
1 

Current Assisted Memory Effect in Superconductor-Ferromagnet Bilayers: A 

Potential Candidate for Memristors 

Hasnain Mehdi Jafri1,2, Xingqiao Ma1*, Houbing Huang2, Congpeng Zhao1,3, Hafiz Imran Ahmad 

Qazi4, Syeda Beenish Fatima Kazmi5, Zhuhong Liu1, Lihua Liu1, San-Qiang Shi6, Yang Li7 and Long-

Qing Chen8 

1Department of Physics, University of Science and Technology Beijing, Beijing 100083, P. R. China 

2Advanced Research Institute of Multidisciplinary Science, Beijing Institute of Technology, Beijing 

100081, P. R. China 

3ASIC, China Center for Information Industry Development, Beijing 100083, P. R. China 

4Department of Engineering Physics, Tsinghua University, Beijing 100083, P. R. China 

5College of Material Science and Engineering, Beijing Forestry University, Beijing 100083, P. R. 

China 

6Department of Mechanical Engineering, Hong Kong Polytechnic University, Hung Hom, Kowloon, 

Hong Kong 

7School of Engineering, University of Puerto Rico at Mayaguez, Mayaguez, PR 00681-9000, USA 

8Department of Materials Science and Engineering, The Pennsylvania State University, University 

Park, Pennsylvania 16802, USA 

*Email: xqma@sas.ustb.edu.cn

ABSTRSCT 

Superconductivity and ferromagnetism are two very useful phenomena but rarely coexist in bulk 

materials. Bringing them together in artificial hybrid bilayer produces some unusual results. We 

designed and studied a system of superconductor-ferromagnet bilayer with a thin insulating buffer layer 

between them. Such a superconductor-ferromagnet bilayer with magnetostatic coupling is proposed to 

be used as a multibit superconductor memory device and a potential candidate for memristor. Numerical 

simulations were performed by using Ginzburg-Landau and Landau-Lifshitz-Gilbert models for 

superconductor and ferromagnet materials, which highlighted some interesting resistive memory effects 

in superconducting layer in the bilayer system. Vortex pattern in superconductor was observed to be 
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strongly coupled with ferromagnet domain structure, while their dynamics controlled by the current 

flowing through the superconductor. Carrier concentration, energy components and magnetization in 

the superconducting layer were studied as a function of applied current pulses in the superconductor 

layer, indicating the information storage of current pulses. Multiple resistive states were observed, 

pointing towards the possibility of such a device to be used as multibit data storage device.  

Keywords: superconductor-ferromagnet bilayer, Ginzburg-Landau model, superconducting memories, 

memristors 

1. INTRODUCTION 

It is generally believed that in the context of the Bardeen–Cooper–Schrieffer (BCS) theory of 

superconductivity, conduction electrons in a metal cannot be both ferromagnetically ordered and 

superconducting [1]. Even when the superconductivity has been interpreted as arising from the magnetic 

mediation of the paired electrons, it is considered to occur in the paramagnetic phase [2]. 

Ferromagnetism is usually considered to be incompatible with conventional superconductivity, as it 

destroys the singlet correlations responsible for the pairing interaction. These characteristics do not 

coexist in conventional materials, but they can be brought together artificially by joining two types of 

materials together. In the present work, we combined ferromagnet (FM) and superconductor (SC) with 

an insulating buffer layer between them, prohibiting electrical coupling and allowing only 

magnetostatic coupling between the layers. Magnetostatic coupling arises from the interaction between 

ferromagnetic stray field and magnetization at vortices. Some recent reports on such hybrid systems 

mainly focused on the effect of magnetic domain structure on superconducting vortices with emphasis 

on flux pinning of superconducting vortices with magnetic nano-rod array [3], ferrite nanoparticles [4], 

arrays of magnetic dots [5], magnetic templates [6], magnetic dipoles[7] magnetic domain walls [8] and 

magnetic micro loops [9]. Electrical transport in SF bilayer system have been studied for Nb/Co[10], 

