
annealed samples. The WHH model was then applied as described above, and the results
of simulating the WHH curves (Equation (2)) for selected parameter sets are shown as solid
and dashed lines in Figure 7. Such a procedure revealed that the Maki parameter and the
spin–orbit scattering constant for this material do not change after annealing and are equal
to αM = 1.8, λSO = 0.8 for both samples. The only parameter that changed was the critical
temperature, which dropped from 9.2(1) K to 8.9(1) K after the material was heat treated,
determining the change in the resulting upper critical field at 0 K from 15.1(3) T for the
as-cast sample to 14.6(3) T for the annealed sample.
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Figure 6. Low-temperature magnetic properties of Nb-47wt%Ti: (a) DC mass magnetization σ as a
function of the applied field µ0H measured at various temperatures, (b) temperature dependence of
the molar magnetic susceptibility χ in various applied fields.
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Figure 7. Upper critical filed of Nb-47wt%Ti as a function of temperature and derived magnetic
property data. Solid and dashed lines are simulated WHH curves (Equation (2)), as described for
(NbTa)0.67(MoHfW)0.33 (see text).

For comparison, Figure 7 also shows two additional theoretical curves derived from
the WHH model (Equation (2)) for each sample. The first one (dashed lines) was derived
by assuming the absence of both the spin paramagnetism and the spin–orbit effect, while
the second one (dotted curves) was obtained by assuming the existence of only the Pauli
spin paramagnetism described by the Maki parameter of 1.8.

As was shown, in the case of Nb-47wt%Ti, the thermal treatment does not affect the
value of the Maki parameter. The Horb

c2 and HP fields determined using Equations (3) and (4)
are equal to µ0Horb

c2 = 21.5(3) T and µ0HP = 16.9(2) T for the as-cast sample and
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µ0Horb
c2 = 20.9(3) T and µ0HP = 16.4(2) T for the annealed alloy. These values clearly

show the dominant Pauli-limited Hc2 behavior in the studied Nb-47wt%Ti alloy. Moreover,
the influence of the structural defects on the superconducting properties of the studied
materials is rather small.

4. Conclusions

Table 2 shows a summary of the most important information for the materials studied.
It includes the mean positron lifetimes, values of Tc and µ0Hc2(0) obtained using WHH
model, and the other fundamental parameters of the superconducting state.

Table 2. Summary of the most important information about the studied materials, where τ is the
mean lifetime of positrons, Tc is the critical temperature, αM is the Maki parameter, λSO is the spin–
orbit scattering constant, µ0Hc2(0) is the upper critical field at 0 K, µ0HP is the Pauli limiting field,
µ0Horb

c2 is the orbital-limited upper critical field, ξGL is the Ginzburg–Landau coherence length, λGL

is the Ginzburg–Landau penetration depth, and κ is the Ginzburg–Landau parameter.

(NbTa)0.67(MoHfW)0.33 as-Cast Annealed Nb-47wt%Ti as-Cast Annealed

τ (ps) 192(1) 177(2) τ (ps) 182(4) 140(4)
Tc (K) 3.9(2) 3.6(2) Tc (K) 9.2(1) 8.9(1)

αM 0.30 0.23 αM 1.8 1.8
λSO 0.0 0.0 λSO 0.8 0.8

µ0Hc2(0) (T) 1.5(1) 1.1(1) µ0Hc2(0) (T) 15.3(3) 14.6(3)
µ0HP (T) 7.2(4) 6.6(4) µ0HP (T) 16.9(2) 16.4(2)

µ0Horb
c2 (T) 1.53(8) 1.07(7) µ0Horb

c2 (T) 21.5(3) 20.9(3)
ξGL (nm) 14.8(1) 17.3(1)
λGL (nm) 320(4) 176(3)

κ 21.6(3) 10.2(2)

Our PALS experiments performed on polycrystalline samples of (NbTa)0.67(MoHfW)0.33
and Nb-47wt%Ti have shown that in both systems, the average lifetime of positrons de-
creases significantly after heat treatment of the samples, indicating a decrease in the con-
centration of point defects in their volume, as expected. This reduction has been found to
be associated with a deterioration in the main superconductivity parameters of these two
alloys (see Table 2), i.e., the critical temperature and the upper critical field.

Analysis of the experimental data obtained for (NbTa)0.67(MoHfW)0.33 using the
WHH model has shown that the change in the upper critical field is accompanied by
changes in both the critical temperature and the Maki parameter, the latter being identified
with the Pauli paramagnetism effect and depending on the average transport scattering
length [36]. In the case of the reference material Nb-47wt%Ti, on the other hand, the change
in the upper critical field is mainly due to a change in the critical temperature, since the
Maki parameter and the spin–orbit scattering constant remain unchanged.
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