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Anatomy of the Dynamics of the Nucleation of Skyrmions in
Nanodots via the Voltage-Controlled Magnetic Anisotropy
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and Paolo Perna*

1. Introduction

Electric fields can be employed to efficiently manipulate spin textures in

low-dimensional magnetic systems. In this work, the field-free formation of
magnetic skyrmions in ferromagnetic-based patterned nanodots with
perpendicular magnetic anisotropy and Dzyaloshinskii-Moriya interaction via
the voltage-controlled magnetic anisotropy is studied. By micromagnetic
simulations it is demonstrated that by reducing the magnetic anisotropy via
an electric voltage pulse with adequate intensity and raise and decay times, it
is possible to achieve 100% skyrmion nucleation probability through an
intermediate magnetic vortex. The nucleation path is investigated in a
Graphene/Co/Pt nanodot varying Co thickness, temperature, and applied
field. A complete nucleation/annihilation process via bipolar voltage pulses is
also possible enabling the realization of a writing/deleting logic device. The
results reveal the relevance of following a quasi-equilibrium magnetization
dynamical path and elucidates the relevance of the absolute stability of the
magnetic skyrmion state against other possible magnetic configurations.
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Magnetic skyrmions!"?l are nanometer-
size chiral spin textures that hold
promise for next-generation elec-
tronics, novel architectures for in-
memory processing, neuromorphic- and
reservoir-computing.>®  The benefits
of skyrmions arise from their specific
stable topologically non-trivial mag-
netic configuration that can be secured
by the interplay of different energetic
contributions.”. Among them, perpen-
dicular magnetic anisotropy (PMA)
confers to magnetic skyrmions a large
stability against thermal fluctuations,
whereas Dzyaloshinskii-Moriya interac-
tion (DMI) induces the chiral character.
Both contributions originate from the
spin-orbit coupling (SOC)!®! due to the
orbital hybridization and the breaking
of the spatial symmetry at the interfaces.[>!%] Besides, the special
closed-shape configuration of skyrmions determine their topo-
logical protection,[®1-13] conferring robustness against magnetic
field and/or defects. This is due to the fact that the evolution of a
magnetic skyrmion toward other magnetic configurations is en-
ergetically not favorable. The stability of the nucleated skyrmions
and the minimum energy paths (energy barriers) leading to their
collapse, both in continuous and confined systems, and con-
sidering pinning due to material defects, have been explored
elsewhere.[1*17]

The successful development of skyrmionic devices re-
quires the engineering of heterostructures whose properties
are designed to ensure easy nucleation and stabilization of
skyrmions.”?#21 The nucleation of skyrmions is usually
achieved by employing external magnetic fields, electric currents,
short or ultra-short light pulses, or by exploiting geometrical
constraints.[?!-2*] However, the drawbacks of these methods lie
in possible overheating, complexity of miniaturization or lack
of scalability. In the contrary, the ability to control the magnetic
properties through the application of electric fields represents
a significant advantage in terms of energy consumption, pro-
cessing speed and architectural design. For these reasons, the
interest on the electric-field-induced manipulation of magnetism
has experienced a boost in the last decade within the scientific
community.>28] This is mostly due to the advances obtained
in the preparation of heterostructures combining materials
with different properties, as magnetoelectric (ME), piezoelectric,
ferroelectric, multiferroic, or even 2D materials.[29-32]
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In general, by subjecting a magnetic system to an external
electric field it is possible to modify its magnetic properties as
saturation magnetization, intra- and inter-layer exchange cou-
pling, magnetic damping, etc.[?®! However, a detailed and accu-
rate description of the whole set of mechanisms lying behind
ME effects is far from being completed. Different experimental
and theoretical works report a linear variation of PMA and DMI
by using electric field-induced ion migration, orbital modifica-
tion, and magnetostriction.!**3¢) Other works report on the use
of electric fields to nucleate, stabilize and manipulate magnetic
skyrmions, 37~ with the added benefits of an easy implementa-
tion of scalable and low-energy-consuming magneto-electric de-
vices.

In the present work, by micromagnetic simulations, we in-
vestigate the magnetization dynamics during the nucleation of
magnetic skyrmions in magnetic nanodots via field-free voltage-
controlled magnetic anisotropy (VCMA). Our simulations high-
light the relevance of following a close-to-equilibrium magneti-
zation dynamical path for the nucleation of a stable magnetic
skyrmion achieved through an intermediate magnetic vortex
state. The skyrmion nucleation path is investigated as a func-
tion of the system’s parameters and of the protocol used (volt-
age raise and drop-off time). Skyrmion annihilation is also ob-
tained demonstrating the possibility to realize reversible writ-
ing/deleting processes.