Al/CoPd [11], NbSe2/Py [8] MoGe/Py [12, 13] and Pb/Py [14] bilayers. Where a guided vortex motion 

with domain wall in desired direction have been controlled by in-plane oriented external magnetic fields 

[8, 12-14]. Superconductor-ferromagnet (SF) bilayer system has already been studied extensively for 

proximity effects [15-23], domain wall superconductivity [8, 24-28], induced ferromagnetism [6, 29, 

30], induced superconductivity [31, 32], transition temperature manipulation [33-35] and triplet 

superconductivity [36-38] to name a few. To the best of our knowledge, there are no reports of vortex 

structure manipulations where superconductor currents are thought to be the cause. 

We observed memristive characteristics in the SF bilayer when subjected to current pulses in SC layer. 

As we know, the memristor is the fourth missing circuit element, defined having memresistance M as a 

function of charge and flux dφ/dq = M [39]. Because of expected applications, along with their 

physically and industrially interesting properties, the memristor has brought about a great deal of 
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attention and has stimulated experimental and theoretical studies. Various observations of memristor 

characteristics in different devices have been reported,  including self-directed channel memristor [40], 

Titanium dioxide memristor [41], perovskite memristors [42], layered memristors [43], ferroelectric 

memristors [44], carbon nanotube memristor [45], organic memristors [46, 47], spintronic memristor 

using spin-torque magnetization motion [30], and organic/inorganic halides [48], but still there is no 

widely accepted memristor model/device and search for new type of materials and structures is an open 

arena.  

In our current research, we investigated the effect of magnetostatic coupling in a hybrid system of SF 

bilayer. We discussed the memristive characteristics in superconducting stripes in a certain environment 

variables range.  By using combined Landau-Lifshitz-Gilbert equations (for FM layer) and Ginzburg-

Landau Equations (for SC layer), we simulated SF bilayer separated by a thin buffer layer. Current 

assisted resistance memory characteristics were observed. Introduction of current pulses resulted in 

memory effect in SC layer, in terms of carrier concentration of superconducting layer. This effect was 

also cross-validated by observation of similar memory effect in energy components and SC 

magnetization. We propose such a system as a potential candidate for memristor and long-awaited 

multi-bit superconducting memory devices. 

2. Numerical techniques 

2.1 Landau-Lifshitz-Gilbert Equations 

In order to determine equilibrium domain structure, the micromagnetic simulations were used. 

Micromagnetic simulation is based on the dynamic evolution of time-dependent Landau-Lifshitz-

Gilbert equation [49, 50] given as: 

𝜕𝒎

𝜕𝑡
= −𝛾𝒎 × 𝑯𝑒𝑓𝑓 −

𝛼𝑚

𝑀𝑠
𝒎 × (𝒎 × 𝑯𝑒𝑓𝑓)       (1) 

where m is normalized magnetization given as m=M/Ms, where M=M(mx,my,mz) is magnetization vector 

along three coordinate axes, where γ, α, and Ms is gyromagnetic ratio,  damping coefficient, and 

saturation magnetization, respectively. The Heff is effective magnetic field defined by derivative of total 

Gibbs free energy FM with respect to magnetization M: 

𝑯𝑒𝑓𝑓 = −
1

𝜇0

𝛿𝐹𝑀

𝛿𝑴
       (2) 

where  

𝐹𝑀 = 𝐹𝑒𝑥 + 𝐹𝑎𝑛 + 𝐹𝑑𝑒𝑚 + 𝐹𝑧𝑒𝑒      (3) 
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where Fex, Fan, Fdem and Fzee is exchange energy, anisotropy energy, demagnetization field energy and 

Fzee is Zeeman energy, respectively, when a magnetic field is applied. Exchange energy given as: 

𝐹𝑒𝑥 =
𝐴

2𝑀𝑠
2 ∫ ((∇𝑀𝑥)2 + (∇𝑀𝑦)2 + (∇𝑀𝑧)2)

𝑉
𝑑𝑉    (4) 

where A is ferromagnetic exchange constant, Fex keeps neighbouring magnetic moments parallel to each 

other. Magnetocrystalline energy is responsible for aligning magnetization along certain 

crystallographic directions, for uniaxial materials it could be given as: 

𝐹𝑎𝑛 =
𝐾𝑢

𝑀𝑠
∫ (1 − (𝐌 ∙ 𝐤)2)

𝑉
𝑑𝑉      (5) 

where Ku is uniaxial anisotropy constant and k is unit vector in magnetocrystalline easy axis. 

