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ABSTRACT: Spin—orbit torque (SOT) magnetic random access
memory is envisioned as an emerging nonvolatile memory due to
its ultrahigh speed and low power consumption. The field-free
switching scheme in SOT devices is of great interest to both
academia and industry. Here, we propose a novel field-free
deterministic magnetization switching scheme in a regular
magnetic tunnel junction by using two currents sequentially e
f(1)+ly 0 01 02 03 04 05
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Tunn
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passing interlaced paths, with less requirements of the manufactur-
ing process or additional physical effects. The switching is bipolar
since the final magnetization state depends on the combination of
current paths. The functionality and robustness of the proposed scheme are validated through both macrospin and micromagnetic
simulation. The influences of field-like torque and the Dzyaloshinskii—Moriya interaction effect are further researched. Our proposed
scheme shows good scalability and is expected to realize novel digital logic and even computing-in-memory platforms.

pulse width tp2 (ns)

KEYWORDS: spin—orbit torque, field-free switching, Dzyaloshinskii—Moriya interaction, domain-wall motion, micromagnetic simulation

B INTRODUCTION introducing shape anisotropy,”** combining two orthogonal
currents with partially overlapped SOC layers or shape
anisotropy,35’36 coupling two ferromagnetic layers with differ-
ent types of anisotropy,””*® producing a lateral Pt gradient
within the Co layer,® and so forth.*"~*" However, the majority
of these methods bring out special requirements in the
fabrication process or material type of the device. In addition,
although two simultaneously applied AC currents or time-
dependent currents could avoid the use of the magnetic
field,*"** the generation of those currents is a challenge in
practical application.

In this paper, we propose a novel SOT-based technology for
achieving field-free deterministic switching of perpendicular
magnetization. Two DC currents are applied consecutively, as
the second current plays a dominating role in field-free
switching. Compared with the existing methods, our proposal
shows better feasibility. For instance, compared with ref 36,
our scheme could be implemented in the regular circular SOT-
MT]J and the regular-shaped heavy-metal (HM) layer, without
the requirement of the special fabrication process or physical
effects, which also brings the flexible combination of
operational current paths. Furthermore, our proposal leads to

Fast and energy-eflicient switching of the perpendicular
magnetization has attracted intensive research interest since
it directly influences the application potential of spintronic
devices such as magnetic tunnel junction (MTJ)."” Currently,
the spin-transfer torque (STT), as the mainstream technology
in nonvolatile memory, is suffering from the bottlenecks of
speed, energy, and reliability.‘%6 For instance, the intrinsic
incubation delay of the STT limits the speed of magnetization
switching. The charge current for inducing the STT directly
flows through the MT]J and hence easily damages the tunnel
barrier. To overcome these bottlenecks, the emerging spin—
orbit torque (SOT) technology has been proposed and shows
the advantages of higher speed, lower energy, and higher
reliability.7_15 Nonetheless, for achieving the deterministic
switching of perpendicular magnetization, most of the SOT
prototype devices have to be used in conjunction with an
additional magnetic field,'"”"® which blocks the practical
realization of the SOT-based circuits and architectures.
Therefore, the field-free SOT switching scheme is drawing
more and more attention on account of practical applications.
Until now, various methods of field-free SOT-induced
switching have been reported, such as creating a lateral
structural asymmetry via special fabrication process, " tilting Received:  December 31, 2020
the anisotropy,”’ adopting the antiferromagnetic layer with a Accepted:  April 12, 2021
strong SO coupling (SOC),””™ utilizing the spin current Published: April 22, 2021
gradient,”® adjusting the Dzyaloshinskii—Moriya interaction
(DMI) effect”’ ™’ or field-like torque,”® utilizing a circularly
polarized AC current®’ or two time-dependent currents,””
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bipolar switching, which could be naturally applied in the
spintronic memories or computing circuits.

