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Multistate memory systems have the ability to store and process more data in the same physical
space as binary memory systems, making them a potential alternative to existing binary memory
systems. In the past, it has been demonstrated that voltage-controlled magnetic anisotropy (VCMA)
based writing is highly energy-efficient compared to other writing methods used in non-volatile nano-
magnetic binary memory systems. In this study, we introduce a new, VCMA-based and skyrmion-
mediated non-volatile ternary memory system using a perpendicular magnetic tunnel junction
(p-MT)) in the presence of room temperature thermal perturbation. We have also shown that ternary
states {- 1, 0, + 1} can be implemented with three magnetoresistance values obtained from a p-MT)J
corresponding to ferromagnetic up, down, and skyrmion state, with 99% switching probability in the
presence of room temperature thermal noise in an energy-efficient way, requiring ~2 fJ energy on

an average for each switching operation. Additionally, we show that our proposed ternary memory
demonstrates an improvement in area and energy by at least 2X and ~ 10*X respectively, compared
to state-of-the-art spin-transfer torque (STT)-based non-volatile magnetic multistate memories.
Furthermore, these three states can be potentially utilized for energy-efficient, high-density
in-memory quantized deep neural network implementation.

In the field of computer technology, CMOS-based two-state memory is widely used. When evaluating memory
systems, key considerations include writing and reading speed, reliability, endurance, non-volatility, high density,
and energy-efficiency’. As CMOS-based two-state memory systems are volatile and are reaching their limits for
high-density implementation, researchers are searching for alternatives. Currently, flash memory is the most
advanced non-volatile option available, however, it has an endurance problem!=%. Other potential options that
are still being researched include resistive random-access-memory (RRAM)*, phase change memory (PCM)°,
magnetoresistive random-access memory (MRAM)®” and ferroelectric random-access memory (FeRAM)®® with
MRAM being the most promising®!°. MRAM devices are made up of nanomagnets, where the "up” and "down"
states typically represent the ‘0" and ‘I’ bits in a p-MTJ as shown in Fig. 1a. There are two main methods to write
these bits, a current-dependent method''~'* and an electric field-dependent method'>~*. The current-dependent
approach typically results in high energy dissipation when switched with STT''2?, The use of spin-orbit torque
(SOT) could potentially improve energy-efficiency; however, it requires a three terminal device geometry'. On
the other hand, electric field-based write approach can be more energy-efficient whether mediated through
strain®'-?’ or voltage control of magnetic anisotropy'”?** or other methods such as electrical switching of polari-
zation coupled to antiferromagnetic state®. In particular, MT]s switched with strain can potentially be scaled
to switch at<1 fJ/bit*" while voltage-controlled magnetic anisotropy-based switching, a type of electric field-
dependent method, requires only a few f]*** of energy per switching operation compared to 100 fJ using STT
switching (a current-dependent method)**. Along with energy-efficiency, high density of RAMs is also desir-
able, so a multi-state approach is more practical. In the past, multistate MRAM has been proposed using STT**
and SOT?, but these methods result in decreased density because they involve connecting MT]Js in parallel or
series. Three-terminal devices like SOT-MRAM require more space, and multibit STT-MRAM requires even
more energy than its two-state counterpart. Therefore, there is a need to implement a multibit memory system
in a single MTJ with two terminals in an energy-efficient way. Furthermore, ternary memory can be of utility
for highly quantized deep neural networks (DNN).