Demagnetization energy is responsible for the formation of magnetic domains and is given as: 

𝐹𝑑𝑒𝑚 = −
𝜇0

2
∫ 𝑯𝑑𝑉

∙ 𝑴 𝑑𝑉       (6) 

Zeeman energy rotates magnetization parallel to the magnetic field is given as: 

𝐹𝑧𝑒𝑒 = −𝜇0 ∫ 𝑴
𝑉

∙ 𝑩 𝑑𝑉      (7) 

where B is the external magnetic field applied to the system.  

2.2 Ginzburg Landau Theory of superconductivity 

In order to study the magnetic structure in type-II superconductors, the phenomenological Ginzburg-

Landau Theory was used. Time-dependent Ginzburg-Landau(TDGL) equations were developed by 

Gorkov and Eliashberg [51]. Our starting point is the version of equations, reported in references [52, 

53]. Gibbs free energy of superconducting sample with superconducting order parameter ψ and 

magnetic vector potential A, given as: 

𝐺(𝜓, 𝑨) =
1

2𝑚
|(ℏ𝛁 − 𝚤𝑒𝑨)𝜓|2 + 𝛼|𝜓|2 + 

1

2
𝛽|𝜓|4 +

1

2𝜇𝑜
|𝛁 × 𝐀 − 𝜇𝑜𝑩|2      (8) 

Where ℏ = ℎ/2𝜋, h is Plank’s constant, m and e are effective mass and charge of charge carriers, α and 

β are phenomenological parameters depending on external factors, α is negative below the critical 

temperature and β is positive for all temperatures. Length parameters, London penetration depth, λ, and 

coherence length, ξ, are introduced as: 
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𝜆 = √
𝑚𝑐2𝛽

16𝜋𝑒2|𝛼|
 

𝜉 =
ℎ

2𝜋√2𝑚|𝛼|
 

                                            (9) 

Ginzburg-Landau parameter, 𝜅, is defined as the ratio of penetration depth and coherence length i.e. 

𝜅=λ/ξ. A length scale l is chosen and dimensionless length and time coordinates, order parameter ψ and 

magnetic potential A according to: 

𝑥 ⟶ 𝑙𝑥      

𝜓 ⟶ √
|𝛼|

𝛽
𝜓             

𝑨 ⟶ √
8𝜋|𝛼|2𝑙2

𝛽
𝑨                        (10) 

𝑩 ⟶ √
8𝜋|𝛼|2

𝛽
𝑩      

For the present work, length scale is chosen to be l=λ. In dimensionless form TDGL equations are given 

as: 

𝜕𝜓

𝜕𝑡
= 𝜓 − |𝜓|2𝜓 − (𝜄

1

𝜅
𝛁 + 𝑨)

2
𝜓     (11) 

𝜕𝑨

𝜕𝑡
= 𝛁 × (𝛁 × 𝑨 − 𝑩) + |𝜓|2𝑨 +

𝜄

2

1

𝜅
(𝜓∗𝛁𝜓 − 𝜓𝛁𝜓∗)     (12) 

with boundary conditions: 

(𝜄
1

𝜅
𝛁 + 𝑨) 𝜓. 𝒏 = 0        (13) 

(𝛁 × 𝑨) × 𝒏 = 𝑩 × 𝒏        (14) 

where n denotes perpendicular normal unit vector on the boundary and B denotes applied magnetic 

field. Equations (11), (12), (13) and (14) constitute the basis of numerical simulation of Abrikosov 

vortices and their dynamics for superconductor in the present work. 



