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Abstract Spintronic devices based on spin orbit torques (SOT) exhibit advantages in low power consump-
tion, high speed, reconfigurability, and high endurance, which offers the prospect of in-memory computing
based on spin logic devices. By designing a local spin current gradient, the magnetization can be switched
deterministically by asymmetric spin currents without external magnetic field using micromagnetic simu-
lations, where an additional out of plane effective field can be generated by the spin gradient. Through
capping half of the Pt/Co/Pt SOT devices with Pt strip, we demonstrate the field-free deterministic current-
induced magnetization switching experimentally. Finally, we design AND, NAND, OR, and NOR Boolean
logic gates based on these devices, which could be used as building blocks for programmable and stateful
logic operations.
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1 Introduction

Recently, the rapidly growing demands for low power consumption, in-memory computing, and highly
efficient devices have been fueled by an unprecedented surge in information processing, artificial intel-
ligence, portable and energy-aware applications. Spintronic device based on spin torque is one of the
best candidates [1,2]. Currently, the magnetic random access memory (MRAM) based on spin-transfer
torque (STT) technology has been commercialized [3], where the spin polarized currents tunnel through
the barrier layer, and then transfer the angular momentum to the magnetic free layer, resulting in the
magnetization switching [4,5]. However, the writing speed, power consumption, and endurance of the
STT-MRAM still need to be improved. Compared with STT, the spin orbit torque (SOT) could switch
the magnetization faster with lower power consumption [6-9]. What is more, the in-plane current in-
duced magnetization switching by SOT does not need to pass through the barrier layer, which can
significantly improve the endurance of the device. The typical structure of SOT-induced magnetization
switching consists of a strong spin-orbit coupling (SOC) layer and a ferromagnet layer [10-12], where the
SOT is induced by spin Hall effect [12,13] in the SOC layer and/or Rashba effect from the interfacial
inversion [10,11] asymmetry.

Spin logic based on the SOT has expressed the potential in in-memory computing due to the high speed
and nonvolatility [14-16]. However, the SOT-induced high-density perpendicular magnetic anisotropy
(PMA) ferromagnets switching often needs an in-plane magnetic field to assist [1,17], which restricts the
application of the SOT based devices. There have been many efforts focusing on field-free SOT magneti-
zation switching. For example, taking advantages of ferroelectric substrate [18], lateral wedge oxide [19],

* Corresponding author (email: kywang@semi.ac.cn)

(© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021 info.scichina.com  link.springer.com


http://crossmark.crossref.org/dialog/?doi=10.1007/s11432-020-3246-8&domain=pdf&date_stamp=2021-11-8
https://doi.org/10.1007/s11432-020-3246-8
info.scichina.com
link.springer.com
https://doi.org/10.1007/s11432-020-3246-8
https://doi.org/10.1007/s11432-020-3246-8

LiY C, et al.

Sci China Inf Sci

February 2022 Vol. 65 122404:2

(b) 1.0 Current Current Current
. off on off
0.5F n,
—m
g 0
-0.5
-1.0
0.0 0.5 1.0 1.5 2.0 2.5
Time (ns)

Figure 1 (Color online) Asymmetric spin currents and magnetic dynamic. (a) The schematic of the distribution of the spin
currents with different polarizations, (b) the evolution of the magnetization components under the asymmetric spin currents.

exchange coupling between different layers [20], and using lateral SOT [21], current-induced magnetiza-
tion switching deterministically without magnetic field can be realized. However, the compatibility of the
SOT spin logic devices with the commercial fabrication and sophisticated complementary metal oxide
semiconductor (CMOS) technology is still needed to be investigated [16].

In traditional SOT structures of heavy metal (HM)/ferromagnet (FM)/HM or HM/FM /insulator
stacks, the spin currents generated by the HM layer diffuse into the FM layer. Using micromagnetic
simulation, we predicted the rather sharp change of the spin current distribution would induce the de-
terministic magnetization switching. Accordingly, field-free current-induced magnetization switching in
PMA Pt/Co/Pt multilayers was demonstrated with Pt capping half of the areas. The symmetry of
spin currents could be tuned to be asymmetry by the Pt capping strip. Based on these devices, we
demonstrated different logic operations, which could be utilized as programmable logic gates.

