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ABSTRACT

In the last decade, special attention has been paid to the nucleation and control of the vortex state in magnetic nanostructures, for possible
applications in nonvolatile magnetic random access memories and logic networks. Here, we study bicomponent magnetic nanodisks, in both
single and 2D array arrangements, as potential storage systems where the information unit is represented by vortex chirality (magnetization
rotational direction). We mainly focus on 300 nm diameter disks made of a permalloy lens and an iron crescent, with variable locations of
the permalloy-iron interface. Through an extensive micromagnetic modeling analysis, we demonstrate the possibility of tuning, via the appli-
cation of a magnetic field parallel to the interface, the nucleation of the vortex (always occurring in the permalloy region), its motion up to
the expulsion site, and its chirality. Moreover, we find that the vortex stability is preserved over a wide field range also for strongly packed
disks, due to the reduced effects of interdisk magnetostatic coupling. The main features of the magnetization reversal mechanism are
preserved by reducing the disk diameter up to about 60 nm, making possible their exploitation in concept devices for magnetic encoding and

logic computation.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5110274

The continuous progress in nanolithography techniques has
led to the fabrication of magnetic nanostructures with increasingly
complex patterning and lower dimensions for future applications
in advanced sensor technologies, magnetologic devices, and high
density storage media."” In this framework, the nucleation of the
vortex state in magnetic nanodisks is a topic of intensive research,
due to its possible implementation in data storage and, specifically,
in nonvolatile magnetic random access memories. Two units of
information can be stored in a single nanodisk, exploiting either
vortex polarity (up/down orientation of magnetization in the vortex
core) or chirality (clockwise/counterclockwise rotational direction
of magnetization).3

Despite the technological potentiality of magnetic vortices, the
control of their topological properties still remains a challenging issue."
Different solutions based on broken rotational symmetry were pro-
posed to tailor vortex chirality and possibly polarity, like the use of
asymmetric dots with a flattened edge’” or regular polygonal nano-
magnets with an odd number of sides.”'* Alternatively, “Pac-Man”-
like nanodots can be considered to obtain specific chirality and polar-
ity states without the application of out-of-plane magnetic fields for
setting polarity.'"

Recently, the simultaneous definition of chirality and polarity
was achieved in nanodots with a modulated or tapered thickness, by
simply changing the in-plane applied field direction.'”"” Thickness-
modulated disks in the form of a permalloy lens on top of a disk made
of the same material were also proposed to control the vortex core
location and chirality depending on the magnetostatic interactions
between the two regions.* At the same time, static and dynamic con-
trol of both polarity and chirality was demonstrated for a vortex
confined in a magnetic tunnel junction by using resonant excitation
with an rf current."” Both ac exciting currents, applied in the disk
plane, and weak magnetic field pulses were previously proposed as
low-energy consumption means to drive vortex-core switching.'® "

Broken symmetry can also be achieved by means of bicomponent
disks (made of two magnetic materials); as an example, angle deposi-
tion and lift-off processes were employed to fabricate bicomponent
dots consisting of a crescent of iron and a lens of permalloy.”’ Their
hysteresis loop is characterized by a three-step switching, correspond-
ing to magnetization switching in permalloy lens and to vortex nucle-
ation and expulsion in iron crescent, respectively. This result opens up
the possibility of finely controlling the vortex core position, by simply
varying the relative dimensions of the two magnetic regions.
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In this paper, we investigate bicomponent magnetic nanodisks
with a geometrical configuration similar to the one proposed by
Shimon et al,” to explore the possibility of tuning the chirality and
stability of the vortex, as well as its nucleation and expulsion, by means
of the local shape anisotropies at the two-material interface. The analy-
sis is performed from a micromagnetic numerical point of view, calcu-
lating the static hysteresis loops of disks arranged in both single and
2D array configurations. The latter case is considered to study the
effects of the magnetostatic interactions between disks on vortex
stability.

