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Abstract
We present a study of magnetic structures with controllable effective exchange energy for Josephson switches and memory applica-

tions. As a basis for a weak link we propose to use a periodic structure composed of ferromagnetic (F) layers spaced by thin super-

conductors (s). Our calculations based on the Usadel equations show that switching from parallel (P) to antiparallel (AP) alignment

of neighboring F layers can lead to a significant enhancement of the critical current through the junction. To control the magnetic

alignment we propose to use a periodic system whose unit cell is a pseudo spin valve of structure F1/s/F2/s where F1 and F2 are two

magnetic layers having different coercive fields. In order to check the feasibility of controllable switching between AP and P states

through the whole periodic structure, we prepared a superlattice [Co(1.5 nm)/Nb(8 nm)/Co(2.5 nm)/Nb(8 nm)]6 between two super-

conducting layers of Nb(25 nm). Neutron scattering and magnetometry data showed that parallel and antiparallel alignment can be

controlled with a magnetic field of only several tens of Oersted.
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Findings
Superconductor digital devices have attracted growing atten-

tion due to their unique energy efficiency and performance [1],

and also due to compatibility with a number of quantum and

neuromorphic computers under development [2-4]. However

the lack of cryogenic memory elements (including synapses)

with sufficiently fast switching between stable states and suffi-
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Figure 1: The normalized critical current of the S/F/s/F/S (solid lines) and S/F/N/F/S (dashed lines) structures as a function of the thickness of the
spacing layer (a) and the dimensionless magnitude of the temperature (b). The red lines correspond to the case when the exchange energies in both
layers of the ferromagnet are equal in magnitude, and the magnetization vectors lying in the plane of the magnetic layers are parallel (P). The blue
lines are for the case when the exchange energies, Eex, in both F-layers are equal, and the described magnetization vectors are antiparallel (AP). The
black curves correspond to the Eex = 0 case.

ciently small energy dissipation is still the main obstacle in the

field. The utilization of the competition and coexistence of

superconducting (S) and ferromagnetic (F) correlations could

provide an increase in the performance and degree of integra-

tion for cryogenic memory storage devices and synaptic ele-

ments [1,5-16]. These ideas can be implemented through a

Josephson contact with two stable states: a high value of the

critical current, IC, corresponds to the ”open” state and a low

value to the ”closed” state. Such a device can be assembled if

the weak link is a composite F/N/F trilayer (N is a normal

metal) whose magnetic state can be switched between parallel

and antiparallel directions of the magnetization vectors of the

F layers [7].

The use of a thin superconducting layer (s) as a spacer instead

of an N layer may lead to enhancement of the spin-valve effect

due to the proximity of the thick superconductor banks and the

thin superconductor spacers (see, e.g., [8]). To check this

hypothesis we calculated the critical current of S/F/s/F/S and

S/F/N/F/S Josephson junctions (Figure 1). The calculations

were performed in the framework of the Usadel equation [17]

(1)

with Kupriyanov–Lukichev conditions [18]

(2)

in an iterative manner with respect to the pair potential Δ to

ensure fulfilment of the self-consistency equation

(3)

Here p and q are the indices of corresponding layers,

 ω= πT(2n + 1)

are the Matsubara frequencies, Δp is the pair potential (which is

absent in the F and N layers), Eex,p, is the exchange energy

(Eex,p = 0 in nonferromagnetic materials), TC is the critical tem-

perature of the superconductor, ξp = (Dp/2πTC)1/2 is the coher-

ence length, Dp is the diffusion coefficient, Gp and Φp are

the normal and anomalous Green’s functions, respectively,

 is the suppression parameter, RBpq and

 are the resistance and area of the corresponding interface.

The plus sign in Equation 2 means that the pth material is locat-

ed at the side xi − 0 from the interface position xi, and the minus

sign corresponds to the case that the pth material is at xi + 0,

while the x axis is oriented perpendicular to the interfaces.

Finally, the boundary conditions on the surfaces of the outer

electrodes are  where δ0 is the bulk value of the

pair potential at a certain temperature and χL,R are the phases at

the left and right ends of the structure, which generate the phase

difference φ = χR − χL along the junction.