In this study, a VCMA-based and skyrmion-mediated ternary memory system using a single MT] with two
terminals is presented. In addition to the standard "up" and "down" ferromagnetic states of the two-state MRAM
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Figure 1. (a) Schematic of a magnetic tunnel junction with different constituent layers. The heavy-metal layer
adjacent to the free layer creates Dzyaloshinskii-Moriya interaction (DMI) required for hosting skyrmions®*°!,
and the synthetic antiferromagnetic (SAF) layer nullifies the effect of the reference layer on the free layer. (b)
Ferromagnetic up, skyrmion and ferromagnetic down states represent+ 1, ~0, — 1 states, respectively of the
proposed ternary memory.

system, the third state in the proposed ternary memory system is a skyrmion state. In our system, the skyrmion
state exhibits a conductance roughly equal to the average of the highest (“up” ferromagnetic state) and lowest
(“down” ferromagnetic state) conductance values that is discussed in the "Results and discussions" section in
detail. As a result, the skyrmion-mediated memory can be viewed as an almost balanced ternary memory, with
resistance states of + 1 (ferromagnetic up), ~ 0 (skyrmion), and — 1 (ferromagnetic down). Here, we note that the
magnetization of the reference layer is considered to be pinned in the upward direction.

Skyrmions are topologically protected states that offer nanoscale size, high velocity, and low depinning current
density®”~*. These spin textures are usually used in racetrack memory devices***#!, but in this study, we propose
the usage of a skyrmion in a confined structure like the MT]. Our group has theoretically shown that switching
between the ferromagnetic and skyrmion states in the MTJ’s free layer can be done using VCMA at 0 K*?, and
also experimentally shown that skyrmions can be created and annihilated in a thin film using VCMA*. However,
the creation and annihilation of skyrmions at room temperature in a confined structure with VCMA has not
been reported yet. This study theoretically demonstrates that a dense and energy-efficient ternary memory can
be implemented by alternating between the three states (ferromagnetic up, ferromagnetic down, and skyrmion
as shown in Fig. 1b) using VCMA in a patterned 100 nm nanodot in the presence of thermal noise at room
temperature. We have shown in other work that such skyrmion-mediated VCMA-based two-state memory can
be scaled to < 50 nm**** which suggests that this approach also has the potential for scalable ternary memory.

The proposed three state memory system can also be used for implementing neuromorphic computing
devices, particularly as quantized synaptic weights for DNN. The demand for neuromorphic computing is grow-
ing rapidly due to its ability to handle training and inference tasks in energy-limited environments like edge
devices**%. In DNN, the aspect that requires the most time and energy is the vector-matrix multiplication
operation®. In-memory computing offers a more efficient and low-energy solution to this challenge*®. The pre-
viously mentioned non-volatile memory types, such as MRAM**-%2, flash memory®, RRAM>***, and PCM®*>/,
have been also shown to be useful in performing multiply-accumulate operations commonly found in artificial
neural networks®®. Of these, MRAM has been extensively researched for its high endurance, low energy require-
ments for reading and writing, non-volatility, and compatibility with CMOS technology®"*’. Recently, it has been
demonstrated that use of three or five-state domain wall based quantized synaptic weights in DNN can perform
recognition tasks with an accuracy comparable to that of floating-point precision synaptic weight based DNNs
with low energy consumption®'. However, writing multiple states in domain wall-based racetrack devices requires
alot of space. In this study, we also discuss that our proposed three-state memory system, implemented in a two-
terminal MTJ, allows for the potential implementation of quantized synaptic weights with a comparable energy
consumption to domain wall-based DNNs, but with significantly less space requirements.

Results and discussion

There are three different switching operations that are primarily carried out: switching from a ferromagnet
(+1/-1) to a skyrmion state (0), switching from a skyrmion (0) to a ferromagnet state (+ 1/— 1), and switching
from one ferromagnet (+1/- 1) to another (- 1/+1). Here, we note that the reference layer is magnetized in
the upward direction in the p-MT]J. Therefore, the ferromagnetic up and down state has the highest and lowest
conductance, respectively, while the skyrmion state has an intermediate conductance between the highest and
lowest®?, which is nearly half of the combined conductance in the case of skyrmions with equal number of up
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Figure 2. Applied voltage vs time for different switching cases (the magnetization states for different voltage
pulses are shown correspondingly).

and down spins. This allows the execution of all six interconversions needed to implement a three-state memory.
However, as shown in Fig. 2, eight situations occur while performing switching operations.