6 
 

Energy density Htot=Htot(x,y,z,t) in superconductor have three parts, magnetic energy density 

Hmag=Hmag(x,y,z,t), superconducting energy density Hsup=Hsup(x,y,z,t) and interaction energy density 

Hint=Hint(x,y,z,t) given as; 

𝐻𝑚𝑎𝑔 = (𝐵 − ∇ × 𝐴)2       (15)  

𝐻𝑠𝑢𝑝 =
1

𝜅2
|∇𝜓|2 − |𝜓|2 +

1

2
|𝜓|4     (16) 

𝐻𝑖𝑛𝑡 =
𝜄

𝜅
𝐴((∇𝜓)𝜓∗ − 𝜓(∇𝜓∗)) + |𝐴|2|𝜓|2    (17)  

Total energy density is sum of these energy densities, Htot = Hmag + Hsup + Hint, total energy can be 

calculated by integrating total energy density over the region Ω, 𝐺𝑡𝑜𝑡 = ∫ 𝐻𝑡𝑜𝑡(𝑥, 𝑦, 𝑧, 𝑡)𝑑Ω. Applied 

current is fixed in the direction perpendicular to the direction of magnetic field (i.e. in the plane of 

superconducting layer) and along one of the length directions (for this case x-axis). Therefore, we 

introduced an additional term Jx to x-component of vector potential A (i.e. Ax), as a dimensionless 

representation of current, which transforms to Ax+Jx.  

3. RESULTS AND DISCUSSIONS 

The schematic drawing of SF bilayer model is shown in figure 1 (not showing substrate, electrical 

contacts etc. for simplicity). Both layers are separated by an insulating (buffer) layer with thickness ξ, 

which inhibits electronic coupling. In our model, we focused on niobium (Nb) as the selected 

superconducting material with ξ=12 nm and λ=61 nm, working temperature of 6 K (T/Tc=0.674) with 

bulk upper critical magnetic field Hc2=7474 Oe [54, 55]. CoFe2O4 is chosen as the ferromagnetic 

material due to its extensive use in magnetic storage media and ability to withstand strong magnetic 

fields (high anisotropy constant). CoFe2O4 is known to have magnetic parameters, αm=1, Ms=3.5×105 

Am-1, Ku=1×105 Jm-3 and A=7×10-12 Jm-1 [56]. Length and width of simulation area SC layer chosen to 

be 1000 nm (x-axis) × 1000 nm (y-axis) periodic along the direction of flow of current (x-axis) to form 

stripes, with 60 nm inter slab spacing (5ξ, sufficiently large to avoid any electric/magnetic coupling 

through an insulating vacuum). Single FM layer spreads under several SC stripes, therefore, relatively 

larger size of 2000 nm (x-axis) x 2000 nm (y-axis) of FM layer periodic in xy-plane was simulated. The 

thickness of SC layer was chosen to be 36 nm (z-axis), sufficiently thick to avoid dominance of surface 

effects while not being too thick to affect the strength of stray magnetic field from FM layer, while FM 

layer was chosen to be 36 nm (z-axis) thick for symmetry. Thickness of buffer layer was taken as 12 

nm. Current density Jx was varied from 0 to 0.1 (which is significantly lower than our calculated critical 

current density ranging from 0.22 to 0.38 for external magnetic field range from 1000 Oe to 0 Oe) in 

reduced dimensions as the current wave. All calculation was performed by using a three-dimensional 
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coupled Ginzburg-Landau and Landau-Lifshitz-Gilbert equations using the code we have developed 

and reported earlier [50, 53, 57, 58].  

Initially, the FM layer with random initial magnetic distribution was solved to minimize energy with 

uniaxial anisotropy and saturation magnetization pattern was obtained. Then a completely 

superconducting sample (i.e. |ψ|2=1), with zero magnetic vector potential and zero Jx was subjected to 

a magnetic field pattern defined by stray field of FM layer with natural boundary conditions. 