Figure 1a and Figure 1b show the dependence of IC on the

reduced thickness of a spacer, ds/ξS, and temperature, T/TC for

parallel (P) and antiparallel (AP) orientations of the F films’

magnetization vector, M. It should be noted that unlike in refer-
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Figure 2: (a) The depth profile of the superconducting pair potential amplitude of the S/[F1/s/F2/s]5/F1/S structure in the P and AP cases. (b) The
amplitudes of the superconducting pair potential in the middle of the weak link for the same situations. Inset – schematic representation of the consid-
ered stack structure.

ences [19,20] our approach obtains a solution for the Green’s

functions, which already corresponds to the state with minimal

free energy and automatically determines which of the states,

either 0 or π , is energetically favorable on each junction. At the

same time, in the systems with multiple junctions connected in

series, there are multiple stable solutions differing by 2πn in the

phase of the outer S electrodes. To avoid any errors we calcu-

late the critical current dependence in an iterative manner over

the phase difference, initially solving the problem at φ = 0 and

then continuously increasing the phase, using the results of the

previous step as the initial function for the solution of

Equation 1, Equation 2 and Equation 3.

As it follows from Figure 1 the existence of intrinsic supercon-

ductivity of the spacer significantly increases IC of the S/F/s/F/S

compared to the S/F/N/F/S junction. The effect can be essen-

tially enhanced in S/[F/s]n/F/S Josephson devices with the

superlattice in the weak link region. The use of a multilayer

structure has several advantages. Thanks to the collective effect

of maintaining the superconducting state in the spacers, it is

possible to use thinner layers. The thinning of the layers should

be accompanied by a decrease in the effective exchange energy

due to its renormalization [21,22]. Moreover, for the AP orien-

tation of the magnetization vectors of the F layers, an addition-

al mechanism arises for the renormalization of the effective

exchange energy, which leads to its further decrease [23-25].

To confirm these statements, we have generalized the S/[F/N]n

model [25] to the case of the existence of intrinsic superconduc-

tivity in its non-ferromagnetic parts. To make the model more

realistic we consider a case of a periodic pseudo-spin-valve

structure, where two neighboring F layers have slightly differ-

ent thicknesses d1 and d2 (see inset in Figure 2b). The differ-

ence in the thicknesses of the F1 and F2 layers provides a differ-

ence in their coercive fields Hc1 ≠ Hc2 which allows one to

organize an AP state in the range of magnetic fields, H,

max(Hc1,Hc2) > H > min(Hc1,Hc2) after saturation of the layer

magnetization in the negative direction. Thus the use of the

pseudo-spin-valve concept allows us to organize AP alignment

without exchange or magnetostatic coupling of neighboring

F layers. Figure 2a shows the spatial distribution of the pair

potential amplitudes in the S/[F1/s/F2/s ]n/F1/S structure for the

P and AP alignments. The calculations were performed for the

same set of parameters as in Figure 1. From Figure 2a it follows

that the considered structure is a series connection of s/F1/s and

s/F2/s Josephson junctions with the weakest link located in the

middle of the structure. Figure 2b shows the amplitudes of the

pair potential, δP, and δAP, (see the definition of δP and δAP in

Figure 2a) in the middle of the weak link as a function of the

s layers’ thickness. One can see that the amplitudes for AP and

P configurations are significantly different for ds ~ ξS. As soon

as IC is proportional to the product of the pair potential ampli-

tude of the s banks, one may estimate that the ratio of IC for AP

orientation and P orientations is of the order of (δAP/δP)2 ≈ 25.

From Figure 2b it follows that this enhancement depends on the

ratio ds/ξS and is maximal in the vicinity of ds = ξS.

Realization of the proposed S/[F1/s/F2/s]n/F1/S Josephson

devices requires the development of a technology for manufac-

turing of multilayer structures that satisfy the following condi-

tions: (a) presence of superconductivity in the s layers with

TC  4.2 K, (b) in plane orientation of the magnetization vector

in the F films, and (c) ability for coherent switching between P

and AP configurations through the whole stack. The goal of this

paper is to demonstrate that the requirements can be met when

using a combination of Nb and Co as materials for the superlat-

tice. To do this we fabricated a Nb(25 nm)/[Co(1.5 nm)/

Nb(8 nm)/Co(2.5 nm)/Nb(8 nm)]6/Co(1.5 nm)/Nb(25 nm)
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structure. We took niobium as a superconducting material

since it has the highest TC = 9.25 K among all elemental super-

conductors and forms stable structures with cobalt [19,26-30].