In case A, switching from ferromagnetic up (+1) to skyrmion state (0) is performed. For performing this
switching operation, the ferromagnetic up state is relaxed for 1 ns and perpendicular magnetic anisotropy
(PMA) energy is reduced from 1.5 to 1.05 MJ/m? in 0.1 ns by applying a+1 V pulse. Here, we note that it has
been previously experimentally observed that positive voltage pulse reduces PMA while negative voltage pulse
increases PMA**%, When the PMA is reduced, the presence of DMI field in the ferromagnetic free layer creates
a skyrmion state of polarity — 1. Here, we note that the skyrmion polarity can be defined as p=[m, (r=e)-m,
(r=0)]/2%. Therefore, skyrmion with boundary (core) pointing down (up) and core (boundary) pointing
up(down) has polarity — 1 (+1). We observe that when the PMA is reduced from the ferromagnetic up state, a
skyrmion of polarity — 1 is created because the boundary spins tilt in the opposite direction from the core spins
and the core spins are in their starting spin orientation. The voltage pulse is applied for 0.3 ns and subsequently
withdrawn in 0.1 ns to restore the initial PMA of 1.5 MJ/m?. We observe that the skyrmion state is stabilized after
the withdrawal of the voltage pulse. Thus, by applying and subsequently withdrawing a+1 V pulse, a skyrmion
state (0) can be created and stabilized starting from a ferromagnetic up state (+ 1).

In case B, we start from a ferromagnetic down state (— 1) and when PMA is reduced in 0.1 ns by applying
a+1V pulse, a skyrmion of polarity + 1 is created. The skyrmion created in this instance has the opposite polarity
of the one created in case A because we start from the opposite ferromagnetic state i.e. the ferromagnetic down
state. Thus, switching from ferromagnetic down to skyrmion state can be accomplished in a single step similar
to case A.

In case C, ferromagnetic up state is switched to ferromagnetic down state. This is a two-step operation.
First, a+1 V pulse is applied to reduce the PMA and create a skyrmion state. The created skyrmion has core
oriented in the upward direction and boundary in the downward direction. When a — 1 V pulse is applied to
increase the PMA from 1.5 to 1.95 MJ/m? in 0.1 ns, the skyrmion annihilates to the ferromagnetic down state
following the skyrmion’s downward oriented boundary spins. This switching is deterministic since ferromagnetic
up state is switched to ferromagnetic down state through an intermediate skyrmion state which has downward
oriented boundary spin and the skyrmion annihilates to ferromagnetic down state following the boundary
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spins’ orientation. We can see from Fig. 2 that the ferromagnetic down state is stable after the PMA is restored
by withdrawing the + 1 V pulse.

Similarly, in case D, ferromagnetic down state is switched to ferromagnetic up state through an intermediate
skyrmion state. In this case, starting from a ferromagnetic down state, an intermediate skyrmion with boundary
spin in the upward direction and core in the downward direction is created by applying+1 V pulse and
subsequently the skyrmion is annihilated to ferromagnetic up state by applying — 1 V pulse. Therefore, writing
—1/+1to+1/-1is a two-step operation where a positive and a negative voltage pulse is applied sequentially.

Writing from skyrmion to ferromagnet can be one step/three step operation. We have seen in case C and
case D that while switching from one ferromagnetic to other ferromagnetic state through an intermediate
skyrmion state, the skyrmion state annihilates to ferromagnetic state following the skyrmion state’s boundary spin
orientation. Writing a desired ferromagnetic state from a skyrmion state can be a one-step or three-step operation
depending on the skyrmion polarity because we can't tell the skyrmion’s polarity from its magnetoresistance
value. For example, if the skyrmion has upward oriented boundary spin then it will annihilate to a ferromagnetic
up state (case E). But, if the desired state is the downward ferromagnetic state then the ferromagnetic up state is
required to be switched by following the similar operations performed in case C and case D.

