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Superconductors and ferromagnets are highly non-compatible materials due to the natures of their respective electronic
states. But when artificially brought together, they develop interesting characteristics, one of which, vortex clustering, is
discussed here in this paper. Phase-field and micromagnetic simulations are performed to investigate the superconductor
and ferromagnet bilayer, respectively. The ferromagnet with uniaxial anisotropy is observed to develop the maze domain,
whereas the superconductor subjected to the influence of the ferromagnetic stray field displays a vortex pattern. Clustered
vortices in superconductors at certain locations are observed to be precisely located over magnetic domain bifurcations.
The enhanced out-of-plane stray field at bifurcations around the curved domain walls and the convergent Lorentz force due
to screening currents in superconductor are attributed to the formation of clusters at bifurcation sites. Segregation of the
inter-vortex spacing between straight and bifurcated domain is clearly observed. More importantly, inter-vortex spacing is

predicted to serve as a precise tool to map local ferromagnet domain shapes.

Keywords: superconductor—ferromagnet bilayer, vortex pinning, vortex clustering, bifurcated domains
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1. Introduction

Most of the superconducting applications are based on
the fact that superconductor possesses a high current density,
while the presence of dynamic vortices is more likely to be one
of the reasons for energy losses.!!! Therefore, during the past
decades, much effort has been devoted to better understand-
ing vortex pinning inside type-II superconductors.>**! Com-
pared with defects or other types of pinning centers induced
by normal metal or insulator inclusions (e.g., Refs. [4-7]),
magnetic pinning centers, including nanorod/dot array, tem-
plates, domain walls, microloops, efc.,>! have proven to
be much more promising. More importantly, magnetic pin-
ning of superconducting vortices has led to some very inter-
esting effects including magnetostatic interactions,!%! vor-

12-15] domain wall superconductivity,!'%!”) and

tex clustering, |
proximity effects,[!] as well as potential applications of super-
conducting memories and memristors.'! In high-x (where &
is the ratio of London penetration depth and coherence length
of superconductor) superconductor—ferromagnet multilayered
structures, attractive vortex—antivortex and repulsive vortex—
vortex (and antivortex—antivortex) interactions have led the
chains and clusters of vortices to form.[!31819] Vortex clusters
have been observed in non-uniform magnetic field distribu-

tions by locally confining magnetic arrangements, controlled

DOI: 10.1088/1674-1056/abb22c

by geometric structure of ferromagnet layer, e.g., magnetic dot
arrays or voids in ferromagnet layer. [20-2%]

In the present study, a magnetostatically coupled super-
conductor—ferromagnet (SF) bilayer with a thin buffer layer
to prohibit electrical contact between both layers, is simu-
lated by micromagnetic simulation using Landau-Lifshitz—
Gilbert (LLG) equation for ferromagnets (FM) coupled with
the phase-field model using Ginzburg—Landau (GL) equation
for superconductors (SC). The FM domain structure is ob-
served to develop in stripe or maze arrangement, with local
domain bifurcations. Vortices in the SC layer are observed to
be arranged following the FM domain template. Interestingly,
vortex clusters are observed at FM domain bifurcations with
a wider inter-domain wall spacing, which can be attributed to
the locally enhanced out-of-plane stray field and a converged
Lorentz force induced by the screening current at bifurcation
locations. This research will provide a better understanding
of the local pinning of SC vortices in the SF bilayer in par-
ticular and maze/stripe-shaped magnetic field arrangements in
general, along with a prediction of the vortex clustering and
the inter-vortex spacing to be a tool for mapping local mag-
netic domain pattern. The results presented in this paper can
have important implications in the future development of SC
vortex-based devices.
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2. Numerical methods

Coupled LLG equations for FM layer and GL model for
SC layer were solved by utilizing in-house developed code.
To determine the equilibrium domain structure, the micromag-
netic simulations were used, which are based on the dynamic

evolution of time-dependent LLG equation?*?*! given below:
om o
szmeHefffﬁmX(mxHeff), (1)
S

where m is the normalized magnetization given as m =
M /M, with M = M (my,my,m;) being the magnetization
vector with the components m,, my, m; along three coordinate
axes; 7, 04y, and M are the gyromagnetic ratio, damping coef-
ficient, and saturation magnetization, respectively; Hes is the
effective magnetic field.

On the other hand, to study magnetic structure and vortex
arrangements in type-II superconductors, a phase-field model
was used. Time-dependent GL equations were developed by
Gorkov and Eliashberg, [*! and our starting point was the ver-
sion of equations cited from Refs. [26,27]. Gibbs free energy
of SC sample with SC order parameter y and magnetic vector
potential A is given as

1

m
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where 7 is plank’s constant, m and e are effective mass and
charge of the charge carriers, o and 8 are phenomenological
parameters depending on external factors. A more detailed de-
scription of LLG and GL formulism is given in supplementary
materials.