The simulations are performed by using a parallelized micromag-
netic code designed to solve the Landau-Lifshitz-Gilbert equation in
samples with complex patterning.”’ The code implements a norm-
conserving scheme based on the Cayley transform and classic Heun
method for the magnetization update.”””’ The exchange field is calcu-
lated by means of a finite difference technique for nonstructured
meshes,”* thus allowing the accurate treatment of curvatures without
the imposition of boundary corrections.”” This approach enables us to
avoid staircase approximation, similarly to finite element’® ** and
mimetic finite difference techniques.”” For the 2D arrays, periodic
boundary conditions are introduced on the edges of the array unit
cell.””

The numerical analysis focuses on 20 nm thick disks with diame-
ter d=300nm and composed of two magnetic regions, i.e., a lens of
permalloy (saturation magnetization Mg of 860 kA/m, exchange con-
stant k., of 13 pJ/m, and negligible magnetocrystalline anisotropy) and
a crescent of iron (Mg = 1700 kA/m, k., = 21 pJ/m, and cubic magne-
tocrystalline anisotropy with constant equal to 48 kJ/m?). The reversal
mechanism is studied for different fractions of the two constituents, by
shifting the position of the permalloy-iron interface. In particular, we
vary parameter w, which corresponds to the distance between the
interface and the disk left boundary, from 60 nm to 240 nm [inset of
Fig. 1(a)]. The interface exchange coupling is treated by introducing
a 3nm thick interlayer between the two magnetic regions, with aver-
aged properties (harmonic means of saturation magnetization and
exchange constant values).

To guarantee the accurate reconstruction of the disk curved
boundaries and interface, we use a nonstructured mesh made of hexa-
hedra with an average size of 3.5nm. The equilibrium points along
the hysteresis loops are calculated by fixing damping coefficient o to
0.1. In this way, the convergence to magnetization equilibrium
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FIG. 1. (a) Hysteresis loop descending branches of single homogeneous permalloy
and iron disks, compared to the x-axis loop of a bicomponent disk with w/d = 0.4.
Inset: Schematic of the bicomponent disk composed of a lens of permalloy, with
thickness w, and a crescent of iron. (b) Descending branches of y-axis hysteresis
loops vs w/d. Magnetization is normalized to saturation value.
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configurations is accelerated and, thanks to the Cayley transform
based time-integration scheme, we can use quite large time steps
(500 fs) with no risks of numerical instabilities.”’ The convergence
to an equilibrium point is verified when the maximum value of the
local misalignment between magnetization and the effective field,
IM(r) x Hep(r)|/ME(r), is lower than a predetermined threshold,
here fixed to 10™°.

The single bicomponent disks are characterized by a strong shape
anisotropy, as demonstrated by the differences in the descending
branches of the hysteresis loops calculated for different values of
parameter w along the directions orthogonal (x-axis) and parallel
(y-axis) to the interface. The x-axis loops are similar to the ones of the
homogeneous disks, with two irreversible jumps corresponding to
vortex nucleation and expulsion, connected through a reversible part
dominated by a vortex shift along the vertical direction. At remanence,
a negligible average magnetization is always found [Fig. 1(a)]. As
shown in Fig. 1(b), the y-axis loops are generally characterized by three
irreversible jumps; the magnetization configurations immediately
before and after the jumps are reported in Fig. 2(a) for w/d=0.7. The
first jump (from equilibrium point #A to #B) corresponds to evolution
from the C-state to vortex nucleation in permalloy lens. Between the
first and second irreversible jumps (from #B to #C), the vortex moves
reversibly along the x-axis up to the interface. The second jump (from
#C to #D) is associated with vortex horizontal motion from the inter-
face to a point in the iron crescent. Between the second and third irre-
versible jumps (from #D to #E), the vortex moves reversibly along the
x-axis up to a position closer to the disk right boundary. The third
jump (from #E to #F) corresponds to vortex expulsion, occurring
always in the iron region. When w/d = 0.8, the magnetization reversal
is characterized by only two irreversible jumps, with the second jump
directly associated with evolution from the vortex anchored to the
interface to vortex expulsion; equilibrium points #D and #E are not
present.