2. Results and Discussion

We have studied the dynamics of the nucleation of magnetic
skyrmions in nanodots under the application of an external
electric field in epitaxial Graphene (Gr)/ferromagnetic system
that shows enhanced PMA and sizebale DMI, both of inter-
facial origin®2#2*3! and tunable by orbital hybridization.[*] In
this system it has been previously demonstrated that magnetic
skyrmions with a mixed Bloch—Néel chirality can be stabilized
aided by the geometrical confinement imposed by the borders of
the dot.[*]

Here, we focus on Gr/Co/Pt with Co thicknesses of t-, = 18, 19,
20, and 21 monolayers (ML), i.e., close to the spin reorientation
transition from perpendicular to in-plane magnetic anisotropy,
to maximize the efficiency of the magnetic domain nucleation
process.[“l Besides, we exploit the geometrical confinement in
patterned nanodots with a diameter of 256 nm to stabilize iso-
lated small magnetic skyrmions.*"] In fact, in previous studies
we demonstrated that magnetic skyrmions are stabilized due to
the confinement imposed by the border of the dot in the same
multilayered structurel® = or by the direct interaction with other
coexisting skyrmions in a skyrmion lattice.[*!

For the application of an electric voltage, we exploit a ferro-
electric layer of Zr-doped HfO, grown on top of the Gr/Co that
provides high electrical polarization.3?! The sketch of the struc-
ture and the geometry for the application of the electric voltage is
depicted in Figure 1a.

Our protocol for the nucleation of skyrmions under applied
electric field is based on the electric-field-induced modification
of the energetic landscape in nanosecond timescale dividing the
ferromagnetic and the skyrmionic state. During this time the mi-
cromagnetic parameters (such as anisotropy) are changing the
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way the energy barrier becomes zero and the system dynamically
goes to the new state. This is different from the evaluation of the
reversal path via the energy barriers, e.g., using the nudged elas-
tic band method(*-163848] which searches for the saddle point in
the energy landscape, maintaining the micromagnetic parame-
ters constant.

The considered nucleation protocol (illustrated in Figure 1b)
consists of an initial state which is relaxed from a saturated mag-
netic state having its magnetization pointing upward along the
OOP direction. We assume that due to the effect of the electric
field, the anisotropy of the system is reduced toward a stable value
K. Following the reduction of the anisotropy, the system evolves
toward an intermediate magnetic vortex. When the electric field
is removed, the anisotropy of the system is recovered and a final
magnetic skyrmion is nucleated.

For a given set of magnetic properties (including the thickness-
dependent PMA with interfacial origin) the probability to obtain
the intermediate vortex and the final skyrmion are studied based
on the anisotropy reduction (K;,/K?) and the rising (At,,.) and
falling (Atg,) times of the applied external voltage pulse. For
the given shape of the temporal profile of the electric field E(f)
seen in Figure 1c the reduction of the magnetic anisotropy is
given by K.g(E(t); tc,) = Keg(E = 05 tc,) + ﬁf—MAE(t). Here, the ex-
perimentally accessible parameter fpy,4 defines the modification
of the magnetic anisotropy energy in terms of the applied elec-
tric field. A detailed description of the computational method is
presented in the Micromagnetic model section.

Simulations carried out at T = 0 K reveal that for sufficiently
long rising and falling voltage times, the system evolves from the
initial relaxed states toward an intermediate magnetic vortex hav-
ing its core pointing parallel to the initial magnetization (called
here parallel-vortex or P-Vortex state). From this intermediate P-
vortex state, and considering the most adiabatic path in which
the system is allowed to stabilize following slow variations of the
anisotropy, a final magnetic skyrmion arises. In this adiabatic
process, the system always shows axisymmetric magnetic config-
urations that are the most stable configurations at given reduced
anisotropy (energetic study in Section S5, Supporting Informa-
tion).

