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Abstract
Non-centrosymmetric superconductors have recently received significant interest due to their intriguing physical properties such as
multigap and nodal superconductivity, helical vortex states, as well as non-trivial topological effects. Moreover, large values of the
upper critical magnetic field have been reported in these materials. Here, we focus on the study of the temperature dependence of
the perpendicular magnetic field of NbRe and NbReN films patterned in micrometric strips. The experimental data are studied
within the Werthamer–Helfand–Hohenberg theory, which considers both orbital and Zeeman pair breaking. The analysis of the
results shows different behavior for the two materials with a Pauli contribution relevant only in the case of NbReN.
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Introduction
Superconducting films of NbRe and NbReN have recently
received great attention in the field of low-temperature elec-
tronics as suitable candidates for the realization of fast super-
conducting nanowire single-photon detectors (SNSPDs) [1-4].
Apart from the reduced values of the superconducting gap and
short quasi-particle relaxation times [5], the property that makes
these materials appropriate to be used as SNSPDs is the high
value of the electrical resistivity [6]. This feature is related to

the polycrystalline or amorphous nature of these materials when
deposited in a thin-film form [4,7,8]. In addition to the
applicative interest, the study of these materials is relevant
from a fundamental point of view. NbxRe1−x (NbRe) for
0.13 ≤ x ≤ 0.38 crystallizes in the non-centrosymmetric
Ti5Re24-type structure with the space group  (No. 217)
[9-12]. This non-centrosymmetric nature of the material leads to
intriguing and unconventional physical properties such as the
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time-reversal symmetry breaking observed with muon-spin
rotation and relaxation studies [13] and large values of the
upper critical magnetic fields [11,14], which are above the Pauli
paramagnetic limit [15,16]. In the case of thin films, the struc-
ture of NbRe is polycrystalline with grains of small dimensions,
typically of the order of 2–3 nm [7,8,17]. NbReN films also
present a polycrystalline nature with a moderate texture. In this
case, it was possible to interpret the results of the structural
characterization only by assuming for NbReN the same unit cell
as that of NbRe [4]. However, detailed knowledge of its struc-
tural and microscopic properties is still lacking. Finally, while
the morphological properties are similar to those of NbRe films
[18], the values of the electrical resistivity stand slightly higher
with respect to NbRe films [4,7,18].

The value of the upper critical magnetic field is a fundamental
quantity that gives a measure of the robustness of the supercon-
ductivity in a specific material. For a standard BCS s-wave
type-II superconductor, Werthamer, Helfand, and Hohenberg
(WHH) have calculated the temperature dependence of the criti-
cal field [19]. In this model, two mechanisms are responsible
for the breaking of the superconductivity and both contribute to
the behavior of Hc2(T), namely the orbital and the paramag-
netic effect. While the former is due to the Lorentz force acting
on electrons of the Cooper pairs with opposite momentum, the
latter is related to splitting of the spin-singlet pairs because of
the Zeeman effect. Accordingly, paramagnetic pair-breaking
effects are absent in spin-triplet superconductors. The Pauli
limiting field is given by , where Δ(0)
is the superconducting energy gap at zero temperature and μB is
the Bohr magneton [15].  For weakly coupled BCS
superconductors it is Hp(0) [T] ≈ 1.84Tc [K]. In the dirty
limit, the orbital limit at zero temperature is given by

 [19]. Close to the critical
temperature, Tc, the contribution of the orbital term dominates
in determining the value of Hc2, at low temperatures and high
fields, the Pauli term is predominant [20,21]. In general, the
relative weight of the two effects is given in the theory by the
Maki parameter  [19,22]. Alternatively,
it could be convenient to express α in terms of normal-state
properties [19,22,23]. In this case, α = 3/(2kF ) [24] where kF is
the Fermi wave vector and  is the mean free path. If spin–orbit
scattering is also taken into account, another quantity, λso (the
spin–orbit parameter), is introduced in the theory [19]. The
effect of λso is to soften the role of α in determining the values
of Hc2(T) [19]. When λso = 0, it is 
[23]. The WHH theory has been used to interpret the tempera-
ture dependence of the critical fields of several superconduc-
tors [20,24-36], including non-centrosymmetric materials for
which experiments give contradictory results [14,37-43]. In par-
ticular, values of the critical field larger than Hp(0) have been

experimentally observed. These results, which cannot be de-
scribed by the WHH model, are interpreted as an indication of
the presence of an unconventional superconducting pairing in
the material.