B MODEL AND SIMULATION

The schematic structure of our proposed field-free device is
illustrated in Figure 1. A regular MT]J is utilized, including a

Reference Layer

Free Layer

Heavy Metal Layer
(1) +,

Figure 1. Schematic structure of the studied device, including the free
layer, tunnel barrier, reference layer, and HM layer. The top-left is the
coordinate system.

tunnel barrier sandwiched between two ferromagnetic layers,
that is, free layer (FL) and reference layer (RL), fabricated
above a HM layer. The magnetization of RL is fixed, while the
magnetization of FL can be switched by current-induced SOT
through the HM layer. Our scheme requires two current paths,
that is, +x axis and +y axis, which can be achieved by adding
four pins to the HM layer. In application, the NAND-like
structure, where the multiple MT] cells share the same HM
layer, could be adopted to reduce the average number of pins
of each bit-cell.** The magnetization dynamics of the FL can
be described by a modified Landau—Lifshitz—Gilbert (LLG)
equation“g’50

d—m = - X H + am X d_m + Ty, + 7T
ot = Y."tom eff m ot DL FL (1)
TpL = J SAprm X (6 X m) )
TpL = ]SotzjllFL(o- X m) (3)
n
g=-L
2etpM, (4)

where y is the gyromagnetic ratio. y, refers to the vacuum
permeability. ¢ denotes the polarization vector of the SOT-
induced spin injection. J, is the SOT current density. & is a
device-dependent parameter. Ap; and Ap reflect the
magnitudes of damping-like torque and field-like torque,
respectively. Apy is equivalent to the spin-Hall angle. Other
parameters are listed in Table 1, which are consistent with the
state-of-the-art technologies.

Table 1. Parameters of Simulation>”>' ™53

symbol parameter default value
MT]J area 0.25 X £ X 70 nm X 70 nm
te thickness of FL 0.8 nm
a damping constant 0.3
A exchange constant 1.6 X 107" J/m
K, magnetic anisotropy 8 X 10° J/m?
M saturation magnetization 1.1 X 10° A/m
Ot spin Hall angle 0.3

The combinations of current {+I, +L} and {+I, —L} are
chosen to achieve bipolar switching, as shown in Figure 1. In
this choice, the first current is unidirectional, which helps to
suppress the source degeneration effect of the access transistors
and facilitates the application of diodes, leading to the
reduction of the cell area. It should be noticed that two
simultaneously applied DC SOT currents cannot induce the
field-free deterministic magnetization switching'®'® since the
structure symmetry is not broken. Following is an exemplary
switching process, which can be accomplished in two steps:

Step 1. A charge current in the +y direction (+I,), with
current density ], and pulse width ¢, is applied to the HM
layer, inducing a spin current polarized along the —x direction
according to the spin-Hall effect. Thus, regardless of initial
magnetization, the normalized magnetization vector (m) is
pulled to the —x direction, that is, a metastable in-plane state,
as shown in Figure 2.

Step 2. +I, is removed and subsequently the other current
(+I, or —I,) is applied in the +x or —x direction, with current
density ]y, and pulse width #,,. Starting from the metastable
in-plane state, the magnetization switching could be achieved
through two modes depending on the magnitude of J,. On
the one hand, if ], is large enough, the magnetization first
rotates toward the —z or +z axis under the action of +I or —I
and then returns to the in-plane direction. In this case, the
deterministic switching could be achieved as long as +I,, or —I,
is turned off before the magnetization significantly returns to
the in-plane direction. This mechanism is named mode-I
switching. The typical curves of time-dependent m, and
trajectories of the magnetization vector are shown in Figure
2a—d. On the other hand, if J, is relatively weak, the
magnetization could directly be switched to the —z or +z
direction, even if +I, or —I is not turned off. This mechanism
is named mode-II switching, as shown in Figure 2e,(f.
Hereinafter, the current pulses applied in steps 1 and 2 are
noted as “the first current” and “the second current”,
respectively.

Below, first we will focus on the influences of the current
pulse parameters on the magnetization switching. Afterward,
the robustness of our proposed scheme is studied. Finally,
micromagnetic simulation is performed to reveal more features
of the magnetic dynamics.

B RESULTS AND DISCUSSION

The choice of current paths is not unique since the studied
device has structure symmetry between x and y axes. Table 2
lists the feasible combinations of the current pulses for the
bipolar switching. For instance, either of the currents can be set
as a unidirectional current, benefiting the use of diodes as
access transistors and thus reducing the bit-cell area.
Furthermore, the combinations of {+I, —L} and {-I, +L}
could be chosen, with two unidirectional currents, to write
“+1” and “—1”, respectively. In this case, note that the current
density needs to be adjusted according to the polarity of the
written data. It is observed in Table 2 that when the second
current is in a clockwise (counterclockwise) relationship with
the first current, magnetization will be switched to the —z (+z)
direction. Therefore, in practical applications, the current
combinations could be flexibly chosen, which provides the
potential as logic devices.