In order to reach the intermediate P-vortex state the topological
charge acquires the value Q = 0.5 (orange region in Figure 2a).
The latter feature allows to identify for each dot thickness the
minimum reduction of the anisotropy (K};/K),,;, necessary for
reaching the intermediate P-Vortex state. We note that Q can as-
sume values even larger than 0.5. This is due to the spins placed
at the border of the dot that are canted with an OOP component
with an opposite sign to that of the core of the vortex. Thus, at
(K5 /KD),ie the time-inversion symmetry is broken and if the
anisotropy of the system is recovered the system never evolves
toward the initial relaxed state. We can observe that the required
reduction of the anisotropy for obtaining the intermediate vortex
state is lower for thicker dots (e.g., (K3/KY),,;, = 0.87 for t, =
21 ML and (K}, /KD),, = 0.83 for t, = 18 ML). This is due to the
proximity to the spin-reorientation-transition which is thickness-
dependent. As we are interested in the qualitative description of
the nucleation path from now on we present the results corre-
sponding to a 30% reduction of the anisotropy of the system un-
der the effect of a constant electric field (i.e., K},/K}, = 0.7).
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Figure 1. Overview of the nucleation process under the effect of an electric field a) Scheme of the multilayer structure for VCMA and functioning
configuration. b) Zoom of magnetic configurations in (c). c) The electric field (blue line) is defined by its rising At,;.. and falling Aty times. The effect of
the electric field is introduced as a proportional response of the effective anisotropy of the system (red line) reaching a value K7 = 0.7K° . The nucleation

eff’

protocol consists of an initial saturated state (top configuration in b) that evolves toward an intermediate vortex state (middle in b) and then toward a

final magnetic skyrmions (bottom in b).

In the following, we study first the probability of reaching the
intermediate P-Vortex state from the initial relaxed state and then
from this intermediate P-Vortex state toward the final magnetic
skyrmion at room temperature (i.e. T= 300 K).

We start with a nanodot having its magnetization oriented up-
ward along the OOP direction (white magnetic dot in bottom-left
box in Figure 1). The initial relaxed state is obtained by integrat-
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ing the stochastic Landau-Lifshitz—Gilbert (LLG) equation at a
given temperature during 5 ns. Depending on the Co thickness,
this initial state may be a saturated or a quasi-vortex state.[*’] (see
relaxed states (RS) in Figure 1c).

The electric voltage pulse with a rising time of At ;. is then ap-
plied in the structure along the OOP direction and the anisotropy
drop drives the magnetic configuration to in plane. At this point
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Figure 2. Voltage-induced nucleation of intermediate magnetic vortex a)
Topological charge of the most stable state depending on the reduction of
the anisotropy KU/K,(‘)J and on t¢,. The dashed line represents the critical
reduction of the anisotropy at which the system is not able to return to the
initial saturated state. b) Transition probability toward the intermediate
P-vortex state as function of t, and At,,.

(i.e., Ky = K{) we found that in the presence of thermal fluc-
tuations the system can show three different magnetic states,
namely uniform, vortex with the core antiparallel to the initial
state (AP-Vortex) and vortex with the core parallel to the ini-
tial state (P-Vortex) (see Intermediate States in Figure 1c). In
Figure 2b we show the probabilities of obtaining an intermedi-
ate P-Vortex state from the initial saturated state for At; =0, 1,
2,5, and 10 ns upon a 30% reduction of the anisotropy. Due to
the stochastic nature of thermal fluctuations, these results were
averaged over ten different sets of simulations. We can clearly
observe that in all cases, the 100% nucleation probability is ob-
tained for the longest pulse (At = 10 ns; purple bars). As de-
scribed previously, by reducing slowly the anisotropy of the sys-
tem, the magnetization tends to go in-plane displaying an ax-
isymmetric configuration during the transition. On the contrary,
if the anisotropy is reduced too fast, more vortices might be nu-
cleated in the dot resulting in complex magnetization dynamics
including (anti)vortex-(anti)vortex interactions and (anti)vortices
gyrotropic motion which can cause the appearance of AP-Vortex
and quasi-uniform states (illustrated in the bottom panel boxes
in Figure 1c).

Starting from the intermediate P-Vortex state, which has been
stabilized at the reduced anisotropy K (tc,) = 0.7KY (), we then
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study the transition toward the final states. To do so, the electri-
cal voltage is removed during different falling times Atg; = 0,
1, 2,5, 10, and 20 ns, and the anisotropy recovers linearly to the
initial value.