In this paper, we measure the temperature dependence of the
perperpendicular, Hc2⟂(T), and parallel, Hc2∥(T), critical field
of NbRe and NbReN microstrips. The behavior of Hc2⟂(T) is
analyzed in the framework of the WHH theory. We find that
while for NbRe the value of the critical field is purely orbital-
limited, in the case of NbReN, the effect of the Pauli contribu-
tion plays a relevant role in the temperature dependence of
Hc2⟂. We have not observed a positive curvature of Hc2⟂(T)
near Tc as it was in the case of two-band superconductivity [44]
or proximity-coupled superconducting systems [45,46].

Experimental
NbRe and NbReN films were sputtered on oxidized Si sub-
strates in a UHV dc magnetron system with base pressure of
1 × 10−8 mbar. The films were deposited at room temperature
from a stoichiometric NbRe (Nb0.18Re0.82) 99.95% pure target
of 5 cm diameter at a power of 350 W. NbRe films, 8 nm thick,
were grown at a Ar pressure of 4 μbar, which resulted in a
deposition rate of 0.3 nm/s. NbReN films, 10 nm thick, were
reactively sputtered in a mixture of inert Ar (85%) and reactive
N2 (15%) gas at a total pressure of 3.5 μbar at a rate of
0.36 nm/s. NbRe films were patterned by standard optical li-
thography and lift-off procedures to realize a Hall bar geometry
of width w = 10 μm and a distance between the voltage contacts
of L = 90 μm. The NbReN films were structured by using direct
laser writer exposure followed by argon ion etching into
constriction-type bridges with w = 2 μm and L = 700 μm.
Further details on the fabrication procedure of the films are re-
ported elsewhere [4,8].

The superconducting properties have been analyzed by elec-
trical resistance measurements using a standard four-probe tech-
nique in a Cryogenic Ltd. CFM9T cryogen-free system. The
microstrips were biased with a current of Ib = 10 μA. During the
measurements, the error on the temperature value was less than
10 mK. The superconducting H–T phase diagrams were ob-
tained by measuring the resistive transitions in the presence of
the magnetic field applied perpendicularly or parallely to the
surface of the samples. For each field, the value of Tc was deter-
mined using the 50% RN criterion, where RN is the value of the
normal-state resistance at 10 K.

Results and Discussion
Figure 1 displays the normalized resistive transitions in zero
magnetic field of the NbRe and NbReN microstrips. The criti-
cal temperature, the low-temperature resistivity, and the residual



Beilstein J. Nanotechnol. 2023, 14, 45–51.

47

resistivity ratio (RRR) are reported for both microstrips in
Table 1. The RRR is defined as the ratio of the resistivity at
room temperature and at 10 K, that is, RRR = ρ300K/ρ10K =
R300K/R10K. The values of Tc are not significantly smaller than
the values measured on unpatterned films of the same thickness
[4,8]. The rounding present at the onset of both the curves is
due to the paraconductivity phenomenon, whose nature has
been analyzed in detail in the case of unstructured NbReN films
of different thickness [4].

Figure 1: Resistive transition in zero magnetic field of the NbRe (black
squares) and NbReN (red circles) microstrips.

Table 1: Parameter values of NbRe and NbReN microstrips.

Parameters NbRe NbReN

Film thickness (nm) 8 10
ρ (μΩ·cm) 248 220
RRR 0.92 0.94
D (× 10−4 m2/s) 0.49 0.48
Tc (K) 5.31 4.61

 (T/K) 2.23 2.27

α = 3/(2kF ) 0.51 0.51
μ0Hp(0) (T) 9.78 8.48

 (T) 8.09 7.17

μ0Hc2(0) (T) 8.12 6.38

In Figure 2, the resistive curves of NbRe are shown for various
values of H with the microstrip placed perpendicularly
(Figure 2a) or parallely (Figure 2b) to the external field. The
same quantities measured for NbReN are shown in Figure 2c
and Figure 2d. In Figure 2e and Figure 2f, the field dependence
of the width of the resistive transitions, ΔTc, is reported for

NbRe and NbReN, respectively. We define ,
where ( ) is the critical temperature obtained with the
90% (10%) RN criterion. As it can be seen, when the samples
are placed perpendicularly to the field the curves significantly
broaden at high fields due to the entering of the vortices. How-
ever, the value of ΔTc is similar for both materials. In contrast,
in a parallel field, ΔTc is almost constant in both cases.