Considering the symmetry among the various combinations,
we will only analyze the case of {step 1: +I,; step 2: —L} in this
section and take the —z-to-+z switching process as an example.

https://doi.org/10.1021/acsami.0c23127
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Figure 2. (a,b,e,f) Typical simulation results of time-dependent z-component magnetization (m,) for (a)b) mode-I switching and (e,f) mode-II
switching. (c,d,gh) Trajectories of the magnetization vector for (c,d) mode-I switching and (gh) mode-II switching. In all cases, the first current:
Jeorr = 100 MA/cm?, t,1 = 0.5 ns. The second current in (a—d), Jyn = 30 MA/cm?, ty = 0.5 ns, in (e,f), Jior = 20 MA/cm?, t = 1 ns.

Table 2. Feasible Combinations of Current Pulses

the first current the second current final state of m,

+1, +I, -1
+I, I, +1
-1, +I, +1
-1, —=I, -1
+I,, +I, +1
+I, -1, -1
-1, +I, -1
—I, -1, +1

In addition, as the first current is only responsible for driving
the magnetization to the in-plane direction, we will mainly
discuss the influence of the second current. Macrospin
simulation is performed for the preliminary analysis. Then,
the multidomain dynamics and DMI effect are discussed
through micromagnetic simulation.

Influence of the Second Current. The second current
(=1, in our example) plays a key role in the magnetization
switching. As shown in Figure 2a—d, for mode-I switching, —I,
must be removed at an appropriate time, otherwise the
magnetization vector will be pulled to the in-plane direction
again by the SOT. In order to obtain the optimal pulse width
for mode-I switching, we show the curves of m, and m, during
step 2 in Figure 3a. It is observed that the time corresponding
to the extreme value of m, (m,,,), that is, the optimal pulse
width (t,), can be estimated by the intersection between the
tangent line of m, at the initial time and the time axis. Through

y

this method, the tangent line of m, and the estimated value t,

for mode-I switching could be derived by solving the LLG
equation in a spherical coordinate, as follows

amy _ ]sot2§950t
- T 2
O=n/2,y=x 1+a (5)
1+a*
t= ————
Jo26Bhot (6)

Figure 3b presents the results of the theoretically estimated
t, (solid line) and simulated t, (points) in mode-I switching,
where the accuracy is improved as current density increases.
Furthermore, eq 6 correctly describes the parameter depend-
ence of t, on J,,, and @, as shown in Figures 3b and SI. In

20765
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Figure 3. (a) Time evolution of m, and m, under the action of —I, in
step 2. (b) Theoretically estimated f, and simulated ¢, in Mode-I
switching as a function of J,,. Influence of (c) & and (d) ], on the
magnetization switching in step 2 without withdrawing the current.
(¢) Joor = 55 MA/cm? and (d) a = 0.3.

addition to the positive correlation effect on t,, a larger a can
improve the reliability of mode-I switching, as shown in Figure
3c. A higher a could cause the larger m, ., in the curve of m, for
mode-I switching, which can be reflected by the initial slope of
m,, estimated by

()mz a]s ot2 gesot

2
6t 90=ﬂ/2,(/)0=71 1+ a (7)

As mentioned above, the second current density (J.,,) has a
dramatic effect on the process of magnetization switching. For
the mode-II switching, the second current is so weak that it
cannot pull the magnetization back into the plane again, and
the magnetization will directly approach the +z axis, shown as
the dotted lines in Figure 3d. For the mode-I switching, the
curve of m,, caused by the second current, shows an extreme
value, shown as solid lines in Figure 3d. In this case, the J
dependence of the m, curve could be described by the above

https://doi.org/10.1021/acsami.0c23127
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eqs 6 and 7. The critical current density for the boundary
between two modes is defined as J.. Suppose the boundary
state, where the value of m,, is close to that of & and the dm,/
Ot = 0; thus, the estimated J. is calculated as

_ ayluo 1- azHeff
¢ N (8)

where d; = 1.1 is a fitting factor. Numerical simulations
demonstrate that this fitting factor fluctuates little with the
changes of magnetic parameters, as shown in Figure S2.