Through a careful inspection of the magnetization dynamics
during this process, we can identify two dynamical stages. At first,
the recovery of the OOP orientation of the spins takes place at
the core of the dot and border. As this stage starts from a P-vortex
state, in the center of the dot a magnetic domain pointing parallel
to the initial magnetization is expanded outward. At the same
time, spins placed at the border of the dot start to realign pointing
most of them antiparallel to the domain at the core. However, due
to thermal fluctuations some of the spins placed at the border
may flip pointing parallel to the core domain. Thus we found that
the system can evolve showing an axisymmetric (that is, the most
stable) or a non-axisymmetric magnetic configuration (Figure 3).
In both cases, during the spin-reorientation, the magnetization
dynamics consists in the outward expansion of the core domain
and the inward expansion along the radial direction of parallel or
antiparallel magnetic domains starting from the border.

Once the expansion of the OOP magnetic domain has taken
place spin-up and spin-down magnetic domains will meet and
a magnetic domain wall (DW) appears. During the second dy-
namic stage the DW changes its shape and curvature so that
the magnetic magnetic domains placed at the border can be ex-
panded not only in the radial direction but also creep along the
border. If the system follows the axially-symmetric path during
the first dynamic stage, then the final state is a P-skyrmion. How-
ever, P-skyrmion can be also obtained from a non-axisymmetric
configuration through the expansion, during the DW dynamics
stage, of the antiparallel magnetic domain along the border of
the dot.

In the situation in which the system shows a non-
axisymmetric magnetic configuration during the spin-
reorientation and it is not able to transit to a closed structure
during the DW dynamics the system reaches a final stripe do-
main (SD) state. Here, the final curvature of the DW separating
spin-up and spin-down states is dependent on the thickness
of the dot. We can classify three resulting SD configurations:
straight DW for t-, = 18, 19 ML, horse-shoe shaped DW for 20
ML, and skyrmion for 21 ML, as seen in Figure 3.

At room temperature (RT), the probability to nucleate P-
skyrmions PS4 as function of At and t, is shown in Figure 4a.
Once again, for adiabatic transitions computed at T = 0 K and
for sufficiently large falling times of the voltage pulse Ay, the
system always shows an axisymmetric magnetic configuration
leading toward a final magnetic skyrmion. However, due to ther-
mal fluctuations at RT some spins placed at the border flip and
are aligned pointing parallel to the core promoting the growth of
the non-axisymmetric magnetic configurations. In these situa-
tions, the probability of nucleating magnetic skyrmions depends
exclusively on the transition probability from non-axisymmetric
toward the axisymmetric magnetic configuration.

The influence of temperature on the final results has been
studied considering low temperatures (i.e., T=10 K) and RT (i.e.,
T = 300 K) (see the detailed description in Sections S1 and S2,
Supporting Information). The role of thermally activated tran-
sitions is highlighted through the energetic study of the final
magnetic configurations (Figure 4b) that reveals that magnetic
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Figure 3. Anatomy of the dynamics of skyrmion nucleation. Possible transitions from the intermediate P-Vortex state (beige background) toward the
final states (light green background) represented by stripe domains (SD) or skyrmions (Sk). During the transition, the system can follow a dynamical
path represented by pure axisymmetric configurations (dark blue background) or non-axysimmetric configurations (light blue background). In the latter
case, there is a certain probability to jump toward an axisymmetric configuration leading to a final skyrmionic state. Note that final SD states show

domain walls with different curvature depending on the dot thickness (tc,).

skyrmions are the most stable configuration of the system for
thicknesses above ts, > 20 ML. Thus, at RT, thermal fluctua-
tions are large enough to overcome energy barriers dividing non-
axisymmetric and axisymmetric configurations and, as a result,
the system always reach the stable skyrmionic state.

For thinner dots (i.e., t-, < 20 ML) we must remark that, al-
though magnetic skyrmion is not the most stable state, during
the recovery of the anisotropy, axisymmetric magnetic configu-
rations are more stable than non-axisymmetric ones (energetic
study in Section S5, Supporting Information). Thus, the nucle-
ation probability increases for longer falling times of the volt-
age pulse At as the system has more time to transit to an ax-
isymmetric magnetic configuration during the recovery of the
anisotropy. The fact that we have never observed an axisymmetric
magnetic configuration being broken into a non- axisymmetric
one allow us to infer that the energy barriers surrounding the ax-
isymmetric configurations are large enough to impede thermally
activated transitions toward a final SD state in all cases even at RT.

