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MULTI-RESISTANCE-STATE SPINTRONIC
DEVICE, READ-WRITE CIRCUIT, AND
IN-MEMORY BOOLEAN LOGIC OPERATOR

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a Section 371 National Stage
Application of International Application No. PCT/CN2020/
141520, filed on Dec. 30, 2020, entitled “MULTI-RESIS-
TANCE-STATE SPINTRONIC DEVICE, READ-WRITE
CIRCUIT, AND IN-MEMORY BOOLEAN LOGIC
OPERATOR?, the content of which is hereby incorporated
by reference in its entirety.

TECHNICAL FIELD

[0002] The present disclosure relates to a field of an
information memory technology, and in particular, to a
multi-resistance-state spintronic device, a read-write circuit,
and an in-memory Boolean logic operator.

BACKGROUND

[0003] In order to complete data-centric real-time tasks,
such as an intensive edge computing of an automatic drive,
an Internet of Things and neural network computing, etc., a
development of an in-memory computing (IMC) high-per-
formance device is becoming a research upsurge in aca-
demia and industry. A key concept of the IMC is to embed
a logical cell in a memory to make better use of external and
internal memory bandwidths, which may significantly
improve an efficiency of data communication energy and
delay, and provide an internal parallelism for data processing
in the memory. Recently, an IMC architecture based on a
dynamic random access memory (DRAM) and a static
random access memory (SRAM) has been reported. How-
ever, they also inevitably face some serious problems, for
example, a high leakage power, initial data being overwrit-
ten, etc., which may hinder a further research thereof.
[0004] A new-type spintronic information device, such as
SOT-MRAM (Magnetoresistive Random Access Memory)
based on Spin-orbit Torque (SOT) drive data writing, has a
more competitive operating speed and energy efficiency
performance, and especially has an independent read-write
path, making the SOT-MRAM superior in durability. In
terms of implementing an in-memory computing function, a
logical operation of a spintronic device mainly relies on a
collocation with a transistor to form a hybrid operation
circuit. A “logic tree” is formed using the transistor so as to
achieve a basic Boolean logical operation; alternatively,
with an assistance of an external read-write circuit, a logical
operation and a memory may be completed in a memory cell
itself, so as to avoid a “memory wall bottleneck™ existing in
a traditional von Neumann structure.

[0005] In current researches, use of the transistor to
achieve the logical operation generally faces problems such
as a large number of devices, a high area overhead, a static
power consumption, etc. In a way of completing the logical
operation and a result memory by using a non-volatile
memory, a simple Boolean logical operation (such as AND,
OR) may be easily completed in one step. However, when
an operation that is designed slightly more complex requires
a plurality of logical combinations (such as a full addition
operation), a plurality of memory cells are required to
achieve a simple logic step by step. Furthermore, read and
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write back operations are performed from time to time
during the process, so that an operating time may not only
be prolonged, but also an energy consumption required for
the circuit may be increased, which may be not conducive to
exerting advantages of an in-memory computing technol-
ogy. The problem is common in the spintronic device and
even other non-volatile memory devices. Therefore, it is
urgent to develop a multifunctional new-type SOT-MTJ
(Spin-orbit Torque Magnetic Tunneling Junction) device in
both an SOT-MRAM cell array and a peripheral circuit to
solve the above-mentioned problems, so as to achieve a high
speed and a low power consumption and reduce a design
complexity.

SUMMARY

[0006] In order to solve the above-mentioned technical
problems, improve a speed of a logical operation, reduce a
power consumption of the logical operation, and reduce a
complexity of the logical operation, the present disclosure
provides a multi-resistance-state spintronic device, a read-
write circuit, and an in-memory Boolean logic operator. The
specific solution is as follows.
[0007] A multi-resistance-state spintronic device is pro-
vided, including:
[0008] a top electrode configured to be connected to an
external read circuit to read a signal;
[0009] a bottom electrode configured to be connected to
an external write circuit to receive a write signal; and

[0010] a magnetic tunnel junction, including:

[0011] a ferromagnetic reference layer below the top
electrode;

[0012] a ferromagnetic free layer below the ferromag-

netic reference layer, wherein a magnetization direction
of the ferromagnetic free layer is antiparallel to a
magnetization direction in the ferromagnetic reference
layer, and magnetic domain wall nucleation centers are
provided at two ends of the ferromagnetic free layer
and configured to generate a magnetic domain wall;

[0013] a barrier tunneling layer between the ferromag-
netic reference layer and the ferromagnetic free layer,
wherein the barrier tunneling layer is configured to
isolate the ferromagnetic reference layer and the fer-
romagnetic free layer; and

[0014] a spin-orbit coupling layer below the ferromag-
netic free layer, wherein two ends of the spin-orbit
coupling layer are respectively connected to two bot-
tom electrodes, the spin-orbit coupling layer is config-
ured to generate a spin polarized current under an
action of the write signal to drive the magnetic domain
wall to move, a plurality of local magnetic domain wall
pinning centers are provided at intervals on the spin-
orbit coupling layer to enhance a Dzyaloshinskii-
Moriya interaction between interfaces, so as to form a
plurality of resistance state regions.

[0015] According to some embodiments of the present
disclosure, materials of the ferromagnetic reference layer
and the ferromagnetic free layer include one of: CoFeB,
CoFeAl, or Co.

[0016] According to some embodiments of the present
disclosure, a material of the spin-orbit coupling layer
includes one or a combination of: W, Ta, an alloy containing
W, or an alloy containing Ta.
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[0017] According to some embodiments of the present
disclosure, materials of the local magnetic domain wall
pinning centers and the magnetic domain wall nucleation
centers include Pt.

[0018] According to some embodiments of the present
disclosure, anisotropy energies at two ends of the ferromag-
netic free layer are adjustable, and an effective spin-orbit
like field torque and a DM interaction intensity at an
interface between the ferromagnetic free layer and the
spin-orbit coupling layer are adjustable.

[0019] According to some embodiments of the present
disclosure, a number of the local magnetic domain wall
pinning centers is N, N pinning regions are generated in the
ferromagnetic free layer, and the multi-resistance-state spin-
tronic device includes N resistance states, where N=3 and N
is an integer.