In case E, we can see that skyrmion with boundary spin in the upward direction can be switched to a
ferromagnetic up state by applying a — 1 V pulse. If the desired state is ferromagnetic down state then a sequential
application of +1 V and — 1 V pulse will switch the ferromagnetic up state to ferromagnetic down state requiring
a three- step operation overall which is shown in case F. If the initial state is a skyrmion state with downward
boundary spin and a ferromagnetic down state needs to be written, then the application of a+ 1 V pulse completes
the switching as shown in case G. If the desired state is ferromagnetic up state then a sequential application
of +1 Vand — 1 V pulse will be required to switch the ferromagnetic down state to ferromagnetic up state as
shown in case H.

We note that for implementing the switching operations, one of the key steps is the creation of a skyrmion,
whether it involves transitioning from a ferromagnetic state to a skyrmion state or switching between two differ-
ent ferromagnetic states. The skyrmion is created following the method in ref®. In this process, when a voltage
pulse is applied, the perpendicular magnetic anisotropy (PMA) is reduced, leading to the creation of a dynamic
skyrmion. This dynamic skyrmion subsequently annihilates, transitioning to the opposite ferromagnetic state
when the pulse is withdrawn. However, in our approach, since skyrmion stabilization is necessary, we choose
such an initial PMA value that when it is reduced, a dynamic skyrmion is created but it remains in that skyr-
mion state when the PMA is restored rather than being annihilated as illustrated in ref®®. For demonstrating the
skyrmion creation method, we started from a ferromagnetic up state for various initial PMA which are stabilized
for 1 ns. Then, a positive voltage pulse is applied which reduces the PMA and creates a dynamic skyrmion state.
We note that the skyrmion state can be realized from topological charge/winding number which is defined as
N:é f (aa—';‘ X "a—m).Tn) dxdy®®. We also note that ferromagnetic and skyrmion states are represented by a topo-
logical charge 0 and ~ 1, respectively. In Fig. 3, we can observe that when the initial PMA is > 1.6 MJ/m’, the
skyrmion annihilates upon the withdrawal of the voltage pulse, transitioning to the opposite ferromagnetic state.
However, when the initial PMA is below that value, the skyrmion is stabilized after the voltage pulse is withdrawn.
Therefore, the created dynamic skyrmion can be trapped in a stable state when the initial PMA is chosen to be
less than a threshold PMA (see Supplementary Information section S1 for the stability of the skyrmion state).
We note that for implementing skyrmion-mediated non-volatile ternary memory, we considered 1.5 MJ/m? as
the initial PMA value.

We ran simulations for 1000 times to study the switching percentage in each of the eight cases in the pres-
ence of room temperature thermal perturbation, and the results are shown in Table 1. On average, switching
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Figure 3. The ferromagnetic up state is stabilized for 1 ns and the initial PMA is reduced in 0.1 ns by applying
positive voltage which is restored after 0.3 ns by withdrawing the voltage pulse (The pulse is shown inset).
Different colors represent the change in topological charge during the application of voltage pulse for various
initial PMA values.
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Case Switching percentage | Write energy (f]) | Read energy (fJ) | Total energy (f])
Case A 98.70 0.337 1.595 1.932

Case B 98.70 0.337 1.192 1.529

Case C 98.80 1.011 1.569 2.58

Case D 99.00 1.011 1.569 2.58

Case E 100 0.337 1.595 1.932

Case F 99.10 1.685 1.192 2.877

Case G 100 0.337 1.192 1.529

Case H 98.9 1.685 1.192 2.877

Table 1. Switching percentage and energy dissipation for performing different switching operations.

occurred in ~ 99% of the cases (see Supplementary Information section S2 for the effect of process variation on
switching percentage).