According to the mathematical meaning, for mode-I
switching, the product of eqs 6 and 7 is m,,,, numerically
equals a. This conclusion is in good agreement with Figure 3c.
Nevertheless, there still exists deviation between the values of
M, and @, as can be seen from Figure 3c. This deviation could
be minimized, while the applied current density is set to J.. In
fact, m,, is also related to the current density, as shown in
Figure 3d. In mode-I switching, the larger second current tends
to drive the magnetization back into the plane quickly and thus
the smaller m, ..

Thermal Robustness. Furthermore, the thermal fluctua-
tion at room temperature, that is, 300 K, is taken into
consideration to evaluate the robustness of the proposed
scheme. The method is described in eq S1. When the first
current density is set to an appropriate value, the magnet-
ization can be driven into the plane, in the presence of thermal
disturbance, as shown in Figure S3. Afterward, we focus on the
influences of the second pulse width, the second current
density, and field-like torque.

Second Current Density and Pulse Width. Simulation
results in Figure 4 illustrate the switching probability as a

100

0.1 02 03 04 05 00 0.1 02 03 04 05
pulse width tp2 (ns) pulse width tp2 (ns)

(@) (b)

Figure 4. Switching probability in the down-to-up process as a
function of the second current density and the second pulse width.
(a) @ = 03 and (b) @ = 0.5. Dotted lines correspond to critical
current density values in eq 8, with d, = 1.1.

function of current density and pulse width of the second
current at various damping constants. As expected, a current
window for the robust switching (probability is close to 1)
could be seen from both figures. This window could be well
explained by the above analysis. The excessively small current,
for example, 1 MA/cm?, induces an insufficient torque which
fails to drive the magnetization switching. The excessively large
current tends to pull the magnetization to the metastable in-
plane direction and deteriorates the robustness. The current
window for the robust switching could be enlarged by
increasing the damping constant since a larger damping
constant leads to a larger m,.. It is observed that the
theoretically estimated ¢, in eq 6 is well included in the
switching window in Figure 4. Through simulation, both
switching modes allow the time overlap of two current pulses,

showing good feasibility in the circuit-level application. In
applications, the existing design of circuits, for instance, self-
terminate circuits, could be applied to improve the switching
reliability at room temperature. Relevant results are shown in
Figures S4—S6.

Besides, referring to eq 6 and Figure 4, the energy
consumption caused by the second current is estimated to
be 7.7 and 8.9 f] when « is 0.3 and 0.5, respectively. The total
energy consumption is around 80 {] after considering the first
current (assume a 1 V power supply, Jio; = 100 MA/cm?, and
ty = 0.5 ns). Therefore, the energy consumption of our
proposal is comparable to the existing SOT switching schemes.

Field-like Torque. In this subsection, the influence of field-
like torque on the magnetization switching is discussed. First,
the magnetization behaviors with field-like torque at zero
temperature are illustrated in Figure 5a,c. Then, the simulation
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Figure 5. (a,c) Time-dependent m, at 0 K with various field-like
torques and second current densities. (b,d) Switching probability as a
function of the second current density and pulse width at 300 K. (b)
dpn/ Ao = =0.5. (d) Ap/Apy, = 0.5. In (a,b), Jor = 100 MA/cm? In
(¢d), Joou = 120 MA/cm?.

results under thermal disturbance at 300 K are shown in Figure
5b,d. We found that mode-II switching could still occur in the
presence of nonzero field-like torque, shown as the violet lines
in Figure Sa,c. Below, we focus on the case of mode-I
switching.

A negative field-like torque could cause the precession of m,
around the plane at zero temperature, shown as the red line in
Figure Sa. Thus, the deterministic magnetization switching
could be completed if the pulse width is set to an appropriate
value. This inference is validated by Figure Sb, which shows
the results of switching probability at room temperature. A
window of pulse width for the robust switching is clearly seen.
In addition, another window of pulse width for zero-probability
switching is also seen, which is consistent with the precession
behaviors shown in Figure Sa.