[0020] The present disclosure further provides a read-
write circuit, including:

[0021] the multi-resistance-state spintronic device as
described above;

[0022] awrite circuit connected to a bottom electrode of
the multi-resistance-state spintronic device, wherein
the write circuit is configured to transmit a pulse
current to the multi-resistance-state spintronic device to
complete a data writing; and

[0023] aread circuit connected to a top electrode of the
multi-resistance-state spintronic device, wherein the
read circuit is configured to receive a reference voltage
generated by the multi-resistance-state spintronic
device to complete data reading.

[0024] According to some embodiments of the present
disclosure, the bottom electrode of the multi-resistance-state
spintronic device includes a first bottom electrode and a
second bottom electrode, the first bottom electrode is con-
nected to a drain electrode of a first transistor, and the top
electrode is connected to a drain electrode of a second
transistor;

[0025] the write circuit is connected to the bottom
electrode of the multi-resistance-state spintronic
device, a write signal yin of the write circuit is a gate
control signal of the first transistor to control on/off of
the first transistor, and the write circuit is configured to
transmit the pulse current to the multi-resistance-state
spintronic device to complete the data writing; and

[0026] the read circuit is connected to the top electrode,
a read signal V,,__; of the read circuit is a gate control
signal of the second transistor to control on/off of the
second transistor, an induced current pulse passes
through the multi-resistance-state spintronic device to
generate the reference voltage, and the data reading is
completed according to the reference voltage.

[0027] According to some embodiments of the present
disclosure, the multi-resistance-state spintronic device
includes a first resistance state, a second resistance state, a
third resistance state, and a fourth resistance state;

[0028] the write circuit is addressed through a row
decoding and a column decoding, the first transistor is
turned on through a write word line, a write pulse is
injected to drive a magnetic domain wall to move, a
switching between different resistance states is con-
trolled by controlling a number and a direction of the
write pulse, and a displacement direction of the mag-
netic domain wall is controlled by controlling a polarity
direction of the write pulse; and
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[0029] the read circuit is addressed through a row
decoding and a column decoding, the second transistor
is turned on through a read word line to generate the
reference voltage, and a resistance state information of
the multi-resistance-state spintronic device is read
through a sense amplifier.

[0030] The present disclosure further provides an
in-memory Boolean logic operator, including:

[0031] the read-write circuit as described above;

[0032] wherein a write circuit is configured to receive
pulses output by a memory array and drive a magnetic
domain wall to move, so as to change a resistance state
of a multi-resistance-state spintronic device;

[0033] a read circuit is configured to read a resistance
state information of the multi-resistance-state spin-
tronic device; and

[0034] the in-memory Boolean logic operator is config-
ured to implement a Boolean logical operation and a
result reading through a writing and a reading of the
write-read circuit.

[0035] In the present disclosure, the ferromagnetic free
layer may exhibit different resistance states under an electric
field control by providing the plurality of local magnetic
domain wall pinning centers on the ferromagnetic free layer
of the magnetic tunnel junction and providing the magnetic
domain wall nucleation centers at the two ends of the
ferromagnetic free layer. The bottom electrode and the top
electrode are connected to an external read-write circuit, and
the read-write circuit controls a change in the resistance state
and a reading of the resistance state information of the
multi-resistance-state spintronic device, so that a writing and
a reading of an information may be completed. Compared to
the prior art, the technical solution provided by the present
disclosure may greatly improve a reading and operation
speed, reduce a complexity of the Boolean logical operation
in the device, and reduce a power consumption of reading
and operation.

BRIEF DESCRIPTION OF THE DRAWINGS

[0036] FIG. 1 schematically shows a schematic structural
diagram of a multi-resistance-state spintronic device accord-
ing to embodiments of the present disclosure;

[0037] FIG. 2 schematically shows a schematic diagram of
a distribution of magnetic domain walls in a ferromagnetic
free layer under different resistance states of a multi-resis-
tance-state spintronic device according to embodiments of
the present disclosure;

[0038] FIG. 3(a) schematically shows a schematic dia-
gram of a resistance state switching of a multi-resistance-
state spintronic device by a current pulse according to
embodiments of the present disclosure;

[0039] FIG. 3(b) schematically shows a schematic dia-
gram of a resistance state reset of a multi-resistance-state
spintronic device according to embodiments of the present
disclosure;

[0040] FIG. 3(c) schematically shows a schematic dia-
gram of an effect of pulse currents of different amplitudes on
a resistance state switching of a multi-resistance-state spin-
tronic device according to embodiments of the present
disclosure;

[0041] FIG. 4 schematically shows a schematic diagram of
a read-write circuit according to embodiments of the present
disclosure;
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[0042] FIG. 5(a) schematically shows a read result of a
first resistance state of a multi-resistance-state spintronic
device according to embodiments of the present disclosure;
[0043] FIG. 5(b) schematically shows a read result of a
second resistance state of a multi-resistance-state spintronic
device according to embodiments of the present disclosure;
[0044] FIG. 5(c) schematically shows a read result of a
third resistance state of a multi-resistance-state spintronic
device according to embodiments of the present disclosure;
[0045] FIG. 5(d) schematically shows a read result of a
fourth resistance state of a multi-resistance-state spintronic
device according to embodiments of the present disclosure;
[0046] FIG. 5(e) schematically shows a schematic dia-
gram of a distribution result of an induced voltage of a
multi-resistance-state spintronic device in a case of 2000-
point Monte Carlo simulation according to embodiments of
the present disclosure when a process fluctuation is 30;
[0047] FIG. 6 schematically shows a schematic structural
diagram in which a multi-resistance-state spintronic device
implements an in-memory computing logical operation
according to embodiments of the present disclosure;
[0048] FIG. 7(a) schematically shows a schematic dia-
gram of operations and results of seven different Boolean
logical operations for an in-memory Boolean logic operator
according to embodiments of the present disclosure;
[0049] FIG. 7(b) schematically shows a schematic dia-
gram in which an in-memory Boolean logic operator per-
forms a full addition operation on a resistance state switch-
ing of a multi-resistance-state spintronic device according to
embodiments of the present disclosure;