Energy dissipation

We calculated the energy required for each switching operation considering all of the reading and writing
operations involved. For calculating the energy dissipation, the conductance of the device is obtained by
calculating the conductance of the MTJ-like structure using®”®:

1 + P2cosb;

Gevice = GOZIA% (1)
where P is the spin polarization, and G,=1.1219 mS denotes the conductance when all the spins of the free layer
(FL) and reference layer (RL) of the MTJ are perfectly parallel to each other. We determine G, by considering
the resistance area product of the p-MTJ, RA =7 Qum?*®, and the resistance for the parallel orientation of the
free and fixed layer, Rp=891.27 Q. In Eq. (1), 6; denotes the angle between the magnetization of the ith cell of
the FL and the corresponding cell at the RL. From Eq. (1), we obtain effective resistance (numerical calculations
using the .ovf files from the simulations) of the ferromagnetic up and ferromagnetic down states as 901.765 Q
and 2127 Q, respectively, and the average resistance of the skyrmion state as 1376 Q.

While implementing skyrmion-mediated ternary memory, energy is dissipated during both the reading and
writing processes that involves I,,,/°Ryytye,q and % C vame loss, respectively To read the states, a 600 mV pulse is
applied for 1 ns, while different combinations of read and write pulses are applied to write different states. For
example, in case A, the initial and final states are read as ferromagnetic up state, and the skyrmion state, respec-
tively and the energy dissipated for reading is 0.986 fJ and 0.609 ], respectively, thus the total energy dissipated
for reading is 1.595 f]. To write the skyrmion state, a+ 1 V is applied for 0.5 ns, resulting in 0.337{] of switching
energy. Therefore, operating case A requires a total of 1.932 f] of energy. Table 1 shows the energy required for
switching from one state to another for all eight cases. On average, the energy dissipated in writing the three
states is 2.20 f]. Here, we note that considering the reference layer’s magnetization pinned in the upward direc-
tion, the energy dissipated in reading the individual ferromagnetic up, ferromagnetic down, and skyrmion states
are 0.986 f], 0.583 {], and 0.609 {J, respectively. The read circuit used for calculating the energy dissipated while
reading those states, created following the method illustrated in reference’®, is shown in Fig. 4.

As shown in Fig. 4, the Pre-Charge Sense Amplifier (PCSA) is used to read the values stored in MT] -based
ternary devices’*”2 This reading is based on the difference between the resistance of MTJ;, and R /R s, which is
determined by the magnetization orientation of the free-layer in comparison to that of fixed-layer. The three states
of magnetization of MT],, i.e. parallel, antiparallel, and skyrmion states are read using two reference resistance
i.e. Rs; and R, p, with values as 1.138 kQ and 1.751 kQ, respectively along with two PCSAs. When MTJ,, is in
the parallel state, its resistance is 0.901 kQ which is compared with R, (1.138 kQ). Thus, P2 turns to low and
P1 to high, resulting in OUT, =1 and EN =0, thereby rendering the second PCSA inactive. When the MTJ,, is
the skyrmion state, the resistance value is 1.376 kQ and it is first compared with MT],.q; (1.138kQ). Thus, P2
and P1 turns to high and low, respectively. This leads to OUT, =0 and EN =1 which activates the second PCSA.
Now, the resistance value is compared with R, (1.751 kQ) that turns P3 to low and P4 to high that results in
OUT,=1. When MT]J,, is in antiparallel state having resistance value of 2.101 kQ), compared with R,.;; and R,
P2 turns to high and P1 to low. This results in OUT, =0 and EN =1, activating the second PCSA and that turns
P3 and P4 to high and low, respectively. This further results in OUT,=0 and OUT;=1. In this way, the three
states of the ternary memory can be read using two PCSAs with two reference resistances.

Previously, non-volatile multistate memories (3 or 4 states) were proposed using STT or SOT current,
and these memories were created by arranging the MTJs in series or parallel configurations®>%”*. Therefore,
implementing multistate memories with STT and SOT current requires at least twice the area of our proposed
multistate memory, as shown in Table 2.

To estimate the current required for binary switching from the ferromagnetic upward to the ferromagnetic
downward direction, akin to case C in our proposed ternary memory device, we consider a device structure
similar to that of our proposed VCMA-based skyrmion-mediated ternary memory device. The STT current was
determined using Slonczewski A parameter and Slonczewski secondary STT term € as 1 and 0, respectively'. By
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Figure 4. Schematic diagram of sense amplifier circuit used for reading p-MT] states. Here, P and T represents
terminals and transistors respectively.