The thickness of the Nb-spacer was chosen to be close to

ξS ≈ 6–10 nm, the value found in our prior studies [31,32]. The

thickness of the Co layers were in the range of ξF ≈ 1 nm [19],

which is enough to form a homogeneous and magnetic layer

[26].

The sample was prepared using a Leybold Z-400 magnetron

machine at room temperature on an R-plane-oriented sapphire

(Al2O3) substrate. Before the deposition the substrates were

etched by an argon ion beam inside the chamber. The targets

Nb(99.99%) and Co(99.99%) were presputtered to remove

metallic oxides and contamination absorbed on the surfaces.

Additionally, immediately before deposition of the next layer

we presputtered the corresponding target for 40–50 seconds for

stabilization of the film growth rate. The deposition was per-

formed in a pure argon atmosphere (99.999% purity) at a

working pressure of 8 × 10−3 mbar. The thickness of the films

was controlled by the time of deposition of the material on the

substrate. For high repeatability of the thicknesses of thin Nb

films, an electrical motor was used to move the target above the

substrate at an equal speed so that the thickness of the niobium

layer remains the same for each of the periods of the structure.

The growth film rate is 1 nm/s and 0.1 nm/s for Nb and Co, re-

spectively. After the deposition the structure was capped by a

silicon layer.

In order to characterize the structural and magnetic ordering of

the Co/Nb superlattice we performed polarized neutron reflec-

tometry (PNR) experiments. The measurements were con-

ducted at the neutron reflectometer NREX at the research

reactor FRM-2 (Munich, Germany). The neutron reflectivities

were taken with a monochromatic polarized neutron beam of

wavelength λ = 0.43 nm at a temperature T = 13 K with the

magnetic field applied in-plane to the structure and normal to

the scattering plane (see inset in Figure 3a). No spin analysis of

the scattered beam was performed in this experiment. Figure 3a

and Figure 3b shows reflectivities measured at H = 300 Oe

and in magnetic field H = 30 Oe after magnetization of

the sample in the negative direction. The curves in the saturated

state are characterized by Bragg peaks positioned at

Qi ≈ 2π × i/(d1 + d2 + 2ds) (i = 1–7). However, one can see that

the odd-integer peaks are of quite small intensity compared to

the even-integer peaks due to the small difference between the

Co(1.5 nm)/Nb(8 nm) and Co(2.5 nm)/Nb(8 nm) bilayers within

the unit cell. In this regard we can effectively consider our peri-

odic structure as [Co(2 nm)/Nb(8 nm)]12 and index the Bragg

peaks using the notation Qj ≈ 2π × j/10 nm (j = 1,2,3). The

reflectivity pattern at H = 30 Oe strongly differs from the satu-

rated state. First of all we can see the growth of non-integer

peaks j/2 which directly evidence the doubling of the magnetic

period at this field [33-37]. The small difference of the R+ and

R− peaks indicates compensation of the magnetic moments of

neighboring Co layers, e.g., antiparallel alignment. The inset in

Figure 3b shows the field evolution of the j = 1/2 peak. One can

see that the AP alignment exists in the range of magnetic fields

H = 10–30 Oe if the sample is firstly magnetized in the nega-

tive direction. Moreover once the AP state is created the field

can be returned to zero and the alignment will be preserved. The

P-alignment can also be organized at zero field if the sample is

saturated before in a positive field.

In a periodic pseudo-spin-valve structure one cannot exclude

noncoherent switching of the F layers. Such a stacking fault in

the antiferromagnetically aligned system may lead to the

suppression or even destruction of the spin-valve effect. In

order to check the presence of stacking faults in our system we

performed a comprehensive analysis of PNR and supercon-

ducting quantum interference device (SQUID) magnetometry

data (Figure 4). To fit the experimental data we considered a

simple model of a Co(1.5 nm)/Nb(8 nm)/Co(2.5 nm)/Nb(8 nm)

quadrolayer repeated six times. First we fitted data in the satu-

rated state varying both nuclear and magnetic depth profiles.

Then the data at H = 30 Oe were fitted varying only the magnet-

ic depth profile. Figure 4a shows the resulting magnetization

depth profiles for the model curves  depicted by solid lines

in Figure 3a. One can see that despite the simplicity of the

model it describes the experimental curves reasonably well.