[0050] FIG. 7(c) schematically shows a schematic dia-
gram of a timing sequence of an in-memory Boolean logic
operator during a full addition operation and an output
according to embodiments of the present disclosure.
[0051] 101 represents a top electrode; 102 represents a
ferromagnetic reference layer; 103 represents a barrier tun-
neling layer; 104 represents a ferromagnetic free layer; 105
represents a spin-orbit coupling layer; 106 represents a
bottom electrode; 107 represents a magnetic domain wall
nucleation center; 108 represents a local magnetic domain
wall pinning center; 201 represents a first nucleation region;
202 represents a first pinning region, 203 represents a second
pinning region, 204 represents a third pinning region, 205
represents a fourth pinning region; 206 represents a second
nucleation region; 2a represents a first resistance state; 26
represents a second resistance state; 2¢ represents a third
resistance state; 2d represents a fourth resistance state; 401
represents a write circuit; 402 represents a multi-resistance-
state spintronic device; 403 represents a read circuit; 601
represents a binary MRAM memory array; 602 represents a
memory array sense amplifier; 603 represents a logical
operation array; 604 represents a logical operation result
output portion.

DETAILED DESCRIPTION OF EMBODIMENTS

[0052] Inorderto make objectives, technical solutions and
advantages of the present disclosure clearer, the present
disclosure will be further described in detail below with
reference to specific embodiments and accompanying draw-
ings.

[0053] However, it should be understood that the descrip-
tions are only exemplary and are not intended to limit the
scope of the present disclosure. In the following detailed
descriptions, for ease of description, many specific details
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have been elaborated to provide a comprehensive under-
standing of the embodiments of the present disclosure.
However, it is obvious that one or more embodiments may
also be implemented without the specific details. In addition,
in the following descriptions, descriptions of well-known
technologies are omitted to avoid unnecessarily obscuring
the concept of the present disclosure.

[0054] Terms used herein are only intended to describe
specific embodiments and are not intended to limit the
present disclosure. Terms “include”, “comprise”, “contain”,
etc. used herein indicate the presence of the described
features, steps, operations and/or components, but do not
exclude the presence or addition of one or more other
features.

[0055] All terms (including technical and scientific terms)
used herein have meanings generally understood by those
skilled in the art, unless otherwise defined. It should be noted
that the terms used herein should be interpreted as having the
meaning consistent with the context of the present disclo-
sure, and should not be interpreted in an idealized or overly
rigid manner. For example, for a DM constant between
interfaces, a coeflicient of a direct DM interaction between
two materials may affect an energy of a magnetic domain
wall; for DMI (Dzyaloshinskii-Moriya Interaction),
a-Fe,Oj; is theoretically predicted to belong to an antifer-
romagnetic spin configuration, but a-Fe,O; was found to
have a weak ferromagnetism in experiments. Dzyaloshinskii
provided a phenomenological model in 1958 to explain such
a phenomenon. In 1960, a spin-orbit coupling is introduced
into an Anderson superexchange interaction theory to
explain the phenomenological model of Dzyaloshinskii,
which was named Dzyaloshinskii-Moriye interaction.
[0056] In order to solve the above-mentioned technical
problems, improve a speed of a logical operation, reduce a
power consumption of the logical operation and reduce a
complexity of the logical operation, the present disclosure
provides a multi-resistance-state spintronic device, a read-
write circuit, and an in-memory Boolean logic operator. The
specific solution is as follows.

[0057] FIG. 1 schematically shows a schematic structural
diagram of a multi-resistance-state spintronic device accord-
ing to embodiments of the present disclosure, and FIG. 4
schematically shows a schematic diagram of a read-write
circuit according to embodiments of the present disclosure.
[0058] According to some embodiments of the present
disclosure, a multi-resistance-state spintronic device 402, as
shown in FIG. 1 and FIG. 4, includes a top electrode 101, a
bottom electrode 106, and a magnetic tunnel junction.
[0059] According to some embodiments of the present
disclosure, the top electrode 101 is used to be connected to
an external read circuit 403 to read a signal.

[0060] According to some embodiments of the present
disclosure, the bottom electrode 106 is used to be connected
to an external write circuit 401 to receive a write signal.
[0061] According to some embodiments of the present
disclosure, the magnetic tunnel junction includes a ferro-
magnetic reference layer 102, a ferromagnetic free layer
104, a barrier tunneling layer 103, and a spin-orbit coupling
layer 105.

[0062] According to some embodiments of the present
disclosure, the ferromagnetic reference layer 102 is below
the top electrode 101.

[0063] According to some embodiments of the present
disclosure, the ferromagnetic free layer 104 is below the
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ferromagnetic reference layer 102, and a magnetization
direction of the ferromagnetic free layer 104 is antiparallel
to a magnetization direction in the ferromagnetic reference
layer 102, that is, the directions are opposite and parallel to
each other. Magnetic domain wall nucleation centers 107 are
provided at two ends of the ferromagnetic free layer 104 and
used to generate a magnetic domain wall.

[0064] According to some embodiments of the present
disclosure, the barrier tunneling layer 103 is between the
ferromagnetic reference layer 102 and the ferromagnetic
free layer 104 and used to isolate the ferromagnetic refer-
ence layer 102 and the ferromagnetic free layer 104.
[0065] According to some embodiments of the present
disclosure, the spin-orbit coupling layer 105 is below the
ferromagnetic free layer 104, two ends of the spin-orbit
coupling layer 105 are connected to two bottom electrodes
106 respectively, the spin-orbit coupling layer 105 is used to
generate a spin current under an action of the write signal to
drive the magnetic domain wall to move, a plurality of local
magnetic domain wall pinning centers 108 are spaced from
each other on the spin-orbit coupling layer 105 to enhance
a DM interaction constant between interfaces, so as to form
a plurality of resistance state regions.