The temperature dependence of Hc2 for NbRe and NbReN is
displayed, respectively, in Figure 3a and Figure 3b, where both
Hc2⟂(T) and Hc2∥(T) are reported. In the insets of Figure 3a and
Figure 3b, the temperature dependence of the anisotropy coeffi-
cient γ(T) = Hc2∥(T)/Hc2⟂(T) is given for NbRe and NbReN, re-
spectively. For both the materials, γ shows a nonmonotonic be-
havior with a fast increase followed by a smooth decrease when
the temperature is lowered. However, for NbReN, γ is larger by
a factor of almost two than for NbRe. We will comment on this
point later on.

In the dirty limit and assuming that spin–orbit scattering is
negligible with respect to spin-independent scattering, the tem-
perature dependence of Hc2 is given by the implicit equation
[19]

(1)

where t = T/Tc, . λso = ℏ/(3πkBTcτso)
with τso being the mean free time for spin–orbit scattering. We
have used Equation 1 with λso = 0 to describe the experimental
data for both materials using the measured values of Tc and the
slope of Hc2⟂ close to Tc, which can be accurately determined
via the many transition curves measured at very low fields.
Moreover, the values of α for both materials have been ob-
tained from the normal-state properties. Therefore, the WHH
curves obtained from Equation 1 do not contain any fitting pa-
rameter [19,40]. All these quantities together with other super-
conducting and normal-state properties of the two materials are
summarized in Table 1. In Figure 4 the perpendicular H–T
phase diagram is reported for NbRe (Figure 4a) and NbReN
(Figure 4b) microstrips together with the prediction given by
the WHH theory. As far as NbRe is concerned, the experimen-
tal data are not described by the WHH theory considering
α = 0.51, the value obtained from the normal-state properties
(see solid line in Figure 4a). In fact, kF  = 3Dm/ℏ [47], where
D =  [48] is the quasiparticle diffu-
sion coefficient and m is the mass of the electron. From the
value of D reported in Table 1, we get kF  ≈ 1.3 and then
α = 0.51. In contrast, data are very well reproduced by the
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Figure 2: (a) Temperature dependence of the resistance of the NbRe microstrip in various magnetic fields in the perpendicular geometry. The curves
have been measured for increasing magnetic fields (as indicated by the arrow) from μ0H = 0.003 to 4 T. (b) The same as panel (a) but in the parallel
geometry. The field increases from μ0H = 0.003 to 8 T. (c) Temperature dependence of the resistance of the NbReN microstrip in various magnetic
fields in the perpendicular geometry. The curves have been measured for increasing magnetic fields from μ0H = 0.001 to 3 T. (d) The same as panel
(c) but in the parallel geometry. The field increases from μ0H = 0.007 to 5 T. (e, f) ΔTc field dependence of (e) the NbRe and (f) the NbReN microstrip
for the perpendicular (black squares) and parallel (red circles) geometries.
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Figure 3: (a, b) H–T phase diagram of (a) the NbRe and (b) the
NbReN microstrip. Black squares and red circles indicate the tempera-
ture dependence of Hc2⟂ and Hc2∥, respectively. The insets show the
behavior of the anisotropy coefficient γ as a function of the tempera-
ture.

WHH theory with α = 0, even though the points at the lowest
temperature lay above the curve (see dashed line in Figure 4a).
The value of the zero-temperature critical magnetic field
[Hc2⟂(0) = 8.12 T] is below Hp(0) = 9.78 T, and since α = 0, the
orbital limiting to Hc2⟂ is the only contribution that should be
considered. Our result, which is in line with other studies on
Hc2⟂(T) made on non-centrosymmetric materials in bulk forms
[37,39,41], may suggest the presence of a triplet component of
the order parameter. This result was even more evident in the
case of polycrystalline NbRe samples, for which the experimen-
tal points in the H–T phase diagram stand well above the WHH
line with α = 0 [14]. This result, interpreted in [14] as an indica-
tion of unconventional superconducting pairing, may be weak-
ened in our case due to the poorer crystal quality of our disor-
dered films. In the case of NbReN, the data are well described

Figure 4: (a, b) Temperature dependence of the perpendicular upper
critical field of (a) the NbRe and (b) the NbReN microstrip. The lines
represent the WHH calculations. Details of the procedure are given in
the text.