3. Results and discussion

The SC and FM layers, separated by a thin insulating
buffer layer with a thickness of & are simulated for the case of
working temperature of 6 K (T /T, = 0.645). The schematic
diagram of the bilayer system is shown in Fig. 1. For sim-
plicity, the elemental niobium (Nb) is chosen to be represen-
tative of SC family while CoFe,Oy4 is chosen to represent FM
family for its extensive industrial use in recording and stor-
age media. Both layers are chosen to be 36-nm thick, which
corresponds to 3¢ of SC layer, thin enough for the stray field
to penetrate uniformly and thick enough to avoid being domi-
nated by any surface effects. A 2000 nmx2000 nm FM layer
is simulated with the periodic boundary condition with an
800 nmx800 nm SC island-type structure over it (shape of
actual structure is shown as Fig. S1 in Supplementary mate-
rials). For simplicity, only that 800 nmx800 nm part of FM
layer, which is under SC layer and whose stray field influences
the SC layer, is discussed. The calculations are performed by

using a home-made code for solving three-dimensional cou-
pled GL and LLG equations for superconductivity and ferro-
magnetism, respectively. The values of constants used in the
present work are listed in the supplementary materials.

superconductor
layer (Nb)

36 nm

12 nmt I

36 nm i"
800 nm

ferromagnet
layer (CoFe;Oy)

Fig. 1. Schematic diagram of 36-nm-thick SC and FM layers, with 12-
nm-thick insulating buffer layer in between to prevent electrical contact
in this SF bilayer system.

The FM layer is solved with initial random magnetic dis-
tribution with out-of-plane anisotropy, whereas, SC layer was
simulated from a completely SC sample (i.e., |y| = 1) and
zero magnetic vector potential (A = 0). The SC, under the
stray field generated by FM, is relaxed to minimize Gibbs free
energy, and then a steady-state vortex pattern is achieved. Un-
der the magnetic stray field generated by the FM domain struc-
ture, the vortices (and anti-vortices) (VAV) appear from the
boundaries and magnetic domain walls and are rearranged in
the domain centers, indicating that the VAV arrangement is
strongly dependent on magnetic field patterns.

Figure 2(a) shows the equilibrium FM domain pattern,
where red and blue regions indicate positive (perpendicular
outward) and negative (perpendicular inward) stripe/maze do-
main structures in the absence of an external magnetic field,
respectively. Figure 2(b) displays the carrier concentration
plot of corresponding SC under the stray field generated by
FM layer, showing the formation and arrangement of vortices.
The vortices can be seen to be aligned with FM domain struc-
ture. The SC layer over such a magnetic template develops
V-AV pairs above the domain wall and is arranged at the po-
sitions of the domain centers due to the position-dependent
Lorentz force generated by screening currents in SC layer
above the magnetic domains, minimizing the interaction en-
ergy between SC and FM layers. Due to a vortex—vortex (and
antivortex—antivortex) repulsion (due to non-favoring super-
current loops) these vortices attain a steady-state with some
inter-vortex spacing, depending on the equilibrium of interac-
tion energy (between SC and FM) and free energy of SC layer.
Generally, in a flat SC with a uniform magnetic field, vortices
are arranged in a hexagonal structure. However, in the case of
the magnetic field generated by striped domains, a chainlike
distribution of vortices is observed as shown in Fig. 2(b).
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(FM) (SC)

Fig. 2. (a) FM domain pattern with [(c)-(e)] highlighted straight and [(f)—
(h)] bifurcated domain regions, with red color representing positive (out
of surface) and blue denoting negative (into the plane) domains; (b) corre-
sponding vortex pattern in SC layer with [(c)—(e)] highlighted vortex pattern
over straight and [(f)—(h)] vortex pattern over bifurcated FM domains. These
highlighted parts are straight FM domain pattern with [(c)—(e)] correspond-
ing (non-clustered) SC vortex pattern and [(f)—(h)] bifurcated FM domains
with (clustered) vortex pattern.