[0066] According to some embodiments of the present
disclosure, materials of the ferromagnetic reference layer
102 and the ferromagnetic free layer 104 include one of:
CoFeB, Co,FeAl, or Co. According to some embodiments
of the present disclosure, a material of the spin-orbit cou-
pling layer 105 includes one or a combination of: W, Ta, an
alloy containing W, or an alloy containing Ta.

[0067] According to some embodiments of the present
disclosure, materials of the local magnetic domain wall
pinning center 108 and the magnetic domain wall nucleation
center 107 include Pt. According to some embodiments of
the present disclosure, anisotropy energies at two ends of the
ferromagnetic free layer 104 are adjustable, and an effective
spin-orbit like field torque and a DM interaction intensity at
an interface between the ferromagnetic free layer 104 and
the spin-orbit coupling layer 105 are adjustable.

[0068] According to some embodiments of the present
disclosure, the number of the local magnetic domain wall
pinning centers is N, N pinning regions are generated in the
ferromagnetic free layer, and the multi-resistance-state spin-
tronic device includes N resistance states, where N=3 and N
is an integer.

[0069] According to some embodiments of the present
disclosure, the number of N is 4, and the multi-resistance-
state spintronic device 402 includes 4 resistance states.
[0070] FIG. 2 schematically shows a schematic diagram of
a distribution of magnetic domain walls in a ferromagnetic
free layer under different resistance states of a multi-resis-
tance-state spintronic device according to embodiments of
the present disclosure.

[0071] According to some embodiments of the present
disclosure, as shown in FIG. 2, the multi-resistance-state
spintronic device 402 includes a first resistance state 2a, a
second resistance state 25, a third resistance state 2¢, and a
fourth resistance state 2d.

[0072] According to some embodiments of the present
disclosure, the two ends of the ferromagnetic free layer 104
are a first nucleation region 201 and a second nucleation
region 206, respectively.

[0073] According to some embodiments of the present
disclosure, 202, 203, 204 and 205 are contact portions
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between the ferromagnetic free layer 104 and the local
magnetic domain wall pinning centers 108.

[0074] According to some embodiments of the present
disclosure, taking an initial magnetization direction down-
wards as an example, an initial state of a magnetic domain
corresponds to the first resistance state 2a. After a nucleation
of a nucleation current, the magnetic domain wall moves to
a first pinning region 202 located at a left boundary of the
ferromagnetic free layer 104; during a resistance state
switching of the multi-resistance-state spintronic device
402, a current pulse is input from a first bottom electrode
(BE, in FIG. 4) to drive the magnetic domain wall into a
second pinning region 203, which corresponds to the second
resistance state 2b; the pulse is input again, and the magnetic
domain wall enters a third pinning region 204, which
corresponds to the third resistance state 2¢; the last pulse is
input, the magnetic domain wall enters a fourth nucleation
region 205 at the rightmost end of the ferromagnetic free
layer 104, which corresponds to the fourth resistance state
2d.

[0075] According to some embodiments of the present
disclosure, when the current pulse is reversely applied, the
current pulse is input from a second bottom electrode, a
moving direction of the magnetic domain wall is opposite to
the above direction.

[0076] FIG. 3(a) schematically shows a schematic dia-
gram of a resistance state switching of a multi-resistance-
state spintronic device by a current pulse according to
embodiments of the present disclosure; FIG. 3(b) schemati-
cally shows a schematic diagram of a resistance state reset
of a multi-resistance-state spintronic device according to
embodiments of the present disclosure; FIG. 3(c¢) schemati-
cally shows a schematic diagram of an effect of pulse
currents of different amplitudes on a resistance state switch-
ing of a multi-resistance-state spintronic device according to
embodiments of the present disclosure.

[0077] According to some embodiments of the present
disclosure, as shown in FIG. 3(a), the ferromagnetic free
layer 104 has a size of 320 nmx70 nmx0.8 nm, and uses a
CoFeB material as a simulation material. FIG. 3(a) shows an
effect of the current pulse on the resistance state switching
of the multi-resistance-state spintronic device 402. After
injecting the current pulses sequentially, a magnetization of
the ferromagnetic free layer 104 changes, so that different
resistance states are generated. Driven by a single current
pulse with a pulse width of 4.5x107 A/cm®, 0.25 ns, as
shown in a gray region in FIG. 3(a), a magnetization M_/M,
in the ferromagnetic free layer 104 is driven from close to -1
(in which a magnetization direction is antiparallel to the
magnetization direction in the ferromagnetic reference layer
102) at an initial timing to close to —0.3. At this time, the
magnetic domain wall moves from the first pinning region
202 to the second pinning region 203, and oscillates near the
region and then gradually stabilizes, so as to switch a
resistance state of the multi-resistance-state spintronic
device 402 from the first resistance state 2a to the second
resistance state 2b. At 2 ns, a second pulse is applied, and
M,/M, is further switched to about 0.3. At this time, the
magnetic domain wall is located in the third pinning region
204, and the third resistance state 2¢ is formed for the
multi-resistance-state spintronic device 402; at 4 ns, when a
third pulse is applied, M_/M, is close to 1 (in which the
magnetization direction is antiparallel to the magnetization
direction in the ferromagnetic reference layer), and the
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magnetic domain wall enters a fourth pinning region 205. At
this time, the multi-resistance-state spintronic device 402 is
the fourth resistance state 2d. Thus, the pulse may control
the resistance state switching sequentially.

[0078] According to some embodiments of the present
disclosure, in an application process, in addition to the
above-mentioned unidirectional switching between adjacent
resistance states, sometimes a reverse reset operation is also
required. The solution may be to sequentially apply a current
pulse that is opposite to the above-mentioned situation, or to
apply a current pulse with a wider pulse width, so as to
switch the resistance state of the multi-resistance-state spin-
tronic device 402 from the fourth resistance state 24 to the
first resistance state 2a. As shown in FIG. 36), when the
multi-resistance-state spintronic device 402 is in the fourth
resistance state 2d, a single current pulse that has a current
direction opposite to an original current direction and has an
amplitude of 107 A/cm? and a pulse width of 1 ns is applied.
After a relaxation time of about 0.6 ns, a magnetization state
returns to the initial state, and the resistance state is then
reset to the first resistance state 2a.