Moreover the derived magnetic depth profiles for both P and

AP states agree well with the SQUID magnetometry data

(Figure 4b). If we consider the presence of at least one ferro-

magnetically aligned segment in the AP aligned lattice, this will

lead to a substantial increase of the total magnetic moment (see

the red dot in Figure 4b) which is in strong disagreement with

the SQUID data. Thus we rule out the presence of stacking

faults in our sample.

Thus in this work we considered the possibility to control the

superconducting properties of Josephson junctions by switching

between parallel and antiparallel alignment in a periodic F/s

weak link. We experimentally showed that such a switching is

feasible using the concept of a periodic pseudo spin valve. We

note that such a design will allow us in the future to study the

possible influence of superconductivity on the magnetic config-

uration via electromagnetic [38,39] or exchange [40,41] mecha-

nisms.

In conclusion, we have proposed a memory element based on a

Josephson junction with a weak link composed of a periodic S/F

structure that that can be switched between AP and P states. In
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Figure 3: Experimental (dots) specular neutron reflectivity measured at T = 13 K in magnetic fields H = 300 Oe (a) and H = 30 Oe (b). Solid lines
show the model curves for the magnetization depth profiles depicted in Figure 4a. The inset in (a) shows the sketch of the sample and experimental
setup. The numbers above show the corresponding order of Bragg reflection from the effective [Co(2 nm)/Nb(8 nm)] × 12 periodic structure. The inset
in (b) shows the field dependence of the j = 1/2 peak shown by the blue rectangle in (b). The logarithm of intensity of spin-down scattered neutrons
measured at H = 300 Oe and H = 30 Oe is shown in (c) and (d).

Figure 4: (a) Magnetic depth profiles of one unit cell for the P (black) and AP (red) alignment. Corresponding neutron curves are shown by solid lines
in Figure 3a. (b) Hysteresis loop measured by SQUID magnetometry (solid line). The black dot indicates the magnetic moment of the sample which is
obtained by the integration of the depth profiles depicted in (a). The red dot shows the magnetic moment at H = 30 Oe expected if one P segment
were present in the AP aligned structure.
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the framework of the Usadel equations we showed that the criti-

cal current across the junction significantly depends on the

magnetic state of the periodic structure. In order to switch be-

tween AP and P states we propose to use a periodically repeated

quadrolayer F1/s/F2/s where the magnetic layers F1 and F2 have

slightly different coercive fields. In order to experimentally in-

vestigate the switching processes between P and AP states we

sandwiched the periodic structure [Co(1.5 nm)/Nb(8 nm)/

Co(2.5 nm)/Nb(8 nm)] × 6/ Co(1.5 nm) between two

Nb(25 nm) electrodes. Using neutron reflectometry we demon-

strated that an AP state can be created and erased by applying a

field of 30 Oe.

Acknowledgements
We would like to thank V. L. Aksenov for fruitful discussions.

The theoretical investigations in this work were supported by

grant No. 18-72-10118 of the Russian Science Foundation. MK

acknowledges the partial support by the Program of Competi-

tive Growth of Kazan Federal University, AS would like to

thank the support of the project of the Moldova Republic

National Program ”Nonuniform superconductivity as the base

for superconducting spintronics” (”SUPERSPIN”, 2015-2018),

grant STCU #6329 (2018-2019) and the ”SPINTECH” project

of the HORIZON-2020 TWINNING program (2018-2020).

YK, TK and BK would like to acknowledge the DFG collabora-

tive research center TRR 80. This work is based on experi-

ments performed at the NREX instrument operated by the Max-

Planck Society at the Heinz Maier-Leibnitz Zentrum (MLZ),

Garching, Germany. The initial version of the manuscript was

placed on the preprint server arXiv as arXiv:1809.10165.

ORCID® iDs
Nikolay Klenov - https://orcid.org/0000-0001-6265-3670
Yury Khaydukov - https://orcid.org/0000-0001-9945-8342
Igor Soloviev - https://orcid.org/0000-0001-9735-2720
Vladimir Boian - https://orcid.org/0000-0002-7653-5779

References
1. Soloviev, I. I.; Klenov, N. V.; Bakurskiy, S. V.; Kupriyanov, M. Y.;

Gudkov, A. L.; Sidorenko, A. S. Beilstein J. Nanotechnol. 2017, 8,
2689–2710. doi:10.3762/bjnano.8.269