by the WHH theory with α = 0.51, as shown by the solid line in
Figure 4b. In this case, the critical field is paramagnetically
limited with the Pauli contribution that lowers the value of the
critical field with respect to the pure orbital-limited case (α = 0).
This suppression of the perpendicular critical field in conjunc-
tion with the steepest behavior of Hc2∥ in the studied tempera-
ture range could also be the cause of the larger value of γ
measured on the NbReN microstrip. Again, we ascribe this
effect to the crystallographic properties of the films. Indeed, it is
reasonable to suppose that the presence of the N atoms in the
atomic cell may break the non-centrosymmetricity of the
system, thus depressing the spin-triplet component of the order
parameter. For this reason, Hc2⟂ becomes paramagnetically
limited [24,35]. In order to confirm these results, we are cur-
rently working on different experiments that may give more
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direct access to the order parameter in these systems. Regarding
the aforementioned purpose, while in the case of NbRe it is now
even more evident that films with larger crystallites are manda-
tory [7,8,12], detailed analyses of the NbReN crystal structure
are still lacking and need to be performed.

Conclusion
We have studied the H–T phase diagram for NbRe and NbReN
microstrips. Despite the fact that the two materials show very
similar morphological, normal-state, and superconducting prop-
erties, different results are obtained for the Hc2⟂(T) behavior. In
particular, while for NbRe the critical magnetic field is related
to the orbital contribution, the Pauli limitation plays a relevant
role in the case of NbReN. We correlate this result to the differ-
ent microscopic properties of the two materials.

ORCID® iDs
Zahra Makhdoumi Kakhaki - https://orcid.org/0000-0003-0330-8943
Antonio Leo - https://orcid.org/0000-0002-9137-2111
Loredana Parlato - https://orcid.org/0000-0002-1646-3435
Angela Nigro - https://orcid.org/0000-0001-8326-5781
Carla Cirillo - https://orcid.org/0000-0001-8755-4484
Carmine Attanasio - https://orcid.org/0000-0002-3848-9169

References
1. Caputo, M.; Cirillo, C.; Attanasio, C. Appl. Phys. Lett. 2017, 111,

192601. doi:10.1063/1.4997675
2. Cirillo, C.; Chang, J.; Caputo, M.; Los, J. W. N.; Dorenbos, S.;

Esmaeil Zadeh, I.; Attanasio, C. Appl. Phys. Lett. 2020, 117, 172602.
doi:10.1063/5.0021487

3. Esmaeil Zadeh, I.; Chang, J.; Los, J. W. N.; Gyger, S.; Elshaari, A. W.;
Steinhauer, S.; Dorenbos, S. N.; Zwiller, V. Appl. Phys. Lett. 2021, 118,
190502. doi:10.1063/5.0045990

4. Cirillo, C.; Granata, V.; Spuri, A.; Di Bernardo, A.; Attanasio, C.
Phys. Rev. Mater. 2021, 5, 085004.
doi:10.1103/physrevmaterials.5.085004

5. Dobrovolskiy, O. V.; Vodolazov, D. Y.; Porrati, F.; Sachser, R.;
Bevz, V. M.; Mikhailov, M. Y.; Chumak, A. V.; Huth, M. Nat. Commun.
2020, 11, 3291. doi:10.1038/s41467-020-16987-y

6. Holzman, I.; Ivry, Y. Adv. Quantum Technol. 2019, 2, 1800058.
doi:10.1002/qute.201800058

7. Cirillo, C.; Carapella, G.; Salvato, M.; Arpaia, R.; Caputo, M.;
Attanasio, C. Phys. Rev. B 2016, 94, 104512.
doi:10.1103/physrevb.94.104512

8. Cirillo, C.; Caputo, M.; Divitini, G.; Robinson, J. W. A.; Attanasio, C.
Thin Solid Films 2022, 758, 139450. doi:10.1016/j.tsf.2022.139450

9. Lue, C. S.; Su, T. H.; Liu, H. F.; Young, B.-L. Phys. Rev. B 2011, 84,
052509. doi:10.1103/physrevb.84.052509

10. Singh, R. P.; Smidman, M.; Lees, M. R.; Paul, D. M.; Balakrishnan, G.
J. Cryst. Growth 2012, 361, 129–131.
doi:10.1016/j.jcrysgro.2012.09.013