[0079] According to some embodiments of the present
disclosure, as shown in FIG. 3(c), an effect of different pulse
current amplitudes on the resistance state switching of the
multi-resistance-state spintronic device 402 is demonstrated.
For parameters set during a simulation of the multi-resis-
tance-state spintronic device 402, a single pulse with a
current density greater than 4x107 A/cm? and a single pulse
width of 0.25 ns may achieve a switching between the first
resistance state 2a and the second resistance state 2b, two
pulses may achieve a switching between the first resistance
state 2a and the third resistance state 2¢, and three pulses
may achieve a switching between the first resistance state 2a
and the fourth resistance state 2d.

[0080] According to some embodiments of the present
disclosure, the multi-resistance-state spintronic device 402
may be used as a memory to achieve a multi-valued memory
function, or as a polymorphic logic gating device to achieve
a Boolean logical operation and a full addition operation.

[0081] FIG. 4 schematically shows a schematic diagram of
a read-write circuit according to embodiments of the present
disclosure.

[0082] According to some embodiments of the present
disclosure, as shown in FIG. 4, the present disclosure further
provides a read-write circuit, including: the above-men-
tioned multi-resistance-state spintronic device 402, the write
circuit 401, and the read circuit 403.

[0083] According to some embodiments of the present
disclosure, the above-mentioned read-write circuit is further
expanded into an array structure.

[0084] According to some embodiments of the present
disclosure, the read circuit 403 is a composite sensitive
amplification read circuit.

[0085] According to some embodiments of the present
disclosure, the write circuit 401 is connected to the bottom
electrode 106 of the multi-resistance-state spintronic device
402, and used to transmit a pulse current to the multi-
resistance-state spintronic device 402 to complete data writ-
ing.

[0086] According to some embodiments of the present
disclosure, the read circuit 403 is connected to the top
electrode 101 of the multi-resistance-state spintronic device
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402, and used to receive a reference voltage generated by the
multi-resistance-state spintronic device 402 to complete data
reading.

[0087] According to some embodiments of the present
disclosure, the bottom electrode 106 of the multi-resistance-
state spintronic device 402 includes a first bottom electrode
and a second bottom electrode, the first bottom electrode is
connected to a drain electrode of a first transistor, and the top
electrode is connected to a drain electrode of a second
transistor.

[0088] According to some embodiments of the present
disclosure, the write circuit 401 is connected to the first
bottom electrode, a write signal yin of the write circuit 401
is a gate control signal of the first transistor to control on/off
of the first transistor, and the write circuit 401 is used to
inject the current pulse into the multi-resistance-state spin-
tronic device 402 to complete the data writing.

[0089] According to some embodiments of the present
disclosure, the read circuit 403 is connected to the top
electrode, a read signal V,,; of the read circuit 403 is a gate
control signal of the second transistor to control on/off of the
second transistor, an induced current passes through the
multi-resistance-state spintronic device 402 to generate the
reference voltage, and the data reading is completed accord-
ing to the reference voltage.

[0090] According to some embodiments of the present
disclosure, the write circuit 401 is addressed through row
and column decoding, the first transistor is turned on through
a write word line, a write pulse is injected to drive a
magnetic domain wall to move, a switching between differ-
ent resistance states is controlled by controlling a number
and a direction of the write pulse, and a displacement
direction of the magnetic domain wall is controlled by
controlling a polarity direction of the write pulse.

[0091] According to some embodiments of the present
disclosure, the read circuit 403 is addressed through the row
and column decoding, the second transistor is turned on
through a read word line to generate the reference voltage,
and a resistance state information of the multi-resistance-
state spintronic device is read through a sense amplifier.
[0092] According to some embodiments of the present
disclosure, in the initial state, a memory state of the multi-
resistance-state spintronic device 402 is the first resistance
state 2a, corresponding data “AB”=“00", and the write
signal Vin in 401 is used as the gate control signal of the first
transistor connected to the first bottom electrode 1 (BE)) to
control on/off of the transistor. When writing data, Vin is
placed at an applied voltage to control on of the first
transistor. A single pulse current is injected into the spin-
orbit coupling layer 105 to drive the magnetic domain wall
in the ferromagnetic free layer 104 to move to the second
pinning region, and data is written as “01”*; a corresponding
second pulse current and a corresponding third pulse current
write “10” and “11”, respectively. In a reset operation, a
reset pulse with the same amplitude and a pulse width of 1
ns is applied in an opposite direction, which may reset the
resistance state of the multi-resistance-state spintronic
device 402 to the first resistance state 2a. The above-
mentioned dimensions and current parameters of the multi-
resistance-state spintronic device 402 vary depending on a
structure and a material of the device, which will not be
limited in the present disclosure.

[0093] According to some embodiments of the present
disclosure, during a reading process, the signal yin is placed
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at 0 V, and the read signal V,_,, is placed at an applied
voltage. A corresponding second transistor is turned on, the
induced current passes through the magnetic tunnel junction
of the multi-resistance-state spintronic device 402, and a
reference voltage \ISM s generated and input to the read
circuit 403. The read circuit 403 includes two sense ampli-
fiers SA, and SA,. An enable signal (EN_,,,) of SA, is
slightly delayed by an enable signal (EN,,,,) of SA,.
Specifically, the delay is in a range of 1 ns to 10 ns. At this
time, the enable signal (EN__, ) arrives, and a reference
current flows through the reference resistor REF' to generate
a reference voltage V, ,, which is used to determine
whether a memory cell is in the first resistance state 2a, the
second resistance state 254, the third resistance state 2¢, or the
fourth resistance state 2d. Vsen and V, 4 input SA, together.
If a read memory cell is in the first resistance state 2a or the
second resistance state 25, an output V., of SA, is “07; if
the read memory cell is in the third resistance state 2¢ or the
fourth resistance state 24, the output V, , of SA, is “1”.
V,... and an output of a complementary signal V_,,, end
thereof are used as gate control signals to respectively
control transistors connected in series to REF; and REF, so
as to generate the reference voltage. Specifically, when the
memory cell is in one of the first resistance state 2a or the
second resistance state 2b, V_,,; is output as “0”. At this
time, Voutl=1. REF, is controlled to generate the reference
voltage to distinguish between the first resistance state 2a
and the second resistance state 25. When the memory cell is
in the first resistance state 2a, V,_,,,=0, the output of V_,,,
is synthesized, and read memory data is “00”; when the
memory cell is in the second resistance state 25,V ,,=1, the
output of V_,,, is synthesized, and the read memory data is
“01”’; when the memory cell is in one of the third resistance
state 2c or the fourth resistance state 2d, V_,,, is output as
“17”, REF; is controlled to generate the reference voltage to
distinguish between the third resistance state 2¢ and the
fourth resistance state 2d; when the memory cell is in the
third resistance state 2¢, V,,,,=0, the output of V_,, is
synthesized, and the read memory data is “10”; when the
memory cell is in the fourth resistance state, V,,,,=1, the
output of V_, is synthesized, and the read memory data is
“11”. The above-mentioned technical solution may achieve
a reading of four resistance state information of the multi-
resistance-state spintronic device 402.