As illustrated in Fig. 2(b), for the y-axis loops, the spatial position
u of the vortex at equilibrium points #B, #C, #D, and #E is a function
of parameter w, coinciding with w for point #C. For point #B, there is
a linear dependence on w up to w/d = 0.6, reaching a plateau for larger
values; for point #D, the linear dependence extends up to w/d=0.7,
and for point #E, u is nearly constant, on the order of 0.964. It results
that for the reversal mechanism along the y-axis, it is possible to
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FIG. 2. (a) Equilibrium magnetization configurations along the y-axis hysteresis
loop descending branch [Fig. 1(b)], for w/d=0.7. The color bar represents the
angle, in degrees, between the magnetization vector and the x-axis. (b) Vortex spa-
tial position (uld) vs w/d for the remanence state and equilibrium points #B, #C, #D,
and #E. Parameter u describes the distance of the vortex core from the disk left
boundary.
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FIG. 3. Zeeman, exchange, magnetostatic, and anisotropy (when present) energy
densities vs applied field for (a) permalloy lens and (b) iron crescent, calculated for
wld = 0.7. The energy term evolution is evaluated along the y-axis loop descending
branch.

monitor the vortex position and control both vortex nucleation and
expulsion, which occur in permalloy lens and at the opposite iron
boundary, respectively.

The reason why the vortex nucleates first in permalloy lens and
then evolves with a stepped motion with well-defined positions can be
understood by analyzing the energy density terms vs the applied field,
separately calculated for the two magnetic regions (Fig. 3 for w/d =0.7).
Before the first irreversible jump, the magnetization curls forming a
C-state, which will govern the chirality of the successive vortex. In par-
ticular, the magnetization mainly curls in the permalloy lens and rotates
internally following the interface curvature: this will always lead to a
counterclockwise (CCW) chirality when the field is swept from positive
to negative values and to a clockwise (CW) chirality for the opposite
hysteresis loop branch. The C-state formation is accompanied by a
reduction in magnetostatic energy in the iron crescent and in a slight
increase in the same energy term in the permalloy lens, due to the gen-
eration of magnetic poles along the disk left boundary. Magnetic poles
appear at the interface at the same time (Fig. S1 in the supplementary
material). Vortex nucleation during the first irreversible jump leads to
a strong reduction in magnetostatic energy in permalloy lens, thanks to
the disappearance of the lateral magnetic poles. At the irreversible
jump end (#B), the vortex locates internally to permalloy lens at a posi-
tion that enables us to reduce as much as possible the magnetostatic
volume integral. Magnetostatic energy decreases also in the iron region,
due to the greater curling of magnetization caused by vortex closure.
Finally, the vortex formation is accompanied by a steep increase in
exchange and Zeeman energies in permalloy lens.

Between the first and second irreversible jumps, there is a
weak reduction in magnetostatic energy in permalloy, since the vor-
tex motion toward the interface contributes to a greater alignment
of magnetization with the magnetostatic field. At the end of the sec-
ond irreversible jump (#D), magnetization reversal in permalloy is
completed. This leads to an increment of the relative magnetostatic
energy, since the magnetostatic field and magnetization become
antiparallel, and to a decrease in exchange energy. In the iron cres-
cent, magnetostatic energy increases, compensated by Zeeman
energy reduction, if w/d > 0.5, due to strong vortex compression,
while decreases if w/d <0.5, due to vortex anchorage to a position
that allows the magnetostatic volume integral minimization. At the
same time, there is a rise in exchange energy.

Between the second and third irreversible jumps, magnetostatic
energy increases in both permalloy and iron regions, since with vortex

ARTICLE scitation.org/journal/apl

motion toward the disk right boundary, there is an enlargement of the
areas where magnetization and the magnetostatic field are antiparallel.
At the end of the third irreversible jump (#F), the C-state forms again,
leading to an increment of magnetostatic energy in permalloy lens,
due to magnetic pole generation, and to a reduction in the same
energy term in iron, consequently to a greater magnetization curling.

It is interesting to point out that for disks with exchanged features
(lens in iron and crescent in permalloy), the vortex shows a CW chiral-
ity when the field is swept from positive to negative values and a CCW
chirality for the opposite hysteresis loop branch (schematic in Fig. S2
of the supplementary material). Vortex chirality is driven again by the
previous C-state configuration, which mainly curls in the permalloy
region and follows internally the interface shape (Fig. S3 in the supple-
mentary material). Also in this case, the C-state governs the formation
site of the vortex, which appears always in permalloy and then moves
toward the iron region.

