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Abstract— A novel thermally assisted skyrmion memory
(TA-SKM) has been proposed and studied for the first time.
Unidirectional current-induced spin transfer torque (STT)
and Joule heating effect are used to induce the magneti-
zation switching between uniform and skyrmion states in
the free layer of a magnetic tunnel junction device. Physics-
based simulations suggest that TA-SKM offers advantages
including unipolar switching feature for cross-pointmemory
integration, better TMR design as compared to STT-MRAM,
and improved operation temperature range as compared to
TA-MRAM.

Index Terms—Skyrmion, thermally assisted magnetic
memory, magnetic tunnel junction, spin transfer torque.

|. INTRODUCTION

PIN transfer torque magnetic random access memory

(STT-MRAM) is among the most promising candidates
of universal memory technologies due to its low operating
power, non-volatility, and compact cell area [1]-[3]. Magnetic
tunnel junction (MTJ), as a ferromagnetic (FM) free layer
(FL)/barrier layer (BL)/FM pinned layer (PL) structure,
is used as the core switch element of an STT-MRAM.
Existing STT approach relies on the polarized charge
current to transfer spin torques to completely flip the FL’s
magnetization. Moreover, thermally assisted (TA) magnetic
switching shows great promise for developing TA-MRAM
[4]-[6] or HAMR [7]-[9] in data storage applications. By
taking advantage of the Joule heating effect (JHE) produced
by current pulse flowing through the MTJ, the FL can be
temporarily heated up to a high temperature thus reducing
the anisotropy for writing with low current density [6].

On the other hand, magnetic skyrmions, stabilized in FM
films contacted with heavy metal (HM), exhibit a non-uniform
magnetization distribution with whirling configuration and
topological property due to the Dzyaloshinskii—-Moriya inter-
action (DMI) existing at FM/HM interface [10]-[15]. Previous
studies have shown that an isolated skyrmion can be generated
by STT with local injection of spin-polarized current into an
FM film [16], [17]. Another approach for skyrmion creation
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and annihilation via localized heating with laser irradiation has
also been proposed [18], [19]. However, creating a skyrmion
using STT-only approach requires quite large current density
(J > 10> MA/cm?), while laser heating approach isincompat-
ible for high density memory integrations.

In this work, through physics-based simulations, we study
the skyrmion creation and annihilation controlled by both
current-induced STT and heating. Unidirectional SET (0 — 1)
and RESET (1 — 0) currents are applied to induce a change
of the magnetic textures back and forth between uniform and
skyrmion states. Therefore, a new kind of memory device is
proposed as thermally assisted skyrmion memory (TA-SKM).

II. DEVICE CONCEPT AND SIMULATION METHODS

Fig. 1a shows the basic TA-SKM structure studied in this
work, which consists of HM layer/FL/BL/PL encapsulated by
thermal barrier (TB) layers and can be fabricated similar to a
TA-MRAM stack. Both FL and PL have perpendicular mag-
netic anisotropy (PMA), while HM layer with strong spin-orbit
coupling generates interfacial DMI to the FL [20]. PL with a
circular shape and smaller than FL is used for local current
injection. TBs are inserted on both sides of the MTJ to increase
the heating efficiency of FL while maintaining the electrical
resistivity of overall stack. Typical metals (e.g. Ta [5]) or metal
nitrides (e.g. TiN, TaN [21]) are best fit for these applications.
Unidirectional currents (/) vertically flowing through the stack
into the FL to create a skyrmion from a uniform FM state via
STT, or increase the FL's temperature (7)) via JHE to erase
the skyrmion back to uniform magnetization state. The MTJ
shows a low resistance state (LRS, “0”) with FL in uniform
state and a high resistance state (HRS, “1”) in skyrmion state,
respectively, for memory application.

Magnetization dynamics in FL are simulated under micro-
magnetic framework using OOMMEF [22] with temperature
module [23] by numerically solving the stochastic Landau-
Lifshitz-Gilbert (LLG) equations as [23], [24]

om om
—— =—yomx (Hegr+Hr) +a(m x E) + you(m x m x p),

ot
(1

where m, ¢, y¢, a, and p are the magnetization, time, gyromag-
netic ratio, damping coefficient, and the unit spin-polarization
vector of the spin current, respectively. Hegr is the effective
field, considering exchange, uniaxial anisotropy, DMI, and
demagnetization. Hr is the Gaussian thermal fluctuation fields.
Last term on the right side represents the STT. The geometrical
and material-related parameters are listed in Table I, based on
Co/Pt multilayer. Since the skyrmion lifetime decreases expo-
nentially with temperature [25], large PMA (K,) and DMI
(D) constant values are selected as compared to commonly
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Fig. 1. (a) Schematics of TA-SKM, consisting of heavy metal (HM)
layer/free layer (FL)/barrier layer/pinned layer (PL) covered by thermal
barriers. HM layer with strong spin-orbit coupling generates interfacial
DMI to the FL. MTJ shows a low resistance state (LRS, 0) with free
layer in uniform state and a high resistance state (HRS, 1) in skyrmion
state. (b) Magnetization distribution of uniform and skyrmion state at
0 K. (c) Time-dependent magnetization of uniform and skyrmion states
and the resistance variation (Rsx — Rp)/Rp at 300 K. Here, m; is the
normalized perpendicular component of magnetization in the FL, and m;
is the average m; in local area of FL below PL.