11. Chen, J.; Jiao, L.; Zhang, J. L.; Chen, Y.; Yang, L.; Nicklas, M.;
Steglich, F.; Yuan, H. Q. Phys. Rev. B 2013, 88, 144510.
doi:10.1103/physrevb.88.144510

12. Cirillo, C.; Fittipaldi, R.; Smidman, M.; Carapella, G.; Attanasio, C.;
Vecchione, A.; Singh, R. P.; Lees, M. R.; Balakrishnan, G.; Cuoco, M.
Phys. Rev. B 2015, 91, 134508. doi:10.1103/physrevb.91.134508

13. Shang, T.; Smidman, M.; Ghosh, S. K.; Baines, C.; Chang, L. J.;
Gawryluk, D. J.; Barker, J. A. T.; Singh, R. P.; Paul, D. M.;
Balakrishnan, G.; Pomjakushina, E.; Shi, M.; Medarde, M.;
Hillier, A. D.; Yuan, H. Q.; Quintanilla, J.; Mesot, J.; Shiroka, T.
Phys. Rev. Lett. 2018, 121, 257002.
doi:10.1103/physrevlett.121.257002

14. Sundar, S.; Salem-Sugui, S., Jr.; Chattopadhyay, M. K.; Roy, S. B.;
Sharath Chandra, L. S.; Cohen, L. F.; Ghivelder, L.
Supercond. Sci. Technol. 2019, 32, 055003.
doi:10.1088/1361-6668/ab06a5

15. Clogston, A. M. Phys. Rev. Lett. 1962, 9, 266–267.
doi:10.1103/physrevlett.9.266

16. Chandrasekhar, B. S. Appl. Phys. Lett. 1962, 1, 7–8.
doi:10.1063/1.1777362

17. Periyasamy, M.; Bradshaw, H.; Sukenik, N.; Alpern, H.; Yochelis, S.;
Robinson, J. W. A.; Millo, O.; Paltiel, Y. Appl. Phys. Lett. 2020, 117,
242601. doi:10.1063/5.0030892

18. Barone, C.; Cirillo, C.; Carapella, G.; Granata, V.; Santoro, D.;
Attanasio, C.; Pagano, S. Sci. Rep. 2022, 12, 1573.
doi:10.1038/s41598-022-05511-5

19. Werthamer, N. R.; Helfand, E.; Hohenberg, P. C. Phys. Rev. 1966,
147, 295–302. doi:10.1103/physrev.147.295

20. Fuchs, G.; Drechsler, S.-L.; Kozlova, N.; Bartkowiak, M.;
Hamann-Borrero, J. E.; Behr, G.; Nenkov, K.; Klauss, H.-H.;
Maeter, H.; Amato, A.; Luetkens, H.; Kwadrin, A.; Khasanov, R.;
Freudenberger, J.; Köhler, A.; Knupfer, M.; Arushanov, E.; Rosner, H.;
Büchner, B.; Schultz, L. New J. Phys. 2009, 11, 075007.
doi:10.1088/1367-2630/11/7/075007

21. Ma, K.; Gornicka, K.; Lefèvre, R.; Yang, Y.; Rønnow, H. M.;
Jeschke, H. O.; Klimczuk, T.; von Rohr, F. O. ACS Mater. Au 2021, 1,
55–61. doi:10.1021/acsmaterialsau.1c00011

22. Maki, K. Physics 1964, 1, 127–143.
doi:10.1103/physicsphysiquefizika.1.127

23. Maki, K. Phys. Rev. 1966, 148, 362–369. doi:10.1103/physrev.148.362
24. Glezer Moshe, A.; Farber, E.; Deutscher, G. Phys. Rev. Res. 2020, 2,

043354. doi:10.1103/physrevresearch.2.043354
25. Angrisani Armenio, A.; Mercaldo, L. V.; Prischepa, S. L.; Salvato, M.;

Attanasio, C.; Maritato, L. J. Supercond. 2001, 14, 411–414.
doi:10.1023/a:1011138808751

26. Hunte, F.; Jaroszynski, J.; Gurevich, A.; Larbalestier, D. C.; Jin, R.;
Sefat, A. S.; McGuire, M. A.; Sales, B. C.; Christen, D. K.; Mandrus, D.
Nature 2008, 453, 903–905. doi:10.1038/nature07058