2. Schneider, M. L.; Donnelly, C. A.; Russek, S. E. J. Appl. Phys. 2018,
124, 161102. doi:10.1063/1.5042425

3. Soloviev, I. I.; Schegolev, A. E.; Klenov, N. V.; Bakurskiy, S. V.;
Kupriyanov, M. Y.; Tereshonok, M. V.; Shadrin, A. V.; Stolyarov, V. S.;
Golubov, A. A. J. Appl. Phys. 2018, 124, 152113.
doi:10.1063/1.5042147

4. Schegolev, A. E.; Klenov, N. V.; Soloviev, I. I.; Tereshonok, M. V.
Beilstein J. Nanotechnol. 2016, 7, 1397–1403.
doi:10.3762/bjnano.7.130

5. Ryazanov, V. V.; Bol’ginov, V. V.; Sobanin, D. S.; Vernik, I. V.;
Tolpygo, S. K.; Kadin, A. M.; Mukhanov, O. A. Phys. Procedia 2012,
36, 35–41. doi:10.1016/j.phpro.2012.06.126

6. Goldobin, E.; Sickinger, H.; Weides, M.; Ruppelt, N.; Kohlstedt, H.;
Kleiner, R.; Koelle, D. Appl. Phys. Lett. 2013, 102, 242602.
doi:10.1063/1.4811752

7. Baek, B.; Rippard, W. H.; Benz, S. P.; Russek, S. E.;
Dresselhaus, P. D. Nat. Commun. 2014, 5, 3888.
doi:10.1038/ncomms4888

8. Alidoust, M.; Halterman, K. Phys. Rev. B 2014, 89, 195111.
doi:10.1103/physrevb.89.195111

9. Golod, T.; Iovan, A.; Krasnov, V. M. Nat. Commun. 2015, 6, 8628.
doi:10.1038/ncomms9628

10. Bakurskiy, S. V.; Klenov, N. V.; Soloviev, I. I.; Kupriyanov, M. Y.;
Golubov, A. A. Appl. Phys. Lett. 2016, 108, 042602.
doi:10.1063/1.4940440

11. Shafranjuk, S.; Nevirkovets, I. P.; Mukhanov, O. A.; Ketterson, J. B.
Phys. Rev. Appl. 2016, 6, 024018.
doi:10.1103/physrevapplied.6.024018

12. Gingrich, E. C.; Niedzielski, B. M.; Glick, J. A.; Wang, Y.; Miller, D. L.;
Loloee, R.; Pratt Jr, W. P.; Birge, N. O. Nat. Phys. 2016, 12, 564–567.
doi:10.1038/nphys3681

13. Nevirkovets, I. P.; Mukhanov, O. A. Phys. Rev. Appl. 2018, 10, 034013.
doi:10.1103/physrevapplied.10.034013

14. Lenk, D.; Morari, R.; Zdravkov, V. I.; Ullrich, A.; Khaydukov, Y.;
Obermeier, G.; Müller, C.; Sidorenko, A. S.; von Nidda, H.-A. K.;
Horn, S.; Tagirov, L. R.; Tidecks, R. Phys. Rev. B 2017, 96, 184521.
doi:10.1103/physrevb.96.184521

15. Lenk, D.; Zdravkov, V. I.; Kehrle, J.-M.; Obermeier, G.; Ullrich, A.;
Morari, R.; Krug von Nidda, H.-A.; Müller, C.; Kupriyanov, M. Y.;
Sidorenko, A. S.; Horn, S.; Deminov, R. G.; Tagirov, L. R.; Tidecks, R.
Beilstein J. Nanotechnol. 2016, 7, 957–969. doi:10.3762/bjnano.7.88

16. Khaydukov, Y. N.; Vasenko, A. S.; Kravtsov, E. A.; Progliado, V. V.;
Zhaketov, V. D.; Csik, A.; Nikitenko, Y. V.; Petrenko, A. V.; Keller, T.;
Golubov, A. A.; Kupriyanov, M. Y.; Ustinov, V. V.; Aksenov, V. L.;
Keimer, B. Phys. Rev. B 2018, 97, 144511.
doi:10.1103/physrevb.97.144511

17. Usadel, K. D. Phys. Rev. Lett. 1970, 25, 507–509.
doi:10.1103/physrevlett.25.507

18. Kuprianov, M. Y.; Lukichev, V. Sov. Phys. - JETP 1988, 67, 1163.
19. Obi, Y.; Ikebe, M.; Fujishiro, H. Phys. Rev. Lett. 2005, 94, 057008.