Superconducting layer was relaxed to minimize Gibbs free energy, resulting in generation of vortex-

antivortex (vortex with opposite spin) (V-AV) pairs and their rearrangement under domain centres of 

different types (upward and downward) of domains. The magnetic field strength of vortices in the SC 

layer was calculated to be less than 1% of the magnetic field strength of the FM layer, so was neglected. 

As system reached equilibrium state current wave was introduced to the sample. During increase and 

decrease of current density cycle, in the SC layer, V-AV pairs are generated and annihilated (and some 

enter and leave) continuously with the rate depending on the current density (or value of Jx) in the 

sample. After each cycle of current wave (Jx = 0→0.1→0) superconducting parameters e.g. carrier 

concentration (|ψ|2), interaction energy (Hint), magnetic energy (Hmag), superconducting Energy (Hsup) 

and sample magnetization (M) were calculated. Application of external current to SC layer is 

particularly interesting as it drives V-AV in opposite direction due to Lorentz force. In other words, the 

current along V-AV pair would force vortex in one direction and antivortex to another causing a vortex 

pair-breaking mechanism. If the current is sufficient enough (for this case I=0.06) this Lorentz force 

can overcome domain wall barrier, resulting in the annihilation of V-AV pairs from the opposite side 

of the domain wall, this effect is discussed below in detail. 

Micromagnetic simulations were initialized from a random distribution of magnetization, under a given 

external magnetic field with periodic boundary conditions for a finite size FM film with uniaxial 

anisotropy. External magnetic field was applied in the direction of magnetic domain orientation. As 

the domain structure was uniaxially anisotropic, therefore, in order to observe the maximum effect of 

external magnetic field, external magnetic field was selected parallel to domain orientation of 

ferromagnetic layer (i.e. normal to the film, along z-axis).  In the condition of no applied magnetic field, 

the upward and downward magnetization covered equal sample areas and average sample 

magnetization was close to zero. But as magnetic field was increased, magnetization in the direction of 

the external magnetic field increased, as a result, vortex pattern in the SC layer under the FM layer 

changed accordingly. This whole effect is shown in figure 2 for a range of external magnetic fields for 

region of size 1000 nm x 1000 nm. The upward and downward magnetization directions are represented 

by purple and green colours while carrier concentration increases from zero (i.e. 0% of SC state) to 1 

(i.e. 100% of SC state) represented by blue and red colours. Magnetic domain structure gradually 

changed from striped domains to bubble domains with increasing external magnetic field. So, the 
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magnetization structure in FM layer depends on the external magnetic field and as a result effects SC 

layer. In order to investigate the magnetic field experienced by SC layer, stray field was calculated 

outside the FM layer in the region of SC layer. Stray field plays a vital role in the nucleation of magnetic 

vortices (and antivortices) in SC layer, it reduces in intensity towards the uniform external magnetic 

field as the distance from the FM layer is increased. Therefore, it was necessary to keep SC layer close 

enough and sufficiently thin to experience stray field of FM layer and far enough to avoid current 

leakage between the layers.      

SC layer was initially set at completely superconducting without any carrier loss (i.e. |ψ|2=1) with zero 

magnetic vector potential (A), and natural boundary conditions on the boundaries perpendicular to 

current flow direction otherwise periodic, under an external magnetic field. The whole system was 

relaxed to minimize Gibbs free energy, resulting in entrance and rearrangement of vortices in 

superconductor. Magnetic domain structure for a range of external magnetic fields is shown in figure 2 

with corresponding vortex structure before the introduction of any current pulse through the 

superconductor. It can clearly be seen that vortex structure in SC layer strongly depends on the magnetic 

configuration of ferromagnetic layer, FM layer is responsible for vortex pattern in SC layer in its vicinity.  