27. Bose, S.; Raychaudhuri, P.; Banerjee, R.; Ayyub, P. Phys. Rev. B
2006, 74, 224502. doi:10.1103/physrevb.74.224502

28. Lei, H.; Graf, D.; Hu, R.; Ryu, H.; Choi, E. S.; Tozer, S. W.; Petrovic, C.
Phys. Rev. B 2012, 85, 094515. doi:10.1103/physrevb.85.094515

29. Lu, Y.; Takayama, T.; Bangura, A. F.; Katsura, Y.; Hashizume, D.;
Takagi, H. J. Phys. Soc. Jpn. 2014, 83, 023702.
doi:10.7566/jpsj.83.023702

30. Hänisch, J.; Iida, K.; Kurth, F.; Reich, E.; Tarantini, C.; Jaroszynski, J.;
Förster, T.; Fuchs, G.; Hühne, R.; Grinenko, V.; Schultz, L.;
Holzapfel, B. Sci. Rep. 2015, 5, 17363. doi:10.1038/srep17363

31. Sultana, R.; Rani, P.; Hafiz, A. K.; Goyal, R.; Awana, V. P. S.
J. Supercond. Novel Magn. 2016, 29, 1399–1404.
doi:10.1007/s10948-016-3507-1

32. Xing, X.; Zhou, W.; Wang, J.; Zhu, Z.; Zhang, Y.; Zhou, N.; Qian, B.;
Xu, X.; Shi, Z. Sci. Rep. 2017, 7, 45943. doi:10.1038/srep45943

https://orcid.org/0000-0003-0330-8943
https://orcid.org/0000-0002-9137-2111
https://orcid.org/0000-0002-1646-3435
https://orcid.org/0000-0001-8326-5781
https://orcid.org/0000-0001-8755-4484
https://orcid.org/0000-0002-3848-9169
https://doi.org/10.1063%2F1.4997675
https://doi.org/10.1063%2F5.0021487
https://doi.org/10.1063%2F5.0045990
https://doi.org/10.1103%2Fphysrevmaterials.5.085004
https://doi.org/10.1038%2Fs41467-020-16987-y
https://doi.org/10.1002%2Fqute.201800058
https://doi.org/10.1103%2Fphysrevb.94.104512
https://doi.org/10.1016%2Fj.tsf.2022.139450
https://doi.org/10.1103%2Fphysrevb.84.052509
https://doi.org/10.1016%2Fj.jcrysgro.2012.09.013
https://doi.org/10.1103%2Fphysrevb.88.144510
https://doi.org/10.1103%2Fphysrevb.91.134508
https://doi.org/10.1103%2Fphysrevlett.121.257002
https://doi.org/10.1088%2F1361-6668%2Fab06a5
https://doi.org/10.1103%2Fphysrevlett.9.266
https://doi.org/10.1063%2F1.1777362
https://doi.org/10.1063%2F5.0030892
https://doi.org/10.1038%2Fs41598-022-05511-5
https://doi.org/10.1103%2Fphysrev.147.295
https://doi.org/10.1088%2F1367-2630%2F11%2F7%2F075007
https://doi.org/10.1021%2Facsmaterialsau.1c00011
https://doi.org/10.1103%2Fphysicsphysiquefizika.1.127
https://doi.org/10.1103%2Fphysrev.148.362
https://doi.org/10.1103%2Fphysrevresearch.2.043354
https://doi.org/10.1023%2Fa%3A1011138808751
https://doi.org/10.1038%2Fnature07058
https://doi.org/10.1103%2Fphysrevb.74.224502
https://doi.org/10.1103%2Fphysrevb.85.094515
https://doi.org/10.7566%2Fjpsj.83.023702
https://doi.org/10.1038%2Fsrep17363
https://doi.org/10.1007%2Fs10948-016-3507-1
https://doi.org/10.1038%2Fsrep45943


Beilstein J. Nanotechnol. 2023, 14, 45–51.