As illustrated in Fig. 1(b), for the disks with permalloy lens and
iron crescent, the shape of the y-axis loops is strongly influenced by
parameter w, whose variation leads to a modulation of the applied field
range between vortex nucleation and expulsion, thus affecting vortex
stability. Possible variations in the magnetization reversal mechanism
can be induced by microstructural defects or material impurities. To
investigate this effect, we perform a set of simulations introducing a
variable number of randomly distributed nanoscale defects, assumed
to be nonmagnetic regions with size Av around 5 nm or 10 nm [some
results are reported in Fig. 4(a) for w/d=0.5]. We observed that the
defects with Av ~ 5nm weakly affect magnetization reversal, with a
slight change in the hysteresis loop shape. In particular, the defects
closest to the disk diameter parallel to the x-axis act as pinning sites
for the vortex, which moves orthogonally to the interface from permal-
loy to iron. This results in the addition of intermediate irreversible
jumps characterized by a small variation in the average magnetization.
Stronger pinning effects with a more appreciable change in loop shape
can be found for highly concentrated 10 nm size defects. In this case,
there is the appearance of several steps along the loop branches, due to
the more probable anchorage of the vortex to multiple sites, as illus-
trated by the magnetization configuration maps in Fig. 4(a). Anyway,
the main features of the reversal mechanism observed in nondefective
disks are preserved, like the control of vortex chirality, the remanence
magnetization configuration, and the vortex displacement from per-
malloy to iron regions. Moreover, the applied field interval between
vortex nucleation and expulsion and the field value at which the
vortex pins at the interface are weakly affected, also for high defect
concentrations.

A detriment of vortex stability may be encountered when arrang-
ing the disks in 2D arrays, as a consequence of the interdisk magneto-
static coupling, which can influence the vortex formation process.’”*
To analyze this effect, we have calculated the y-axis loops of strongly
packed arrays of nondefective disks [inset of Fig. 4(b)], with a spacing s
(distance between boundaries) equal to 30 nm and 50 nm. Some of the
results obtained for s = 30 nm are shown in Fig. 4(b), which reports the
hysteresis loops of 2D arrays of both homogeneous disks and bicompo-
nent disks with w/d=0.5. The simulations are performed under the
assumption of the same vortex chirality-polarity configuration™ for the
interacting disks, due to the use of periodic boundary conditions.

It is worth noting that also for very high density, the loop shape
of bicomponent disk arrays is slightly altered with respect to the single
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FIG. 4. (a) Descending branches of y-axis hysteresis loops of bicomponent disks (w/d = 0.5), with a number Ny of randomly distributed defects (size Av around 5nm or
10 nm). The magnetization maps (Av ~ 10 nm and Ny = 25) illustrate defect pinning role. (b) Influence of magnetostatic coupling on 2D array hysteresis loops, for a spacing
s of 30 nm; the graph compares the results obtained for homogeneous and bicomponent disks with w/d = 0.5. In the loops in (a) and (b), magnetization is normalized to satura-
tion value. (c) Remanence state for highly packed homogeneous disks (s =30 nm) made of permalloy (top) and iron (bottom). The color bar [for maps in (a) and (c)] repre-

sents the angle, in degrees, between the magnetization vector and the x-axis.

disk case, while a significant change is found for homogeneous disks.
For both permalloy and iron disk arrays, vortex nucleation is strongly
delayed and remanence is no more characterized by the vortex config-
uration, but by the S-state, as depicted in Fig. 4(c). The reason is that
for homogeneous disks, the magnetostatic field is more intense and
the stray field lines from a disk cross a large external area, investing an
extended portion of neighboring disks. This leads to a local alteration
of the effective field, with a consequent modification of the energy
landscape in the neighboring disks.