Figure 3 shows the variation of interaction energy and carrier concentration with time at different values 

of current. Figure 3a,b,c represents spatial variation of interaction energy of the superconductor over 

magnetic domain cross-section (reference line figure 3g) with time for different values of current, where 

thin vertical lines in plot indicates approximate position of domain walls, reference line is shown as red 

line in carrier concentration plot in figure 3g, where arrows indicate domain walls and dot and cross 

symbols represent domain magnetization direction inward and outward respectively. It was observed 

that interaction energy is low at sites over domain wall contrary to those over the domain centres 

resulting in enhanced vortex mobility over the domain centres. Figure 3a, b are the overlaps of 

interaction energy with time, it can be seen that at lower current values vortices are pushed in one 

direction due to Lorentz force and antivortices to the other, but the force is not enough to overcome the 

energy barrier created by domain walls under the superconductor. It can be clearly seen that at current 

Jx=0.06 (figure 3c) there is a time variation in interaction energy shown by a spread in interaction energy 

spectrum, this is due to the fact that current has reached the threshold of formation and annihilation of 

V-AV pair at different types of domain walls (upward to downward domain switching and downward 

to upward domain switching). Vortices are formed at one type of domain wall and annihilated at the 

other. The same effect can also be seen in spatial plots of carrier concentration of the superconductor 

over magnetic domain cross-section with time for different values of current, at currents higher than 

Jx=0.06, time split in carrier concentration is observed indicating the dynamics of vortices over the 

domain centres, shown in figures 3f. 
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Figure 4 shows variation of carrier concentration, interaction energy, magnetic energy, superconducting 

energy and sample magnetization of SC layer before, during and after the introduction of current 

(arrows are time directional), for different magnetic field strengths. It was observed that carrier 

concentration of the sample was reduced by applying and removing the current peak. Similar reductions 

were observed for interaction energy, and magnetic energy, while superconducting energy and sample 

magnetization have shown an increase in their value. This change due to applied current pulse and the 

ability of the sample to retain a new state after the removal of the current pulse lead to the conclusion 

that such a system can work as an information storage device.  It was observed that in such a hybrid 

system there can be multiple intermediate states of the sample in transit regime, with multiple energy 

minimization states. To investigate this effect further we applied periodic currents and calculated carrier 

concentrations after each current cycle. Figure 5a shows variation of carrier concentration of the sample 

over a number of cycles, it can clearly be observed that each peak representing zero current state, is at 

lower carrier concentration compared to the similar previous state. To our excitement, we observed 

various equilibrium states of SC layer each having lower carrier concentration than the previous one. 

In other words, SC layer was retaining its memory of the number of current pulses in carrier 

concentration (or resistivity) of the sample, which is one of the basic characteristics of memristors, as 

predicted by Chua et. al. in 1971 [39]. The initial state is not completely superconducting due to V-AV 

pair formation in the vicinity of FM layer. Figure 5b shows internediate states of carrier concentration 

in transit regime, after each pulse. It was also observed that this effect becomes smaller with the number 

of cycles and systemically reach zero variation. This type of device may have the ability to work as 

multi-bit storage devices contrary to single bit semiconductor registers.  

Normally the vortices enter the sample from the edges but when FM layer is brought closer an additional 

magnetic field gradient is experienced by SC layer, that additional magnetic field generates V-AV pairs 

in addition to vortices entering from the sample boundaries (in the presence of external magnetic field). 

The stray magnetic field from FM layer is not strong enough to generate a larger number of V-AV pairs, 

so a lower density of vortices in SC layer appears in SC layer which avoids domain wall. Vortices 

arrange themselves under strong magnetic field positions i.e. domain centres. When current is 

introduced in the sample this passing current produces more V-AV pairs over domain walls which are 

pushed towards the opposite domain wall of a particular domain due to Lorentz force. When current is 

removed, these vortices settle down in the spaces between domain walls (i.e. under domain centres) 

with higher density. This high vortex density resulted in lower average carrier concentration and higher 

resistivity, which can be controlled by controlling height and width of current pulse. With every current 

cycle, this carrier concentration reduces and resistivity increases until it reaches its minimum state after 

a number of cycles and then varies randomly after reaching saturation value. The saturated device can 

be reset by decoupling SC and FM layers, which can be performed by a number of possible ways (e.g. 

destroying FM domain structure using current, using type-I SC material as a buffer layer which is 
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insulator above Tc). The behaviour of storage of information in resistivity of a material (or resistance 

of a device) is the fundamental characteristic (definition) of memristor [39]. Time-dependent resistivity 

presented here, whose value at a given time depends on the amount of charge passes through it (in the 

present state in the form of current pulses) is one of the definitions of a memristor [59, 60]. Therefore, 

we propose such a type of SF bilayer system to the scientific community for further investigation in 

order to fill in missing spaces in the fundamental electronic device, memristor. Moreover, 

superconducting memory is one of the voids in superconducting computing, the present work also 

proposes a multibit superconducting information storage device.  