In summary, for sufficiently slow processes and low temper-
atures, the most probable path for the nucleation of skyrmions
is an adiabatic (at T = 0 K) and quasi-adiabatic (T > 0 K) paths,
corresponding to axisymmetric configurations. At T= 300 K, and
for any i, the probability of the axisymmetric magnetic config-
urations its almost zero and the nucleation of P-skyrmion de-
pends on thermally activated transitions to the most stable state
(Figure S4, Supporting Information). At T > 0 K, the nucle-
ation of P-Skyrmion is achieved either through a (axisymmet-
ric) quasi-adiabatic path, or through a (non-axisymmetric) non-
adiabatic path plus a thermally activated transition to a quasi-
adiabatic regime.
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Note that, although the application of an external voltage pulse
modifies also the DMI of the system,[*>3¢ we have not observed
any effect on the nucleation probabilities (Section S3, Supporting
Information).

Our results were obtained considering epitaxial Zr-doped
HfO, / Gr/Co/Pt with high-quality interfaces(*?! and low level
of disorder. However, since the skyrmion formation is obtained
from the domain walls dynamics, the existence of pinning cen-
ters, as defects, can modify the nucleation process.[*"] Defects
are introduced in our simulation by modulating the anisotropy
through a normal distribution with different intensities and di-
rections over the dot (see Micromagnetic Model Section). While
for the cases of t,, = 18, 19 ML the introduction of defects
strongly reduces the nucleation probabilities, for the cases of
thicker films (i.e., t, = 20 ML), since the skyrmionic state is
more stable than the stripe domain state, the nucleation prob-
ability does not seem to be affected. However, it will take a longer
time to overcome the pinning barrier and reach the skyrmionic
state. See Section S6 (Supporting Information) for details.

Finally, we have studied the effect of the application of a weak
external magnetic field of B.,, = —5 mT pointing antiparallel to
the initial magnetization of the system (i.e., pointing downward).
We observe that the external magnetic field favors the growth of
the outer magnetic domain pointing antiparallel to the core of
the dot. This leads the system toward an axisymmetric magne-
tization configuration so the nucleation of final P-Skyrmion is
achieved for all Co thicknesses, temperatures and for At > 1 ns.
(The complete study of the nucleation process under the effect of
the external field is presented in Section S4 Supporting Informa-
tion). Moreover, the application of such external magnetic field
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Figure 4. Voltage-induced nucleation of skyrmion a) Skyrmion nucleation
probabilities at T = 300 K as function of t, and Atg,. b) Energetic study
of the final states in terms of the dot thickness tc,. The energy of final
magnetic configurations that can be reached after the application of the
voltage pulse (Stripe domain red circles and Magnetic skyrmion blue tri-
angles) are contrasted to that of the saturated states (black squares). The
skyrmionic state becomes the most stable state for thicknesses above t¢,
> 20 ML (See inset).

is enough to overcome the pinning, so that we always observe a
final magnetic skyrmion at any considered thickness and in the
presence of disorder.

We must note that although the presence of the external mag-
netic field modifies the energetic landscape of the system, the
magnetic skyrmion state is not the most stable configuration for
thicknesses below ¢, < 20 ML (Figure S8, Supporting Informa-
tion). This result reveals that the 100% nucleation probability is
achieved due to the promotion of the growth of the outer do-
main pointing antiparallel to the the core and not because the
skyrmions are the most stable state of the system. Also, the pres-
ence of the external field does not prevent the system to reach
the intermediate P-Vortex state (Figure S7, Supporting Informa-
tion). On the contrary, the presence of the external field implies
a smaller reduction of the anisotropy required to reach the vortex
state. Besides, the topological charge does not show any modi-
fication induced by a reduction of DMI for any t., (Figure S6,
Supporting Information). From a practical point of view, such a
small external magnetic field can be incorporated into the system
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through a bias field layer!>®! simplifying notably the architecture
of the device.

Finally, we study the possibility of skyrmion annihilation via
VCMA. In analogy to the voltage-driven anisotropy reduction em-
ployed during the nucleation process, we have simulated the ef-
fect of an anisotropy enhancement of 30% of its initial value due
to an opposite external voltage pulse. As seen in Figure 5, while
lowering anisotropy produces an increase in skyrmion diameter,
an increase in anisotropy favors the reduction of the skyrmion
diameter.['”] Therefore, the skyrmion reduces its size until its an-
nihilation, and the final magnetic state of the dot is a uniform
saturated magnetization with its vector pointing antiparallel to
the initial state. Then, we can apply a second electric field pulse
to reduce the anisotropy and nucleate a new skyrmion with the
magnetization in the core now aligned in the opposite direction.
In this way, we demonstrate the possibility to write and delete
skyrmions with the desired chirality in nanodots.