doi:10.1103/physrevlett.94.057008
20. Kushnir, V. N.; Prischepa, S. L.; Cirillo, C.; Vecchione, A.;

Attanasio, C.; Kupriyanov, M. Y.; Aarts, J. Phys. Rev. B 2011, 84,
214512. doi:10.1103/physrevb.84.214512

21. Bergeret, F. S.; Volkov, A. F.; Efetov, K. B. Phys. Rev. Lett. 2001, 86,
3140–3143. doi:10.1103/physrevlett.86.3140

22. Fominov, Y. V.; Chtchelkatchev, N. M.; Golubov, A. A. Phys. Rev. B
2002, 66, 014507. doi:10.1103/physrevb.66.014507

23. Blanter, Y. M.; Hekking, F. W. J. Phys. Rev. B 2004, 69, 024525.
doi:10.1103/physrevb.69.024525

24. Mel’nikov, A. S.; Samokhvalov, A. V.; Kuznetsova, S. M.; Buzdin, A. I.
Phys. Rev. Lett. 2012, 109, 237006.
doi:10.1103/physrevlett.109.237006

25. Bakurskiy, S. V.; Kupriyanov, M. Y.; Baranov, A. A.; Golubov, A. A.;
Klenov, N. V.; Soloviev, I. I. JETP Lett. 2015, 102, 586–593.
doi:10.1134/s0021364015210043

26. Obi, Y.; Ikebe, M.; Kubo, T.; Fujimori, H. Phys. C (Amsterdam, Neth.)
1999, 317–318, 149–153. doi:10.1016/s0921-4534(99)00055-6

27. Stamopoulos, D.; Aristomenopoulou, E.; Lagogiannis, A.
Supercond. Sci. Technol. 2014, 27, 095008.
doi:10.1088/0953-2048/27/9/095008

https://orcid.org/0000-0001-6265-3670
https://orcid.org/0000-0001-9945-8342
https://orcid.org/0000-0001-9735-2720
https://orcid.org/0000-0002-7653-5779
https://doi.org/10.3762%2Fbjnano.8.269
https://doi.org/10.1063%2F1.5042425
https://doi.org/10.1063%2F1.5042147
https://doi.org/10.3762%2Fbjnano.7.130
https://doi.org/10.1016%2Fj.phpro.2012.06.126
https://doi.org/10.1063%2F1.4811752
https://doi.org/10.1038%2Fncomms4888
https://doi.org/10.1103%2Fphysrevb.89.195111
https://doi.org/10.1038%2Fncomms9628
https://doi.org/10.1063%2F1.4940440
https://doi.org/10.1103%2Fphysrevapplied.6.024018
https://doi.org/10.1038%2Fnphys3681
https://doi.org/10.1103%2Fphysrevapplied.10.034013
https://doi.org/10.1103%2Fphysrevb.96.184521
https://doi.org/10.3762%2Fbjnano.7.88
https://doi.org/10.1103%2Fphysrevb.97.144511
https://doi.org/10.1103%2Fphysrevlett.25.507
https://doi.org/10.1103%2Fphysrevlett.94.057008
https://doi.org/10.1103%2Fphysrevb.84.214512
https://doi.org/10.1103%2Fphysrevlett.86.3140
https://doi.org/10.1103%2Fphysrevb.66.014507
https://doi.org/10.1103%2Fphysrevb.69.024525
https://doi.org/10.1103%2Fphysrevlett.109.237006
https://doi.org/10.1134%2Fs0021364015210043
https://doi.org/10.1016%2Fs0921-4534%2899%2900055-6
https://doi.org/10.1088%2F0953-2048%2F27%2F9%2F095008


Beilstein J. Nanotechnol. 2019, 10, 833–839.

839

28. Liu, L. Y.; Chacón Hernandez, U. D.; Xing, Y. T.; Suguihiro, N. M.;
Haeussler, D.; Baggio-Saitovitch, E.; Jäger, W.; Solórzano, I. G.
J. Magn. Magn. Mater. 2016, 401, 242–247.
doi:10.1016/j.jmmm.2015.10.048

29. Lee, S. F.; Huang, S. Y.; Kuo, J. H.; Lin, Y. A.; Lin, L. K.; Yao, Y. D.
J. Appl. Phys. 2003, 93, 8212–8214. doi:10.1063/1.1537704