[0094] FIG. 5(a) to FIG. 5(d) show schematic diagrams of
results corresponding to four resistance states read in FIG. 4,
respectively. FIG. 5(a) schematically shows a read result of
a first resistance state of a multi-resistance-state spintronic
device according to embodiments of the present disclosure;
FIG. 5(b) schematically shows a read result of a second
resistance state of a multi-resistance-state spintronic device
according to embodiments of the present disclosure; FIG.
5(c) schematically shows a read result of a third resistance
state of a multi-resistance-state spintronic device according
to embodiments of the present disclosure; FIG. 5(d) sche-
matically shows a read result of a fourth resistance state of
a multi-resistance-state spintronic device according to
embodiments of the present disclosure; FIG. 5(e¢) schemati-
cally shows a schematic diagram of a distribution result of
an induced voltage of a multi-resistance-state spintronic
device in a case of 2000-point Monte Carlo simulation
according to embodiments of the present disclosure when a
process fluctuation is 36.

out.
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[0095] The drawings show transient simulation curves of
Vsenand V4, V,, /.5 generated in each resistance state.
During a reading process, an interval between Vsen and the
reference voltage is more than 10%, which has a good read
reliability. The read result of the first resistance state 2a is
shown in FIG. 5(a) as “V_,,;, V..~ ="00"; the read result of
the second resistance state 26 is shown in FIG. 5(b) as
“Vourts Vours = 017; the read result of the third resistance
state 2¢ is shown in FIG. (5¢) as “V_,,;, V,,.."="10"; the
read result of the fourth resistance state 24 is shown in FIG.
5d) as “V_,,,, V. =117,

[0096] FIG. 5(e) schematically shows a schematic dia-
gram of a distribution result of an induced voltage of the
multi-resistance-state spintronic device 402 in the case of
2000-point Monte Carlo simulation according to embodi-
ments of the present disclosure when the process fluctuation
is 36. Distribution peaks from left to right represent an
induced voltage (V_,;) of the first resistance state 2a, an
induced voltage (V,,,,,) of the second resistance state 26, an
induced voltage (V,,,;) of the third resistance state 2¢, and
an induced voltage (V,,,,,) of the fourth resistance state 2d,
respectively. It can be seen from the drawings that an
induction margin of more than 80 mV is provided between
the induced voltages, which may achieve the read reliability.
[0097] The present disclosure further provides an
in-memory Boolean logic operator, including: the above-
mentioned read-write circuit.

[0098] According to some embodiments of the present
disclosure, the write circuit 401 is used to receive the
number of pulses output by a memory array and drive a
magnetic domain wall to move, so as to change a resistance
state of the multi-resistance-state spintronic device 402.
[0099] According to some embodiments of the present
disclosure, the read circuit 403 is used to read a resistance
state information of the multi-resistance-state spintronic
device 402.

[0100] According to some embodiments of the present
disclosure, the in-memory Boolean logic operator is used to
implement a Boolean logical operation through a writing
and a reading of the read-write circuit.

[0101] FIG. 6 schematically shows a schematic structural
diagram in which a multi-resistance-state spintronic device
implements an in-memory computing logical operation
according to embodiments of the present disclosure.
[0102] According to some embodiments of the present
disclosure, as shown in FIG. 6, a memory array sense
amplifier 602 is used to read a value stored in binary
memory arrays of the same column, “1” and “0” are respec-
tively read to generate high voltage and 0 V as a first
transistor gate control voltage of the multi-resistance-state
spintronic device 402, so as to control a writing of the
multi-resistance-state spintronic device 402 in a logical
operation array 603.

[0103] According to some embodiments of the present
disclosure, in a case of a single signal reading and operation,
for example, any memory cell of 601 is selected, and a sense
amplifier SA' in the same column as 602 may be used to read
and perform a “NOT” operation.

[0104] According to some embodiments of the present
disclosure, in a case of two signal input logical operation
arrays, a semi-addition operation and AND/NAND,
OR/NOR, XOR/XNOR Boolean logical operations may be
achieved. For example, according to a timing sequence, any
two memory cells X and Y of the same column in a binary
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MRAM memory array 601 are selected successively for
reading. If the stored data is “1”, a corresponding SA' in the
same column outputs an applied voltage. While reading an
information, a first transistor of a corresponding logical
operation cell is turned on. A write pulse is applied to drive
the cell to transition from a resistance state to a next
resistance state; if the stored data is “0”, the corresponding
SA' in the same column outputs O V, and a state of the
corresponding logical operation cell is unchanged. There-
fore, when X=0 and Y=0, SA' in the same column of 602
outputs 0 pulses, and the first resistance state 2a of the
logical operation cell 603 is kept unchanged, and a logical
operation result is read as “00”; when X=0, Y=1, or X=1,
Y=0, SA' outputs 1 pulse, a resistance state of the logical
operation cell 603 is changed from the first resistance state
2a to the second resistance state 25, and the logical operation
result is read as “01”; when X=1 and Y=1, SA' continuously
outputs 2 pulses, a resistance state of the logical operation
array 603 is changed from the first resistance state 2a to the
second resistance state 25 and then to the third resistance
state 2¢, and the logical operation result is read as “10”. The
semi-addition operation between the memory cells X and Y
may be achieved by performing the above-mentioned opera-
tions.