3. Conclusion

In summary, we have investigated the dynamics of field-free
nucleation of skyrmions in ferromagnetic-based patterned nan-
odots with PMA and DMI via VCMA. We have examined in detail
the skyrmion nucleation probability and its dynamical paths as a
function of anisotropy reduction and the characteristic rising and
falling times of the voltage pulse. The study has been applied to
the case of Gr/Co(ts, /Pt structures in which the orbital hybridiza-
tion affecting the magnetic interfacial interaction can be achieved
by applying an external OOP electric field. It is important to note
that the use of patterned nanodots, which have revealed them-
selves as suitable platforms to stabilize magnetic skyrmions due
to the geometrical confinement, play a major role in the consid-
ered nucleation process due to its specific axial symmetry.

We find that the most probable dynamical path for the nucle-
ation of a magnetic skyrmion is through an intermediate vor-
tex state, which corresponds to an axisymmetric configuration.
We observe that in adiabatic (T = 0 K) and quasi-adiabatic (T
= 10 K) paths, the skyrmion nucleation probability is enhanced
when considering sufficiently slow variations of the VCMA. At
higher temperature (T = 300 K) we do not observe adiabatic tran-
sitions toward final magnetic states and the skyrmion nucleation
is instead driven by thermally activated processes. In order to
force the system to follow a quasi-adiabatic path, a small external
magnetic field pointing antiparallel to the initial magnetization
of the system can be employed. Finally, we also demonstrated
the possibility to obtain a complete nucleation/annihilation pro-
cess via bipolar voltage pulses, enabling the realization of a writ-
ing/deleting logic device.

Our results reveal the importance of close-to-equilibrium
magnetization dynamic path and provide hence the conditions
needed to efficiently nucleate and annihilate magnetic skyrmions
in nanodots for their implementation in novel spintronics archi-
tectures for the next-generation electronics. Interestingly, our re-
sults also demonstrate the possibility of tuning specific set of dot
thicknesses and voltage pulse duration in which the skyrmion
nucleation probability is close to 50%. Such a result is of great in-
terest for the design of devices with probabilistic computation ca-
pabilities.

© 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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Figure 5. Writing/deleting skyrmion in dot by VCMA. From a saturated magnetization state (+M) (a) the skyrmion, with its core aligned to the initial
magnetization, is nucleated through the application of a voltage pulse (positive) (b) that reduced the magnetic anisotropy of the dot. This process is
achieved through the formation of an intermediate magnetic vortex state (as indicated in panel a). The skyrmion can be then annihilated by applying
an opposite voltage pulse that increases the anisotropy of the dot and hence shrinks the skyrmion size. A final uniform state is obtained with opposite
magnetization (-M). A second pulse will then reduce the anisotropy and nucleate a new skyrmion with the magnetization in the core now aligned in the
opposite direction. The anisotropy and topological charge versus time is shown in panel b.

4. Micromagnetic Model

Micromagnetic simulations were carried out using the MuMax?
computational code.[1*2] Dynamic studies were conducted by in-
tegrating the stochastic LLG equation:

om 1 S = . S =
o = g 0 X B+ (il x (i x Byg) M)

in which the considered effective field contains the Zeeman

(ﬁZee), magnetostatic (ﬁdemag), symmetric Heisenberg exchange

Adv. Physics Res. 2025, 4, 2400107 2400107 (7 of 10)

(B.,.1), anisotropic (B, ), anti-symmetric Dzyaloshinskii-Moriya

exchange (Bp,,) and thermal (B,,,.):
Beff = BZee + Bdemag + Bexch + Banis + BDMI + Btherm (2)
Energetic studies were conducted by considering the mini-

mization of the micromagnetic energy of the system being de-
fined as:

1 L =
€= _EMSatm ' Beff (3)

© 2024 The Author(s). Advanced Physics Research published by Wiley-VCH GmbH
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were Mg, is the saturation magnetization of the sample.