51

33. Solenov, D.; Nikolo, M.; Singleton, J.; Jiang, J.; Weiss, J.; Hellstrom, E.
AIP Conf. Proc. 2017, 1895, 060004. doi:10.1063/1.5007389

34. Nakamura, D.; Adachi, T.; Omori, K.; Koike, Y.; Takeyama, S. Sci. Rep.
2019, 9, 16949. doi:10.1038/s41598-019-52973-1

35. Zaytseva, I.; Abaloszew, A.; Camargo, B. C.; Syryanyy, Y.;
Cieplak, M. Z. Sci. Rep. 2020, 10, 19062.
doi:10.1038/s41598-020-75968-9

36. Bristow, M.; Knafo, W.; Reiss, P.; Meier, W.; Canfield, P. C.;
Blundell, S. J.; Coldea, A. I. Phys. Rev. B 2020, 101, 134502.
doi:10.1103/physrevb.101.134502

37. Fang, L.; Yang, H.; Zhu, X.; Mu, G.; Wang, Z.-S.; Shan, L.; Ren, C.;
Wen, H.-H. Phys. Rev. B 2009, 79, 144509.
doi:10.1103/physrevb.79.144509

38. Kase, N.; Akimitsu, J. J. Phys. Soc. Jpn. 2009, 78, 044710.
doi:10.1143/jpsj.78.044710

39. Isobe, M.; Arai, M.; Shirakawa, N. Phys. Rev. B 2016, 93, 054519.
doi:10.1103/physrevb.93.054519

40. Mayoh, D. A.; Barker, J. A. T.; Singh, R. P.; Balakrishnan, G.;
Paul, D. M.; Lees, M. R. Phys. Rev. B 2017, 96, 064521.
doi:10.1103/physrevb.96.064521

41. Barker, J. A. T.; Breen, B. D.; Hanson, R.; Hillier, A. D.; Lees, M. R.;
Balakrishnan, G.; Paul, D. M.; Singh, R. P. Phys. Rev. B 2018, 98,
104506. doi:10.1103/physrevb.98.104506

42. Su, H.; Shang, T.; Du, F.; Chen, C. F.; Ye, H. Q.; Lu, X.; Cao, C.;
Smidman, M.; Yuan, H. Q. Phys. Rev. Mater. 2021, 5, 114802.
doi:10.1103/physrevmaterials.5.114802

43. Hoshi, K.; Kurihara, R.; Goto, Y.; Tokunaga, M.; Mizuguchi, Y.
Sci. Rep. 2022, 12, 288. doi:10.1038/s41598-021-04393-3

44. Palistrant, M.; Surdu, A.; Ursu, V.; Petrenko, P.; Sidorenko, A.
Low Temp. Phys. 2011, 37, 451–458. doi:10.1063/1.3610174

45. Sidorenko, A. S.; Sürgers, C.; v. Löhneysen, H.
Phys. C (Amsterdam, Neth.) 2002, 370, 197–204.
doi:10.1016/s0921-4534(01)00929-7

46. Antropov, E.; Kalenkov, M. S.; Kehrle, J.; Zdravkov, V. I.; Morari, R.;
Socrovisciuc, A.; Lenk, D.; Horn, S.; Tagirov, L. R.; Zaikin, A. D.;
Sidorenko, A. S.; Hahn, H.; Tidecks, R. Supercond. Sci. Technol. 2013,
26, 085003. doi:10.1088/0953-2048/26/8/085003

47. Ioffe, A. F.; Regel, A. R. Prog. Semicond. 1960, 4, 239.
48. Guimpel, J.; de la Cruz, M. E.; de la Cruz, F.; Fink, H. J.; Laborde, O.;

Villegier, J. C. J. Low Temp. Phys. 1986, 63, 151–165.
doi:10.1007/bf00682068

License and Terms
This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is
identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of
material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.14.5

https://doi.org/10.1063%2F1.5007389
https://doi.org/10.1038%2Fs41598-019-52973-1
https://doi.org/10.1038%2Fs41598-020-75968-9
https://doi.org/10.1103%2Fphysrevb.101.134502
https://doi.org/10.1103%2Fphysrevb.79.144509
https://doi.org/10.1143%2Fjpsj.78.044710
https://doi.org/10.1103%2Fphysrevb.93.054519
https://doi.org/10.1103%2Fphysrevb.96.064521
https://doi.org/10.1103%2Fphysrevb.98.104506
https://doi.org/10.1103%2Fphysrevmaterials.5.114802
https://doi.org/10.1038%2Fs41598-021-04393-3
https://doi.org/10.1063%2F1.3610174
https://doi.org/10.1016%2Fs0921-4534%2801%2900929-7
https://doi.org/10.1088%2F0953-2048%2F26%2F8%2F085003
https://doi.org/10.1007%2Fbf00682068
https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.14.5

	Abstract
	Introduction
	Experimental
	Results and Discussion
	Conclusion
	ORCID iDs
	References