Skyrmion-mediated
STT-based two state memory STT-based multistate memory DW-based stochastic multistate ternary memory
Number of terminals 2 2 >4°173 2
Area X 2X7 ~4.5X5 X
Energy ~100 pJ ~200 pJ ~3 1) ~2f]
Table 2. Comparison of different multistate systems.
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Figure 5. Switching time vs current density for ferromagnetic reversal with STT current.

applying STT current pulses of different densities for 5 ns, we observe that a minimum current density of 10'?
A/m? is required for the ferromagnetic reversal, and the corresponding switching time is 1.75 ns, as shown in
Fig. 5. We can also observe in Fig. 5 that with increasing current density, the switching time decreases. However,
considering the minimum current required for implementing binary switching with STT current, the dissipated
energy is 96.2 pJ, which is four orders of magnitude higher than the energy dissipated for implementing similar
switching with VCMA. It is worth noting that in STT/SOT-based multistate memories, two consecutive switching
operations are performed to write a single state, resulting in latency issues’®. Therefore, considering the energy
required for performing a switching operation with STT current in a single MT] with a 100 nm diameter, which
is same as the dimension of our proposed device, writing a state in a multistate STT-MRAM would require ~ 200
pJ of energy. On the other hand, although SOT memories require less energy than STT for an MTJ of similar
diameter” for writing each bit, the requirement of three terminals reduces the density. Thus, our proposed
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ternary memory achieves at least a 2X improvement in footprint and a four order of magnitude improvement
in energy-efficiency compared to STT-based multistate memory.

We note that instead of adopting the two MTTs in series/parallel configuration, as shown in prior studies for
the realization of ternary/multistate memories using STT current, an alternative approach involves the potential
implementation of a skyrmion-mediated STT-current-based ternary memory. Though this alternative approach
would potentially yield a similar device size to that of our proposed ternary memory, but it would require four
orders of magnitude higher energy. Additionally, as the creation of a skyrmion forms a pivotal step in enabling
skyrmion-mediated ternary memory, the process necessitates appropriate pulse shaping—an aspect that falls
beyond the scope of our current study.

With an appropriate choice of material parameters, there is still the possibility of reducing the write error
rate in the proposed ternary memory in the presence of room temperature thermal noise, as demonstrated in
VCMA-based switching in ref***>. However, the proposed three-state memory system, which achieves ~ 99%
switching accuracy, has the potential to be utilized as quantized synaptic weights for DNNs. The previous idea to
use three-state domain wall-based quantized synaptic weights achieved similar levels of accuracy during testing
as floating-point precision synaptic weights®'. However, the implementation of the three states requires a large
racetrack (600 nm x 60 nm)°!, and the use of five terminals reduces the density significantly. Our proposed three-
state memory system, which uses a single two-terminal MTJ, provides a way to implement quantized synaptic
weights that consume similar amounts of energy as domain wall-based DNNs, but with significantly less space
requirement (~ 4.5 times less space for the MTJ alone) as shown in Table 2.

In summary, we showed that a novel skyrmion-mediated ternary memory can be implemented in a p-MTJ in
the presence of room temperature thermal noise. We also showed that our proposed ternary memory achieves at
least a 2X improvement in footprint and a ~ 10* X improvement in energy-efficiency, respectively compared to
STT-based multistate memory. By utilizing energy-efficient VCMA switching mechanism and employing a two-
terminal MTJ device, our proposed memory design allows for the implementation of three distinct states within
a single MT], thereby increasing both the cell density and the density of the peripheral circuit. Previously, it has
also been theoretically shown that skyrmions can be scaled down to ~20 nm in a circular patterned nanodot*,
which could lead to even greater memory density in the future. Furthermore, three state synapses can be built
with comparable energy costs and reduced space requirements (~ 4.5 times less area) compared to domain wall-
based quantized DNNs.