Following different theoretical and experimental reports, we
consider a linear relationship of the effective magnetic anisotropy
of the system K4 with the electric field E(t)

Kl EO) o) = Kol E = 03 + - SR E() 4

e
Co

Where fpya is the so-called VCMA parameter and the effec-
tive anisotropy K. contains the information on the uniaxial
anisotropy of the system K, and the shape anisotropy K, =
%”OMgat' Assuming that the electric field do not affect the mag-
netization saturation, the electric-field pulse E(t) is introduced in
the model by using the following expression for the implemented

definition of the uniaxial anisotropy of the system:

KL fe) = K (E =051, + S E() (5)

Co

Where the thickness dependence is directly obtained by assum-
ing the interfacial character of the PMA, thus:

Gr/Co Co/ Pt
K + K

) s
K (E = 0;tc,) = - T Ky (6)
Co
where K;; 7€ and K™ are the interfacial magnetic anisotropies

of the Gr/Co and Co/Pt interfaces respectively, and Ky, is the
magnetic anisotropy of the cobalt volume.

It is worth noting that in this model it is possible to introduce
an electric field affecting exclusively the Gr/Co (top) layer of the
sample by assigning to the different regions of the sample the
following definitions:

KSGY/CO(E(t)) = KsGV/CO(E =0) + Boma E(t)

KE/P (E(t) = KE/™(E = 0) )

Ryoi(E()) = Kyo(E = 0)

Note that in the latter equations, the defined interfacial
anisotropies are defined as surface energy densities, however, in
the micromagnetic code the magnetic anisotropies are defined
as volume energy densities. Both definitions are related by the
thickness of a monolayer of cobalt which is chosen to be At =
0.2 nm. As in the case of the effective magnetic anisotropy of the
system, we introduce the effect of the voltage pulse in the model
by considering a linear relationship of the Dzyaloshinskii-Moriya
Interaction with the electric field

D (E(t); tco) = Deg(E = 05 tco) + Bomi E(t) (8)

Note that given the dimensions of the effective DMI (surface
energy density) the voltage-controlled effective DMI parameter
Bom 1o longer needs to be divided by the cobalt thickness. Also,
if we consider the interfacial character of the DMI

Atg,

Deff — (DSGr/Co + Dgo/Pt)

©)

tCo
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Table 1. Table T Micromagnetic parameters used in the simulations.

Parameter Value Ref.
Ma 1.4 MA™! 1451
Acich 24pjm™! ®l
« 0.3 (53]
K (E=0) 8.232 MJ m~3 a
K™ (E=0) 2.743 M) m~3 (451
KSe (E = 0) 0.728 M) m~3 (45
DS (£=0) ~141mm2 (43
D&/ (E=0) 4417 m)m2 (451

S

being At., = 0.2nm the thickness of a monolayer of cobalt, then
it is possible to assign the effect of the electric field in the model
by defining:
2
DS(E®M) = DY'(E = 0) + 1~ oin (1)
At (10)

D™ (E() = D""(E = 0)

In Table 1 we show the values used in the simulations for the
magnetic anisotropies and the rest of the magnetic definitions.

The system has been modeled considering a N, X N, X N,
= 128 x 128 x 1 mesh grid. The lateral sizes of each cell be-
ing d, = d, = 2nm and d, = t.,. When introducing temperature
in micromagnetic simulations, thermal magnons with the capa-
bility to induce variations in the magnetic configurations have

an associated decay length A, = ‘/%’ with the thermal
! 0 Ms i

2aky T . . .
field Hy, = {/ ——=2——.[*%] Considering the micromagnetic
}’ﬂo]\/fsdxdydzAt

parameters used in our simulations and assuming a time step At
= 1x10 1 s, which is larger than the usual adaptative time step
(At gypiaive < 5 X10 71 5), the estimated thermal exchange length
at RT (i.e., T =300 K) is A, 4, = 70.05 nm, which is almost two
orders of magnitude larger than the unit cell size.

The disorder was introduced by defining 256 regions with dif-
ferent anisotropies. Particularly, the polar 6, and azimuthal ¢,
angles of the uniaxial anisotropy axis were defined randomly
in between [0 <0y < 1°] and [0 <dy < 360°]. The intensity of
the uniaxial anisotropy was obtained by multiplying the uniaxial
anisotropy times a factor extracted from a normal random dis-
tribution centered in 1 and with ¢ = 0.025. This leads to a nor-
mal random distribution in which 98% of the regions have an
anisotropy in between 0.95K?, and KJ.
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