2 Micromagnetic simulations of the asymmetric spin current device

The symmetry of the spin currents could be tuned by changing the thickness of the HM layer in SOT
devices. As shown in Figure 1(a), the spin polarization of the spin currents injected from the bottom and
top HM layer is the opposite. Depending on the thickness of the HM top layer, the spin polarization of the
spin currents injected into the FM layer can change sign and magnitude. On the +y side, the thickness
of the top HM layer is larger than that of the bottom layer, and thus the signs of spin polarization and
SOT are determined by the top layer. On the other side, the thickness of the bottom HM layer is larger
than that of the top layer, the signs of the spin polarization and SOT are opposite to the +y side [21].
And the spin Hall angle of the HM layer could be tuned by the thickness, and thus the magnitude of
the spin polarization ratio also is different at two sides [22]. Owing to the asymmetric spin current
in these two regions, there will be a transitional region between different spin polarization along the
y axis. To simplify, the spin polarization ratio is assumed to vary linearly in the transitional region
along the y direction. When the width of Pt is above a certain value (generally reported 3-6 nm), the
spin polarization ratio change approaches saturation [22,23]. So we assume the width of the transitional
region is 4 nm to simplify the simulation. The local spin currents gradient in the transitional region could
induce an additional effective magnetic field acting on the magnetic layer [18]. Based on the analysis
of the spin polarization and the spin currents distribution of the device, the additional current-induced
effective magnetic field can be derived as follows: H, = c% (%) - Je - 2, where c is a
constant, J, is the spin current density, J. is the current density, 0sh—, and 0,4, are spin Hall angle at
—y side and +vy side, and d is width of the transitional region. H, is proportional to the spin Hall angle
difference in the two regions and the current density. The magnetization dynamics could be described by
the rewritten Landau-Lifshitz-Gilbert equation:
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where m is the unit magnetization vector, H.g is the effective magnetic field including the magnetic
anisotropy field, exchange field, and demagnetization field, « is the Gilbert damping constant, 7pr,
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Figure 2 (Color online) Schematic of device structures and the effective field induced by the Pt strip. (a) The structure of the
stacks and the device. The Hall bar in the lateral direction is 1 pm wide. (b) Anomalous Hall resistance (offset for clarity) versus
out-of-plane magnetic field. (c) Anomalous Hall resistance versus the out-of-plane field with the measuring current of 2 mA. (d)
The effective magnetic field versus d.c. measuring current intensity.

and Tpp, are the damping-like SOT and field-like SOT, respectively [1]. To understand the magnetic
dynamics with the asymmetric spin currents, we performed micromagnetic simulations using MuMax3 [24]
(material parameters chosen in the simulation were shown in the Supplementary Information). The initial
magnetization configuration of the device is set to m, = 1 and relaxed for 0.5 ns before applying current
pulse with width ¢, = 1 ns. Figure 1(b) shows the simulated temporal evolutions of the magnetization
components under the asymmetric spin currents. Usually, m, approaches 0 and m, approaches £1 after
the current pulse in the traditional HM /FM bilayers structure, which leads to a non-deterministic state if
the current is removed [25,26]. However, m, crosses over 0 under asymmetric spin currents and proceeds
to a down state after removing the current, which leads to the deterministic magnetization switching. In
Figure 1(b), y components of magnetization at two sides are different, and thus the net magnetization
along the y axis does not approach +1 (snapshots of magnetization profiles are shown in Figure A2).