[0105] FIG. 7(a) schematically shows a schematic dia-
gram of operations and results of seven different Boolean
logical operations for an in-memory Boolean logic operator
according to embodiments of the present disclosure.
[0106] According to some embodiments of the present
disclosure, logical operation result output portions 604
V... Youtl achieve a reading of AND and NAND opera-
tion results of X and Y, respectively, V,,,,, Vout2 achieve a
reading of XOR and XNOR operation results of X and Y.
When a OR operation needs to be performed, an enable
signal E, . is applied, and REF,. in 604 generates the
reference voltage. An output of OR and NOR operation
results of X and Y may be achieved by using SA; to
distinguish between the first resistance state 2a and the
second resistance state 2b. The operations and results of the
seven different Boolean logical operations are shown in FIG.
(a).

[0107] FIG. 7(b) schematically shows a schematic dia-
gram in which an in-memory Boolean logic operator per-
forms a full addition operation on a resistance state switch-
ing of a multi-resistance-state spintronic device according to
embodiments of the present disclosure; FIG. 7(¢) schemati-
cally shows a schematic diagram of a timing sequence of an
in-memory Boolean logic operator during a full addition
operation and an output according to embodiments of the
present disclosure.

[0108] According to some embodiments of the present
disclosure, in a case of three signal input logical operation
arrays, the full addition operation may be achieved. For
example, according to the timing sequence, any three
memory cells X, Y, Z of the same column in the binary
MRAM memory array 601, or an operation carry signal C,
(no connection is shown in figure) output by a previous SA,
and any two memory cells X, Y of the same column may be
selected successively. As described in the previous para-
graph, the domain wall in the logical operation cell is driven
to move, so that a transition of the resistance state. As shown
in FIG. 7(b), when X=0, Y=0, C,=0, SA of the same column
in the memory array sense amplifier 602 outputs O pulses,
the first resistance state 2a of the logical operation array 603
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is kept unchanged, and the logical operation result is read as
“00’; when there is a “1” in the input signal, such as C,=0,
X=0,Y=1, SA outputs 1 pulse, and the resistance state of the
logical operation cell 603 is changed from the first resistance
state 2a to the second resistance state 2b, and the logical
operation result is read as “01”’; when there are two “1” in
the input signal, such as C;=0, X=1, Y=1, SA' continuously
outputs 2 pulses, the resistance state of the logical operation
array 603 is changed from the first resistance state 2a to the
second resistance state 25 and then to the third resistance
state 2¢, and the logical operation result is read as “107;
when C~=1, X=1, Y=1, and SA' continuously outputs 3
pulses, the resistance state of the logical operation array 603
is changed from the first resistance state 2a to the second
resistance state 24, then to the third resistance state 2¢, and
finally to the fourth resistance state 2d, the logical operation
result is read as “11”, so as to achieve an operation and an
output of a full addition logic. A timing sequence diagram
thereof is shown in FIG. 7¢). C,,  is a carry of the operation,
Sum is a sum of the operation, and after each operation cycle
ends, a reset pulse signal “Reset” is applied.

[0109] In the present disclosure, the ferromagnetic free
layer 104 may exhibit different resistance states under a full
electric field control by providing the plurality of local
magnetic domain wall pinning centers 108 on the spin-orbit
coupling layer 105 of the magnetic tunnel junction and
providing the magnetic domain wall nucleation centers 107
at two ends of the ferromagnetic free layer 104. The bottom
electrode 106 and the top electrode 101 are connected to an
external read-write circuit, and the read-write circuit con-
trols a change in the resistance state and a reading of the
resistance state information of the multi-resistance-state
spintronic device 402, so that a writing and a reading of an
information may be completed. Compared to the prior art,
the technical solution provided by the present disclosure
may greatly improve a reading and operation speed, reduce
a complexity of the Boolean logical operation, and reduce a
power consumption of reading and operation.

[0110] The multi-resistance-state spintronic device 402
provided by the present disclosure is capable of effectively
driving the domain wall to move and displace without an
external field assistance under a full electric field condition.
A magnitude and a direction of the displacement may be
modulated by the number of pulses, a pulse width and a
direction of a current, which may have a high reliability and
a circuit compatibility. Compared to a traditional magnetic
memory cell that stores two states of “0” and “17, the
solution may achieve a multi-valued memory within a single
memory cell, such as “00”, “01”, “10”, “11”, which may
reduce a memory area required to store an information of a
same byte. The in-memory Boolean logic operator provided
by the present disclosure may implement the in-memory
computing logical operation in a non-von Neumann archi-
tecture, such as a semi adder, a full adder, AND, NAND,
XOR, XNOR, and NOR, OR, which may have a higher
operation efficiency.

[0111] So far, embodiments of the present disclosure have
been described in detail with reference to the accompanying
drawings. It should be noted that implementation methods
that are not shown or described in the accompanying draw-
ings or the text of the specification are all forms well-known
to those skilled in the technical art to which the present
disclosure belongs and have not been described in detail. In
addition, the above-mentioned definitions of each compo-
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nent are not limited to the various specific structures, shapes,
or methods mentioned in the embodiments, and may be
simply modified or replaced by those skilled in the art.
[0112] It should be noted that in specific embodiments of
the present disclosure, unless a contrary intention is indi-
cated, numerical parameters in the specification and the
attached claims are approximate values that may be changed
according to required characteristics obtained from the con-
tent of the present disclosure. Specifically, all numbers used
in the specification and the claims to represent dimensions,
range conditions, etc. of the composition should be under-
stood as being modified by a term “approximately” or
“about” in all cases. In general, the meaning of the above
term includes a variation of £10% in some embodiments,
+5% in some embodiments, £1% in some embodiments, and
+0.5% in some embodiments, for a specific number.
[0113] Those skilled in the art will appreciate that various
combinations and/or incorporations of features recited in
various embodiments and/or claims of the present disclosure
may be made, even if such combinations or incorporations
are not explicitly recited in the present disclosure. In par-
ticular, without departing from the spirit and principles of
the present disclosure, various combinations and/or incor-
porations of the features recited in the various embodiments
and/or claims of the present disclosure may be made. All of
the combinations and/or incorporations fall within the scope
of the present disclosure.