TABLE |
SIMULATION PARAMETERS

Values
60 x 60 x 1 nm?

Parameters

Free layer dimension
Pinned layer diameter
for local injection of current
Saturation magnetization at RT, My

20 nm
6 x10° A/m (0.75 T)

3
PMA constant at RT, Ky (l.lsli jgp;g/ngm})
Exchange stiffness constant (4.x) 1.5 107" J/m
DMI constant (D) 5.0 X107 J/m?
Damping coefficient 0.3
Polarization 0.72

Simulation mesh size 2 x2x1nm’

used value [17], to enhance the skyrmion thermal stability and
retention at room temperature (RT, 300 K). Saturation magne-
tization (Ms) and K, follow the static temperature effect [26]

M(T) = M(0) - (1 — BT'?) 2)
and
Ku(T)  M(T),
50 ~ o’ ©

where B is Bloch constant estimated to be 6.17 x 107> K—3/2
for Co/Pt multilayer. Note that stray fields exist in FL from PL
[27], which could be reduced by properly designing the syn-
thetic antiferromagnetic stack in MTJ [28] and are neglected
for simplify. The local anisotropy variation caused by FL/BL
interface as well as non-uniform distribution of current and
temperature are neglected in micromagnetic simulation.

The read-out mechanism in FL is through tunneling
magneto-resistance (TMR) effect. The MTJ resistance (R)
depends on the angle () of magnetization moments in PL
and FL, expressed as [29], [30]

1
R=Rp+ E(RAP — Rp)(1 — cosd), (4)

with a linear variation vs. cosf. Generally, with the magne-
tization direction of two FM layers in parallel (8 = 0°) or
antiparallel (6 = 180°), the MTJ exhibits two resistance states
Rp or Rap, respectively. In this work, note that MTJ shows Rp
and Rgsk, with uniform and skyrmion state in FL, respectively
(see inset of Fig. 1b).

During the heating process, the temperature evolution based
on 1D model of heat diffusion [5] can be expressed as

T = Tgr +aPll —exp(—%)] 5)
with a = ZZTTBB -+ and power P = [ 2R, where drp and ktp are
the thickness and the thermal conductivity of TB, respectively,
A is the lateral area of MTJ, and 7 is thermal time constant
of the entire system. Both a and 7 can be tuned by TB
properties (e.g. drg and ktg). Here, we assume a = 105 K/W
and T = 2 ns, which are close to that in a TA-MRAM device
[5]. During natural cooling process, T is expressed as

T = Trr + (To — TrT) 'GXP(—é) (6)

where Tp is the temperature when removing the current.
Continuous temperature evolution is discretized with
At = 0.02/0.2/0.5 ns, included in OOMMEF simulation.

I11. RESULTS AND DISCUSSION
A. Temperature Dependence of Uniform
and Skyrmion State

Fig. 1b shows the perpendicular component of magnetiza-
tion (m) distribution along the skyrmion diameter direction
(x) at 0 K for uniform and skyrmion state. To obtain the
average 6 between FL with skyrmion state and PL, the average
m, (m;) in FL below PL is calculated to be ~—0.3, which
is equal to cosfd when the magnetization in PL keeps upward.
We assume the TMR ratio, (Rap — Rp)/Rp, is 200%, and
then the resistance variation (Rsk — Rp)/Rp is calculated to
be ~130% (by eq. 4). At room temperature, the magnetization
and (Rsg — Rp)/Rp are trembling with time due to the thermal
fluctuation (Fig. 1c).

The magnetization evolutions within 10 ns from uniform
and skyrmion state at different temperature are investigated
as shown in Fig. 2. As temperature increases, uniform state
changes from a single domain to multi domain (Fig. 2a—d)
due to the reduced anisotropy. Regarding the skyrmion state
(Fig. 2e-h), with the temperature and the thermal fluctuation
increasing, skyrmion trembling becomes more intense. At high
temperature (>~360 K), the skyrmion touches the boundary
and then FL also changes to multi domain (Fig. 2g—h). More-
over, when the temperature goes back to RT, FL with multi
domain can return to the single domain (i.e. uniform state)
with increased anisotropy.