The FM domain structure evolved into striped shape with
several straight domains is highlighted in the left panels of
Figs. 2(c)-2(e), and several bifurcated domains are highlighted
in the left panels of Figs. 2(f)-2(h). In the meantime, the corre-
sponding vortex structure is shown alongside the FM domain
structure (i.e., the right panel of Figs. 2(c)-2(h)). The vortex
clusters are observed in the regions of FM domain bifurcations
(Figs. 2(f)-2(h)) compared with the regions above the straight
(non-bifurcated) FM domains (Figs. 2(c)-2(e)). These bifur-
cations provide the enhanced magnetic field in the bifurcation
centers compared with the non-bifurcated regions because of
larger separation between bifurcation center and neighboring
domain center, resulting in the formation of magnetic field
pits, which conduces to vortex clustering. These clusters form
due to local stray field enhancement, resulting in a reduced
inter-vortex repulsion, which can also be attributed to the local
variation of Lorentz force caused by screening currents. The
local enhancement of the width of bifurcated domains can be
seen in Figs. 2(f)-2(h), compared with the width of straight do-
mains in Figs. 2(c)-2(e). The presence of an in-plane compo-
nent of magnetization at (and in the close vicinity of) domain
wall (as there is no out-of-plane magnetization) follows the do-
main wall curvature in bifurcation region, which is shown by
black arrows in Figs. 3(a) and 3(b)) for both straight and bifur-
cated domains. This flux when reaching the bifurcation region

is enhanced due to the in-plane flux from three sides (shown
in Fig. 3(b)) and eventually expelled out of the surface in the
form of outofplane flux in the bifurcation centers. This field
adds to the stray field at the bifurcation region, resulting in the
generation of local magnetization pits and thereby enhancing
local stray field experienced by SC layer.

Fig. 3. Sketch showing in-plane magnetizations over the domain walls in
FM layer. (a) Straight FM domains and (b) bifurcated striped domains,
showing locally enhanced stray field at bifurcation locations resulting in vor-
tex clustering in SC layer.

The vortex structure under the stray field generated by
FM clearly shows the formation of vortex clusters correspond-
ing to FM domain bifurcations in Figs. 2(f)-2(h). The Lorentz
force at the domain walls, induced by screening currents (as
shown in supplementary Fig. S2) and as explained in Fig. 3,
drives the vortices away from the domain walls, resulting in
a straight-line arrangement of vortices over domain centers,
which can be seen in Fig. 2(b). The Lorentz force experi-
enced by each vortex is uniform along the straight domain
walls, resulting in vortex arrangements under their inter-vortex
repulsive force generated by supercurrent loops around vor-
tices, which, as a result, appear as uniformly spaced vortices,
while in the regions of magnetic domain bifurcations, con-
verged Lorentz force results in vortex confinement in the form
of clusters. This clustering segregation can be seen in the
straight domain wall inter-vortex spacing (IVS) and bifurcated
domains IVS in Fig. 4, where carrier concentration is plot-
ted as a function of IVS and the center of the first vortex is
taken as the reference point. Curves a, b, and c in Fig. 4 rep-
resent straight-walled domains and corresponding vortex ar-
rangement shown in Figs. 2(c)-2(e), respectively; and curves
d, e, and f in Fig. 4 denote the domain bifurcations and clus-
tering shown in Figs. 2(f)-2(h), respectively. The IVS is ob-
served to be precisely dependent on the FM domain structure
and reduces about 24% in its value from a mean value (taken
from a sample of 9 pairs) of 1.11A for straight domain walls to
0.845A for cluster region with a variance of 0.124. Interest-
ingly, SC penetration depth (A1) can define a barrier between
clustered and non-clustered vortices (at B, = k/2) as follows:
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<A,

IVS|BZ:K/2 = >

According to the definition from Eq. (3), it becomes very sim-
ple to predict the shape of FM domains under the SC by look-
ing at the IVS value in that particular region, and vice versa.
The complete dataset is included in the supplementary materi-
als.
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Fig. 4. Segregation of SC vortex clustering with normal vortex spacing un-
der bifurcated and normal FM domain structure. Inter-vortex spacing can be
seen to have significant segregation for clustered and non-clustered vortices.

4. Conclusions

A superconductor—ferromagnet bilayer is simulated by
using the Ginzburg—Landau equation for superconductors and
Landau-Lifshitz—Gilbert equation for ferromagnets, respec-
tively. Vortices are observed to be arranged over the domain
centers having uniform spacing over straight domain walls,
while they are observed to form clusters, with the inter vortex
spacing significantly decreasing (by ~ 24% in this case) due
to locally enhanced stray field and convergent Lorentz force
from screening currents. These bifurcations are observed to
be random defects in ferromagnets acting as local vortex pin-
ning sites in the superconductor in its vicinity. This clustering
affects vortex mobility in superconductors and, in general, en-
hances the overall efficiency of superconductor—ferromagnet
bilayer applications in superconductor—ferromagnet bilayer
memories and sensors, and others.

clustered vortices, bifurcated domains,

3

non-clustered vortices, straight domains.
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