For bicomponent disks, the particular C-state that forms before
vortex nucleation gives rise to a more confined stray field, generated
by the two magnetic poles along the permalloy side boundary. As a
consequence, the stray field produced by a disk invests a smaller por-
tion of the external area, where the other disks are located, resulting in
a weak magnetostatic coupling. The role of the C-state in driving a
stable vortex state can be explained by comparing the magnetostatic
interaction energies along the reversal process of homogeneous and
bicomponent disk arrays (Fig. $4 in the supplementary material). In
particular, a strong reduction in the interaction energy can be observed
in bicomponent disks during the formation of the C-state that antici-
pates vortex nucleation (from saturation to the first irreversible jump).
Moreover, for bicomponent disks, the state with vortex pinned at the
interface leads to a zero magnetostatic coupling.

The dependence of remanent magnetization on parameter w is
shown in Fig. 5(a), which compares the results obtained with single
disks to the ones found for the 2D arrays. When s = 50 nm, the vortex
state is preserved for w/d ranging between 0.2 and 0.7, while this inter-
val reduces to 0.4-0.6 when s= 30 nm. Advantageously, in both these
ranges, the remanent magnetization values are practically coincident
with the ones found for the single disks. The above result is accompa-
nied by a high vortex stability, as demonstrated in Fig. 5(b), which
illustrates the influence of w and s on vortex nucleation and expulsion
fields and on the amplitude AH of the field interval between vortex
nucleation and expulsion. In particular, when w/d=0.4-0.6, the
reduction in s has a moderate effect on AH, which is characterized by

a quite small decrease, i.e., around 25% (20%) for s =30 nm (50 nm).
Overall, for the 2D arrays, the greatest value of AH is obtained with
w/d = 0.4, the condition for which the vortex remanence state is pre-
served also for high packing densities. Additionally, for w/d = 0.8, the
2D array arrangement has a weak influence on the vortex expulsion
field, since the vortex is directly expelled from the interface, resulting
in a low stray field and thus in a small magnetostatic coupling.

Finally, we investigate the possibility of lowering the size of the
bicomponent disks while preserving the main features of the magneti-
zation reversal process, ie., three-step switching, control of vortex
chirality, and high vortex stability. We found that the above properties
can be guaranteed by reducing the diameter up to ~60 nm for a thick-
ness of 20nm (Fig. S5 in the supplementary material). For this size,
the switching mechanism in homogenous permalloy disks is coherent
rotation, while homogenous iron disks present the vortex state.”” The
combination of the two materials gives rise to the three-step switching
as observed in the larger dimension disks. Moreover, for the 60 nm
bicomponent disks with w/d = 0.5, vortex stability is preserved also in
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FIG. 5. (a) Influence of parameter w and interdisk spacing s on the remanent mag-
netization, normalized to saturation value. (b) Influence of w and s on vortex nucle-
ation field Hy,c, vortex expulsion field He,,, and amplitude AH of the field interval
between nucleation and expulsion. The two graphs compare the results obtained
for single disks to the ones of 2D arrays with s equal to 30 and 50 nm. The stripe
patterned rectangles identify the intervals of variation of w where the vortex state is
preserved at remanence.
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highly packed 2D arrays, where spacing s is around 30 nm. All these
results make 60nm size bicomponent disks competitive with the
recently proposed concept devices for encoding or magnetologic
networks based on skyrmions or chiral bobbers.”"”

Regarding the potential application in memories with informa-
tion stored in chirality, the stable vortex state observed at remanence
could be selectively switched by applying localized in-plane magnetic
field pulses and detected by magnetoresistive effects.”'****’ Thanks to
the two-material interface, which permits us to obtain a quasicomplete
flux-closure that minimizes magnetostatic coupling, the bicomponent
disks can be strongly packed together, leading to high storage density.
Another advantage regards the possibility of monitoring the vortex
pinning, depinning, and position inside the disks through the interme-
diate irreversible jump and the associated anchorage to the interface,
useful features for the development of magnetoelectronic devices.

See the supplementary material for maps of the magnetostatic
field in bicomponent disks, vortex chirality as a function of disk struc-
ture, reversal process of disks with iron lens and permalloy crescent,
evolution of magnetostatic interaction energies, and hysteresis loops of
60 nm size disks.
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