B. Operation of TA-SKM

Based on the results above, by heating up and cooling
down, the state transition from skyrmion to uniform can be
realized, denoting as RESET operation. Fig. 3a shows an
example of temperature and magnetization evolutions during
RESET process, induced by heating up FL to ~401 K under
a heat current of / = 0.4 mA (given Rsg ~ 10 kQ, then
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Fig. 2. (a)—(d) Magnetization evolution from uniform state at (a) 320 K,
(b) 340 K, (c) 360 K, (d) 380 K. (e)—(h) Magnetization evolution from
skyrmion state at (e) 320 K, (f) 340 K, (g) 360 K, (h) 380 K. Insets are
the snapshots at the moments indicated by red circles. Here, mz is the
normalized perpendicular component of magnetization in the whole FL.
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Fig. 3. (a)-(c) RESET operation. A RESET current (a) cause the

temperature evolution (b) and the magnetization transition from skyrmion
to uniform state by heating up FL to ~ 401 K(c). (d)—(f) SET operation.
A SET current (d) cause the temperature evolution (e) and the magneti-
zation transition from uniform to skyrmion state via STT (f).

P ~ 1.6 mW) for duration #, = 2.0 ns and then cooling
down to 300 K. On the other hand, the state transition from
uniform to skyrmion, i.e. SET operation, is implemented
by current-induced STT. Fig. 3b shows the temperature and
magnetization evolutions during SET process, induced by a
current of / = 1.0 mA (given Rp ~ 5 kQ, then P ~ 5
mW) for #, = 0.1 ns. Besides, read process is performed at
much lower current within 10 ns; a small temperature increase
(<20 K) is induced and will not cause the disturbance of
skyrmion state.

C. Discussion of TA-SKM Performance

The switching speed of TA-SKM depends on both heating
and cooling time. The natural cooling time is always close
to 37 (~6 ns here) and can be adjusted by device stack
engineering [5]. Heating time is determined by the current
duration required to create and destroy the skyrmion, which is
small as ~0.1 and ~2 ns for SET and RESET process (Fig. 3),
respectively. For skyrmion annihilation during RESET, there
exists a trade-off between the current amplitude and the pulse
duration. Smaller current can be adopted for optimal power
consumption, while larger one for optimal switching speed.

The current density of SET pulse (~3 x 10> MA/cm?) of
TA-SKM is still relatively large at this stage, because the STT-
induced skyrmion nucleation from uniform FM state needs to
overcome a high topological energy barrier. However, this can
be further mitigated by adopting materials with low damping
[17] or by tuning the offset stray filed in FL from the PL
stack [31]. TA-SKM device can be scaled down with the
skyrmion size and the stacked MTJ. The skyrmion diameter is
related to the magnetic parameters, which can be sub-10 nm
theoretically [17], ensuring the scalability of the proposed
device. In addition, the retention of skyrmion state at 300 K
is limited (estimated to be ms level under our parameters).
Therefore, the proposed TA-SKM prefers to the applications
for DRAM or last-level cache (LLC) replacement.

Compared to the STT-MRAM, TA-SKM has similar read
operation to obtain the stored MR state of MTJ. The sensing
margin in TA-SKM is degraded due to the reduced TMR
ratio at the same barrier oxide thickness of MTJ. However,
for STT-MRAM, TMR needs to be large for increasing read
margin, while resistance-area (RA) value needs to be small for
reducing STT write power/voltage. Due to the un-decoupled
read and write paths, TMR and RA are strong trade-offs
in STT-MRAM. By contrast, because the write operation in
TA-SKM now can be assisted by JHE, its reliance on STT is
reduced as compared to STT-MRAM, indicating that higher
TMR or RA design can be used for MTJ in TA-SKM to
increase the read margin. Furthermore, while STT-MRAM
uses bidirectional currents/STT for FL's magnetization switch-
ing, TA-SKM uses only unidirectional currents for skyrmion
creation and annihilation. Unipolar switching in TA-SKM
could potentially simplify the selector device option and circuit
design. One-diode/selector-one-memory (1D/S1M) structure
can be used instead of one-transistor-one-memory (1T1M). For
example, TA-SKM can cooperate with unipolar poly-Si-based
diode with on-current density of 107-108 A/cm? and low off-
current density [32], instead of the more exotic selectors like
Ovonic Threshold Switch [33], for high-density cross-point
memory integrations.

On the other hand, conventional TA-MRAM requires to
increase temperature by more than 200 K during operation,
which risks the degradation of tunnel junctions under heat
current pulses and the disturbance of unselected cells due to
thermal cross-talk at array level. In our proposed TA-SKM,
however, the elevated temperature during operation is about
100 K or less, which is expected to have better reliability for
high-density memories.

IV. CONCLUSION

A novel TA-SKM memory device has been proposed based
on MTJ structure with DMI in FL sandwiched by thermal
barriers. Unidirectional current-induced both STT and JHE
are used to alter the magnetization in FL between skyrmion
and uniform state, thus the switching of the resistance states
between Rsk and Rp. TA-SKM has potential improvements
in TMR design, selector device/circuit options, operation
temperature range, as compared to STT- and TA-MRAMs.
Furthermore, this work paves a new insight for spintronics and
topological magnetism communities by exploiting the thermal
properties and applications of magnetic skyrmion.
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