30. Robinson, J. W. A.; Piano, S.; Burnell, G.; Bell, C.; Blamire, M. G.
IEEE Trans. Appl. Supercond. 2007, 17, 641–644.
doi:10.1109/tasc.2007.898720

31. Zdravkov, V. I.; Kehrle, J.; Obermeier, G.; Gsell, S.; Schreck, M.;
Müller, C.; Krug von Nidda, H.-A.; Lindner, J.; Moosburger-Will, J.;
Nold, E.; Morari, R.; Ryazanov, V. V.; Sidorenko, A. S.; Horn, S.;
Tidecks, R.; Tagirov, L. R. Phys. Rev. B 2010, 82, 054517.
doi:10.1103/physrevb.82.054517

32. Zdravkov, V.; Sidorenko, A.; Obermeier, G.; Gsell, S.; Schreck, M.;
Müller, C.; Horn, S.; Tidecks, R.; Tagirov, L. R. Phys. Rev. Lett. 2006,
97, 057004. doi:10.1103/physrevlett.97.057004

33. Nagy, D. L.; Bottyán, L.; Croonenborghs, B.; Deák, L.; Degroote, B.;
Dekoster, J.; Lauter, H. J.; Lauter-Pasyuk, V.; Leupold, O.; Major, M.;
Meersschaut, J.; Nikonov, O.; Petrenko, A.; Rüffer, R.; Spiering, H.;
Szilágyi, E. Phys. Rev. Lett. 2002, 88, 157202.
doi:10.1103/physrevlett.88.157202

34. Lauter-Pasyuk, V.; Lauter, H. J.; Toperverg, B. P.; Romashev, L.;
Ustinov, V. Phys. Rev. Lett. 2002, 89, 167203.
doi:10.1103/physrevlett.89.167203

35. Langridge, S.; Schmalian, J.; Marrows, C. H.; Dekadjevi, D. T.;
Hickey, B. J. Phys. Rev. Lett. 2000, 85, 4964–4967.
doi:10.1103/physrevlett.85.4964

36. Rehm, C.; Nagengast, D.; Klose, F.; Maletta, H.; Weidinger, A.
Europhys. Lett. 1997, 38, 61–72. doi:10.1209/epl/i1997-00535-4

37. Hjörvarsson, B.; Dura, J. A.; Isberg, P.; Watanabe, T.; Udovic, T. J.;
Andersson, G.; Majkrzak, C. F. Phys. Rev. Lett. 1997, 79, 901–904.
doi:10.1103/physrevlett.79.901

38. Fraerman, A. A.; Karetnikova, I. R.; Nefedov, I. M.; Shereshevskii, I. A.;
Silaev, M. A. Phys. Rev. B 2005, 71, 094416.
doi:10.1103/physrevb.71.094416

39. Khaydukov, Y. N.; Kravtsov, E.; Zhaketov, V.; Progliado, V.; Kim, G.;
Nikitenko, Y. V.; Keller, T.; Ustinov, V.; Aksenov, V.; Keimer, B. arXiv
2019, No. 1902.07541.

40. Golubov, A. A.; Kupriyanov, M. Y. Nat. Mater. 2017, 16, 156–157.
doi:10.1038/nmat4847

41. Zhu, Y.; Pal, A.; Blamire, M. G.; Barber, Z. H. Nat. Mater. 2017, 16,
195–199. doi:10.1038/nmat4753

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/4.0). Please note

that the reuse, redistribution and reproduction in particular

requires that the authors and source are credited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(https://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.10.83

https://doi.org/10.1016%2Fj.jmmm.2015.10.048
https://doi.org/10.1063%2F1.1537704
https://doi.org/10.1109%2Ftasc.2007.898720
https://doi.org/10.1103%2Fphysrevb.82.054517
https://doi.org/10.1103%2Fphysrevlett.97.057004
https://doi.org/10.1103%2Fphysrevlett.88.157202
https://doi.org/10.1103%2Fphysrevlett.89.167203
https://doi.org/10.1103%2Fphysrevlett.85.4964
https://doi.org/10.1209%2Fepl%2Fi1997-00535-4
https://doi.org/10.1103%2Fphysrevlett.79.901
https://doi.org/10.1103%2Fphysrevb.71.094416
https://doi.org/10.1038%2Fnmat4847
https://doi.org/10.1038%2Fnmat4753
http://creativecommons.org/licenses/by/4.0
https://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.10.83

	Abstract
	Findings
	Acknowledgements
	ORCID iDs
	References