For the experimental realization of voltage-controlled skyrmion-mediated ternary memory, one key step is the
creation of a stable skyrmion and its annihilation with voltage in an MT]. Recently, a couple of experimental works
demonstrated the voltage-controlled creation of a skyrmion in an MT] with CoFeB-based free and fixed layers
and W/Pt-based heavy metal layers adjacent to the free layer, which creates DMI for hosting the skyrmion®*¢!.
Apart from imaging skyrmions in an MTJ, it has been shown that skyrmions can be electrically read®*®!. Building
on these observations, the proposed skyrmion-mediated ternary memory can be experimentally realized.

Methods

We simulate the magnetization dynamics of the free layer of the circular shaped p-MT]Js with a diameter of
100 nm which are discretized into 50 x 50 x 1 cells to observe the switching between three states and evaluate
the switching probability of each switching case. The simulation uses the MuMAX3 program” to solve the
magnetization dynamics based on Landau-Lifshitz-Gilbert-Slonczewski equation that is defined as follows:

o (13 ) [ Byl x (3% T }] + 855 0 x () — B2

ot 1+ a? 1 1+a?
(2)
_ _Jzh
ﬁ o Msed (3)
PA?
€= (@)

(A2 +1) + (A2 — 1)(7.mp)

where a and y denote the Gilbert damping coefficient and gyromagnetic ratio, respectively. 7 indicates the
normalized magnetization vector with components m,, m,, and m_ along x, y, and z direction, respectively, which
is obtained by normalizing the magnetization vector (M) with respect to saturation magnetization (M,). In
Egs. (2) and (3), j, is the current density along the z axis, d is the thickness of the free layer, P is the spin
polarization, n_ﬁ, is the fixed-layer magnetization, the spacer layer is characterized by the Slonczewski A parameter
and e/ is the secondary spin-torque parameter. The circular shaped free layers are divided into grids with

dimensions of 2 nm X2 nm x 1.5 nm, which are much smaller than the exchange length (, / iAA“/}‘Z ). In Eq. (2),
oMg

TS)eﬁr is the effective magnetic field having the following components:

— — — — — —
B eff = B demag + B exchange + Bpm + Banis + B thermal (5)

- —
In Eq. (5), B emag represents the effective field due to demagnetization energy and B ¢xchange denotes the
Heisenberg exchange interaction.
B pu is the effective field due to DMI, which is expressed as follows:
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Saturation magnetization (M) 1.3x10° A/m”®
Exchange stiffness (A,,) 20x 1072 J/m”
DMI 3.0x10 J/m*®
Thickness (d) 1.5nm
Damping coefficient 0.1%

Perpendicular magnetic anisotropy | 1.5 MJ/m3#2

VCMA coefficient 675 {J/Vm®
Spin polarization 0.65%
Oxide thickness 1 nm*

Table 3. Material properties.

— 2D dm, 0m om am
By = (o= == ——— - —2) (6)

where D represents the DMI constant.
The perpendicular anisotropy ( B 44is) is expressed by the following equation:

- 2Ku1 (— —\—
B gnis = (u.m)u (7)
S
where K, and % represent the first order uniaxial anisotropy constant and unit vector in the anisotropy direction
respectively.
The following equation is used to introduce the thermal field:

20{kBT

—
= 7 _ 8
thermal n (5 eP) My AVAL (8)

—
B

where T is the temperature (K), AV is the cell volume, kj is the Boltzmann constant, At is time step and E (step)
is a random vector from a standard normal distribution. Here, we note that the random vector _n) is independent
(uncorrelated) for each of the three Cartesian coordinates and is generated at every time step.

VCMA coefficient is calculated using the following equation®>777;

_ APMA x d
— (V/tmgo)

where APMA is the required modulation of PMA, d is the free layer thickness, V is the applied voltage pulse and
tpgo is the thickness of the oxide layer.

The parameters for Co based magnetic materials are used for the simulation of magnetization dynamics of
the skyrmions that are given in Table 3 (Supplementary Information S1).
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