3 Deterministic current-induced magnetization switching in experiment

To investigate the effective magnetic field induced by the asymmetric spin current, we measured the
hysteresis loops under different current intensities in PMA Pt/Co/Pt multilayers. The device structure
with stacking arrangement of Pt(3)/Co(0.5)/Pt(2) (thicknesses in nm) is schematically shown in Fig-
ure 2(a) (optical microscopy image of the device is shown in Figure B1). The stacks were deposited on
Si/Si02(300 nm) substrate by magnetron sputtering technology. After the stack was processed into 1 pm
width Hall bar, a 0.5 wm width stripe pattern was exposed by electron beam lithography. Then the
Pt cover strip was fabricated by magnetic sputtering and lift-off technique. The half-covered Pt strip is
used to change the distribution of the spin current. The anomalous Hall resistance is measured to check
the PMA [27,28]. As shown in Figure 2(b), with sweeping the out-of-plane magnetic field, the square
magnetic hysteresis loop was observed, which indicates the good PMA. The hysteresis loop shifts to a
negative magnetic field with a current intensity of I = 2.2 mA, while it shifts to a positive magnetic
field at I = —2.2 mA, as shown in Figure 2(c). The effective magnetic field H, could be extracted from
the loop shift: H, = — (H.— + H.;) /2, where H._ and H.; are the coercive fields at negative and
positive magnetic field, respectively. The function of the effective magnetic field versus direct current
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Figure 3 (Color online) Current-induced magnetization switching (a) without external magnetic field and (b) in the presence of
+300 Oe along the current direction.

(d.c.) current intensity is shown in Figure 2(d). By changing the current direction, the effective magnetic
field will also change the sign. The magnitude of H, increases with increasing the current intensity,
which is consistent with the effective magnetic field derived from the spin distribution.

To verify the simulation result of the deterministic magnetization switching with the presence of the
asymmetric spin current, we measured the current-induced magnetization switching in the absence of the
magnetic field by using current pulses. After each pulse, a small current of 100 pum following 5000 ms
interval is used to detect the magnetic state avoiding the heating effect. The chirality of the magnetization
switching without a magnetic field is determined by the direction of the effective field. As shown in
Figure 3(a), the positive effective field induced by positive currents assists magnetization switching from
down to up, and the negative effective field induced by negative currents assists magnetization switching
from up to down. Current-induced magnetization switching under H, = +300 Oe also was measured,
which is shown in Figure 3(b). The magnetization switching loop is anticlockwise under H, = 300 Oe
and clockwise under H, = —300 Oe. The opposite H, results in magnetization switching with different
chirality, which is consistent with previous reports [13,29]. However, it is worth noting that the critical
current under H, = 300 Oe is 1.2 mA and the critical current under H, = —300 Oe is 1.6 mA. It suggests
the effective magnetic field induced by the Pt strip has an influence on the critical current [30]. Under
H, = 300 Oe, the positive currents switch magnetization from down to up, the positive effective field
favors magnetization switching, and thus the critical current is reduced. However, under H, = —300 Oe,
the positive currents switch magnetization from up to down, and the positive effective field hinders the
magnetization switching, which will increase the critical current. With negative current, the negative
effective field also could decrease the critical current under H, = 300 Oe and increase the critical current
under H, = —300 Oe.

Pt strip can not only generate local spin current gradient by changing the magnitude of the spin
currents, but also change the sign of the spin polarization. The effective thickness of the Pt layer that
could generate net spin current is the thickness of the top Pt layer minus the bottom Pt layer [21]. To
simplify, assuming the spin current density is proportional to the effective thickness of the Pt layer, we
then can separate these two effects by designing devices with different thicknesses of the Pt layers. As
shown in Figure 4(a) and (b), the two devices have the same spin current gradient owing to the same
effective thickness difference between the top and bottom Pt layer at two sides. However, the sign of the
spin polarization is the same for Figure 4(a) while opposite for Figure 4(b) for the two regions. Alternative
positive and negative current pulses above switching critical current were applied to devices in the absence
of magnetic field, a small current of 100 nA following 5000 ms interval was used to detect the magnetic
state after each pulse. As shown in Figure 4(a) and (b), deterministic magnetization switching behaviors
were observed in devices with different Pt thicknesses, which means that the local spin currents gradient
generated by the Pt strip dominates the magnetization switching.