4. CONCLUSION 

In this report, we investigated the possibility of using superconductor-ferromagnet bilayer with 

magnetostatic coupling as an information storage device. Coupled Landau-Lifshitz-Gilbert and 

Ginzburg-Landau equations were solved for ferromagnetic and superconducting layers respectively for 

three-dimensional geometries. Stray field by ferromagnetic layer was calculated in the region occupied 

by the superconducting layer. The effect of external magnetic field on ferromagnetic domain structure 

was studied along with resulting effect on superconductor film for a range of external magnetic field 

strengths. A time split in carrier concentration and interaction energy was observed near a threshold 

current (Jx=0.06), indicating continuous formation and annihilation of vortex-antivortex pairs on 

opposite domain walls. Carrier concentration, energy components and magnetization in superconductor 

layer were studied as a function of applied current in superconductor layer, showing a significant drop 

in carrier concentration after the current pulse along with significant changes in energy components and 

sample magnetizations. This indicates a strong dependence of carrier concentration/resistivity (and 

energy components) on the current pulse, storing its information. This variation in carrier concentration 

was observed systematically for a number of current pulses after which it varied randomly, these 

systematic states for several pulses indicate a possibility of such system to be used as a multibit storage 

device. This type of system can be a possible candidate for superconducting memory devices and 

missing circuit element memristor.  
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Figure 1. Schematic diagram of superconductor-ferromagnet bilayer system (not to scale) with 36 nm 

thick ferromagnetic film periodic in xy-plane, 36 nm thick and 1000 nm wide superconducting stripes 

separated by 60 nm, periodic along the x-axis.  
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Figure 2. Magnetic domain structures (a,b,c,g,h,i) and corresponding vortex (antivortex) geometries 

(d,e,f,j,k,l) of cross-section, for bilayer system under Hext = 0 Oe, 500 Oe, 1000 Oe, 1500 Oe, 1500 Oe, 

2000 Oe and 2500 Oe respectively, size 1000 nm x 1000 nm for both layers and Jx=0, showing strong 

dependence of vortex (antivortex) geometry on magnetic domain structure. 
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Figure 3. Temporal splitting of (a,b,c) interaction energy (Hint) and (d,e,f) carrier concentration (|ψ|2) 

of superconductor layer under reference line (g). temporal splitting of Hint and |ψ|2 observed at 

Jx=0.02,0.04,0.06 and Hext=0 Oe. (Grey vertical lines in plot indicate domain wall position), (g) 

represents the reference red line used for the above plots with arrows indicating the domain wall while 

dot and cross representing outward and inward domain centres. A wide split in time can be clearly 

observed at Jx=0.6 indicating continuous formation/annihilation of vortex-antivortex pairs (i.e. Lorentz 

force overcomes domain wall barrier). 
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Figure 4. Variation of (a) carrier concentration, (b) interaction Energy, (c) magnetic energy, (d) 

superconducting energy and (e) average magnetization of superconducting layer for increasing and 

decreasing parts of current pulse at Hext=0 Oe, 500 Oe, 1000 Oe, showing the dependence of state 

variables in current pulse (values of state variables can be clearly seen to have changed after a current 

pulse). Arrows are time directional.  
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Figure 5. Temporal plots of carrier concentration for successive current pulses, (a) carrier concentration 

variation with current pule and (b) equilibrium states of carrier concentration after each pulse. Several 

carrier concentrations (or resistivity) states were observed before saturation takes place.  

 