[0114] The above-mentioned specific embodiments have
further described the objectives, technical solutions and
advantages of the present disclosure in detail. It should be
noted that the above are only specific embodiments of the
present disclosure and are not intended to limit the present
disclosure. Any modifications, equivalent substitutions,
improvements, and the like made within the spirit and scope
of the present disclosure shall be included in the scope of
protection of the present disclosure.

1. A multi-resistance-state spintronic device, comprising:

a top electrode configured to be connected to an external
read circuit to read a signal;

a bottom electrode configured to be connected to an
external write circuit to receive a write signal; and

a magnetic tunnel junction, comprising:

a ferromagnetic reference layer below the top electrode;

a ferromagnetic free layer below the ferromagnetic ref-
erence layer, wherein a magnetization direction of the
ferromagnetic free layer is antiparallel to a magnetiza-
tion direction in the ferromagnetic reference layer, and
magnetic domain wall nucleation centers are provided
at two ends of the ferromagnetic free layer and con-
figured to generate a magnetic domain wall;

a barrier tunneling layer between the ferromagnetic ref-
erence layer and the ferromagnetic free layer, wherein
the barrier tunneling layer is configured to isolate the
ferromagnetic reference layer and the ferromagnetic
free layer; and

a spin-orbit coupling layer below the ferromagnetic free
layer, wherein two ends of the spin-orbit coupling layer
are respectively connected to two bottom electrodes,
the spin-orbit coupling layer is configured to generate
a spin current under an action of the write signal to
drive the magnetic domain wall to move, a plurality of
local magnetic domain wall pinning centers are pro-
vided at intervals on the spin-orbit coupling layer to
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enhance a DM interaction constant between interfaces,
so as to form a plurality of resistance states.

2. The multi-resistance-state spintronic device according
to claim 1, wherein materials of the ferromagnetic reference
layer and the ferromagnetic free layer comprise one of:
CoFeB, CoFeAl, or Co.

3. The multi-resistance-state spintronic device according
to claim 1, wherein a material of the spin-orbit coupling
layer comprises one or a combination of: W, Ta, an alloy
containing W, or an alloy containing Ta.

4. The multi-resistance-state spintronic device according
to claim 1, wherein materials of the local magnetic domain
wall pinning centers and the magnetic domain wall nucle-
ation centers comprise Pt.

5. The multi-resistance-state spintronic device according
to claim 1, wherein anisotropy energies at two ends of the
ferromagnetic free layer are adjustable, and an effective
spin-orbit like field torque and a DM interaction intensity at
an interface between the ferromagnetic free layer and the
spin-orbit coupling layer are adjustable.

6. The multi-resistance-state spintronic device according
to claim 1, wherein a number of the local magnetic domain
wall pinning centers is N, N pinning regions are generated
in the ferromagnetic free layer, and the multi-resistance-state
spintronic device comprises N resistance states, where N=3
and N is an integer.

7. A read-write circuit, comprising:

the multi-resistance-state spintronic device according to
claim 1;

a write circuit connected to a bottom electrode of the
multi-resistance-state spintronic device, wherein the
write circuit is configured to transmit a pulse current to
the multi-resistance-state spintronic device to complete
a data writing; and

a read circuit connected to a top electrode of the multi-
resistance-state spintronic device, wherein the read
circuit is configured to receive a reference voltage
generated by the multi-resistance-state spintronic
device to complete a data reading.

8. The read-write circuit according to claim 7, wherein the
bottom electrode of the multi-resistance-state spintronic
device comprises a first bottom electrode and a second
bottom electrode, the first bottom electrode is connected to
a drain electrode of a first transistor, and the top electrode is
connected to a drain electrode of a second transistor;

the write circuit is connected to a source electrode of the
first transistor, a write signal yin of the write circuit is
a gate control signal of the first transistor to control
on/off of the first transistor, and the write circuit is
configured to transmit the pulse current to the multi-
resistance-state spintronic device to complete the data
writing; and

the read circuit is connected to a source electrode of the
second transistor, a read signal V,,,, of the read circuit
is a gate control signal of the second transistor to
control on/off of the second transistor, an induced
current passes through the multi-resistance-state spin-
tronic device to generate the reference voltage, and the
data reading is completed according to the reference
voltage.

9. The read-write circuit according to claim 8, wherein the
multi-resistance-state spintronic device comprises a first
resistance state, a second resistance state, a third resistance
state, and a fourth resistance state;
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the write circuit is addressed through a row decoding and
a column decoding, the first transistor is turned on
through a write word line, a write pulse is injected to
drive a magnetic domain wall to move, a switching
between different resistance states is controlled by
controlling a number and a direction of the write pulse,
and a displacement direction of the magnetic domain
wall is controlled by controlling a polarity direction of
the write pulse; and

the read circuit is addressed through a row decoding and
a column decoding, the second transistor is turned on
through a read word line to generate the reference
voltage, and a resistance state information of the multi-
resistance-state spintronic device is read through a
sense amplifier.

10. An in-memory Boolean logic operator, comprising:

the read-write circuit according to claim 7,

wherein a write circuit is configured to receive pulses
output by a memory array and drive a magnetic domain
wall to move, so as to change a resistance state of a
multi-resistance-state spintronic device;

a read circuit is configured to read a resistance state
information of the multi-resistance-state spintronic
device; and

the in-memory Boolean logic operator is configured to
implement a Boolean logical operation of a write signal
and a reading of the write signal through a writing and
a reading of the write-read circuit.
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