A positive field-like torque could decrease m, ., and even
reverse the polarity of magnetization switching (see Figure Sc).
As to the switching probability at 300 K, referring to Figure 5d,
a successful switching means final —z magnetization since the
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Figure 6. (a) Snapshots of tlme dependent micromagnetic configurations for mode-I switching (Ji, = 35 MA/cm?, ty = 0.5 ns) and mode-II
switching (Jyop = 20 MA/cm?, ¢ 2 = 1.5 ns). (b) Critical value of the second current for two modes as a function of the MT]J diameter, with the
thickness of the HM layer, ti5 = 2 nm. (c) Snapshots of magnetization during unipolar DMI induced switching.”” DMI magnitude: D = 0.5 mJ/m?,
t,1 = 2 ns. (d) Bipolar DMI-induced switching utilizing our proposal. J,, = 30 MA/ cm?, t2 = 0.5 ns.

polarity of magnetization switching is reversed in the case of
relatively large field-like torque. The reverse of the polarity
means choosing the combination of current paths with the
reverse relationship in Table 2. Compared with Figure 4a, the
current window for robust switching in Figure Sd is greatly
expanded; however, the switching probability in Figure 5d is
smaller because of the decrease of m,,.

Micromagnetic Simulation. Micromagnetic simulation
was performed with the Object Oriented MicroMagnetic
Framework™ to reveal more details about the magnetization
switching. The method is presented in eq S2. The mesh size is
set to 2 nm X 2 nm X 0.8 nm. Typical results are shown in
Figure 6a, where it can be seen that the magnetization
switching is completed through the multidomain dynamics. All
cases of switching are illustrated in Figures S7 and S8. Both
mode-I and mode-II switching are achieved in the micro-
magnetic simulation. In both modes, the magnetic domains are
configured to be at a balance state ((m,) = 0) at the end of the
first current, while the second current is responsible for the
deterministic switching. In mode-I switching, each magnet-
ization will move to the +z direction under the damping torque
after withdrawing the current. In mode-II switching, the
domain biased toward the +z polarity will occupy the whole
film under the action of the second current.

Critical Current in Microsimulation. Figure 6b depicts the
micromagnetic simulation results of the critical second current
between two modes versus the MT] diameter. As the MT]
diameter decreases, the reduction in current and energy
consumption show the potential for continuous scaling. By
properly setting the fitting factor d; in eq 8, the theoretical
value of the critical current is generally in agreement with the
micromagnetic simulation results. Nevertheless, for @ = 0.3, the
deviation occurs when the MT]J diameter is larger, which might
be attributed to the transformation from uniform switching to
domain-governed switching.
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DMI Effect. Recently, it was demonstrated that the
combination of the DMI effect and SOT could lead to field-
free magnetization switching.27_29’55 The corresponding
simulation results are shown in Figure 6¢c, where the current-
induced SOT drives the domain wall across the midline, hence
achieving deterministic switching in the presence of the DMI
effect. However, the switching is unipolar, which might not be
beneficial to the real circuit-level application since a read-
before-write operation is required. In addition, the available
operation window of current density for the deterministic
switching is limited.

Our scheme could lead to bipolar switching even in the
presence of the DMI effect, as shown in Figure 6d. The reason
is that the direction of domain-wall motion depends on the
polarity of the second current. Furthermore, our scheme
relaxes the limit of the operation window of the first current
since the final state is determined by the second current rather
than the first current. Concerning both cases in Figure 6d, the
domain walls are driven across the midline under the action of
the second current, leading to deterministic switching.

B CONCLUSIONS

We have proposed a novel scheme of field-free deterministic
magnetization switching by utilizing interlaced SOT currents
in a regular circular MTJ. Depending on the magnitude of the
current density, two modes of bipolar switching were
identified. The influences of key parameters on the magnet-
ization switching were discussed through both macrospin and
micromagnetic simulation. Theoretical models were deduced
and showed good agreement with the simulation results.
Compared with the existing field-free SOT scheme, our
proposal could be implemented with a regular SOT-MT]J
device, without the need for a special process or physical
effects, showing great application potential in nonvolatile
memory and logic computing.
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