4 Logic operations based on the devices

Based on the devices, we demonstrated the four common Boolean logic gates AND, NAND, OR, and
NOR. Figure 5(a) shows the truth table of these logic operations. The AND (OR) and NAND (NOR)
are complementary function pairs, whose outputs are always contrary. Devices with opposite switching
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Figure 4 (Color online) Magnetization switching with alternative positive and negative in-plane currents. (a) Magnetization
switching in Pt(2 nm)/Co(0.5 nm)/Pt(3 nm)/Pt strip (3 nm). (b) Magnetization switching in Pt(3 nm)/Co(0.5 nm)/Pt(2 nm)/Pt
strip (3 nm).

chirality are used to demonstrate the complementary functions. The switching chirality depends on the
position of the Pt strip, which is shown in Figure 5(b) and (c). The inputs and outputs of the logic gates
are shown in Figure 5(d)—(i). The reset current I,ey = £2 mA is used to reset the magnetization state
before logic operation. Two applied currents 4 and Ip are functioning as two inputs, both of them are
1 and —1 mA for inputs “1” and “0”. In this way, the actually applied current is one of three kinds of
overlapped current pulses Iy, = —2,0,2 mA. The magnetization up state is defined as output “1” while
the magnetization down state is defined as output “0”. The Pt strip on +y was used to demonstrate
the “AND” and “OR” gates. For the “AND” gate, the magnetization is set to down state by applying
the reset current of —2 mA. When A = 1, B = 0 and A = 0, B = 1, the overlapped current pulses
Iovip are 0, and then the outputs are depended on the reset current. When A = B = 0, the overlapped
current pulses Iovip are —2 mA, which could not change the state of the magnetization, the outputs are
0. Only when A = B = 1, the overlapped current pulses Iov1p are 2 mA, the magnetization could be
switched from down to up state, the outputs are 1. For the “OR” gate, the magnetization is set to be
up state by applying the reset current of 2 mA. Only when A = B = 0, the overlapped current pulses
Iovip = —2 mA could switch the magnetization from up to down state, the outputs is 0. The Pt strip on
—y was used to demonstrate the “NAND” and “NOR” gate. For the “NAND” gate, the magnetization is
set to be up state by applying the reset current of —2 mA. Only when A = B = 1, the overlapped current
pulses Ioyip = 2 mA could switch the magnetization from up to down state, the outputs are 0. For the
“NOR” gate, the magnetization is set to be down state by applying the reset current of 2 mA. Only when
A = B =0, the overlapped current pulses Iovip, = —2 mA could switch the magnetization from down to
up state, the outputs are 1. These logic gates could be used as building blocks for programmable and
stateful logic operations [31]. For application, we propose a kind of MTJ, which could be integrated into
our structure.

5 Conclusion

In summary, we have demonstrated the magnetization switching induced by asymmetric spin currents.
The spin currents are tuned by the Pt strip deposited on the Pt/Co/Pt devices. As proposed in mi-
cromagnetic simulations, the out-of-plane effective field induced by the local spin current gradient can
assist deterministic current-induced magnetization switching in the absence of a magnetization field. Spin
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Figure 5 (Color online) Initialization of current-programmable Boolean logic operating on the complementary spin logic device
and schematic illustration of the MTJ. (a) Truth tables of AND, NAND, OR, and NOR Boolean logic gates. (b) and (c) Schematic
drawings of devices with Pt capping layer at different sides. (d)—(i) Demonstration of initialization current-programmable Boolean
logic gates using the above two devices. Binary logic inputs of two current pulses I4 and Ig (—1/ 4+ 1 mA stands for logic value
“0”/“17) were applied along the Hall bar channel simultaneously. The resulting nonvolatile current-induced magnetization down/up
state is regarded as logic output value “0”/“1”. The z-axes of (d)—(i) are operation procedures with the same scales and values.
(j) Schematic illustration of the SOT based MTJ structure.

logic operations based on asymmetric spin currents devices provide a new way to achieve programmable
and stateful logic operations. Our study could be important for developing future in-memory computing
spintronic devices.
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