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ABSTRACT

All 16 Boolean logic functions in a single Ta/CoFeB/MgO device with perpendicular magnetic anisotropy were experimentally demonstrated
based on the spin-orbit torque (SOT) effect. Furthermore, by combining with the voltage-controlled magnetic anisotropy (VCMA) effect, a
novel SOT-MT] (magnetic tunnel junction) prototype device with the assistance of the VCMA effect was further designed to perform mag-
netic field-independent logic operations. The numerical simulations were carried out, demonstrating the feasibility to realize all 16 Boolean
logic functions in a single three-terminal device by applying the bias voltage and current injection as input variables. This approach pro-
vides a potential way toward the application of energy efficient spin-based logic, which is beyond the current von Neumann computing

architecture.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0030016

The continued scaling of complementary metal-oxide-
semiconductor (CMOS) technology according to Moore’s law has
brought to us upgraded electronic devices with a smaller volume,
higher speed, and lower price for decades. However, the challenge
to such rapid development still exists."” One critical limitation is
the explosive growth of static power dissipation arising from the
leakage current as the CMOS feature size scales down to a few
nanometers.” On the other hand, the operating speed of electronic
devices is seriously limited by the ineluctable data exchange
between separate processor and memory units, encountering the
so-called von Neumann bottleneck that further brings massive
dynamic power dissipation.” To overcome the above-mentioned
obstacles rooted in the existing Si-based electronic devices, new
problem-solving strategies beyond CMOS or even beyond von

Neumann are urgently needed and have aroused extensive research
interests.”®

One promising strategy is to introduce the emerging non-
volatile memories such as magnetoresistive memory,” ' resistive
memory,'” ' and phase-change memory'’ into logic circuits. For-
tunately, due to their nonvolatile feature, these memories can eradi-
cate the static power dissipation. More importantly, the exploration
of their logic functions will lead to the unity of logic and mem-
ory units, hence thoroughly breaking the von Neumann bottleneck.
In particular, the magnetic tunnel junction based on spin trans-
fer torque (called the STT-MT]J) combines the advantages of non-
volatility, CMOS compatibility, and unlimited endurance,'® showing
great potential to construct a “stateful” logic circuit where intrinsic
logic-in-memory cells both perform logic operations and store logic
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values.” Recently, a reprogrammable logic gate consisting of three
input STT-MT]Js and one output STT-MT] was designed to realize
the basic Boolean logic functions AND, OR, NAND, NOR, and the
Majority operation.” %"

However, despite the reprogrammable gates and implication
gates being good examples for the realization of stateful logic, there
are still some shortcomings that need to be addressed. In the aspect
of device performance, the STT-MT]J suffers from serious failure and
reliability issues due to the high writing current densities as well as
erroneous writing by the read current.”’ Furthermore, both the sin-
gle implication gate and the single reprogrammable gate can only
implement just one or a limited number of logic operations, indi-
cating more steps and complex combinations are needed to com-
plement the other basic Boolean logic functions. Therefore, it is
extremely attractive to explore a better alternative to the STT-MTJ
and to finally realize as many Boolean logic functions as possible in
such a single device.

Spin-orbit torque (SOT) originating from the spin Hall
effect and Rashba-Edelstein effect provides another method to
realize magnetization switching’'~?* and high-speed domain wall
motion*** by an in-plane current injection. Moreover, the critical
current of the SOT-induced switching can be modulated with a bias
voltage due to the voltage-controlled magnetic anisotropy (VCMA)
effect,”®?” exhibiting great potential in the application of MTJ-based
logic devices.

In this work, a design based on the SOT mechanism was
experimentally demonstrated to realize all 16 Boolean logic func-
tions in a simple Ta/CoFeB/MgO trilayer with perpendicular mag-
netic anisotropy (PMA). The key idea is to combine different logic
inputs to tune the magnetization state and to measure the anoma-
lous Hall resistance as the logic output. Furthermore, by utiliz-
ing the tunnel magnetoresistance (TMR) value as the logic out-
put, this method is applicable to the emerging perpendicular SOT-
MT]J, a novel three-terminal device with high reliability, symmet-
ric switching, and scalable energy consumption compared to the
conventional STT-MT]. More importantly, we also conceive that
by combing the voltage-controlled magnetic anisotropy (VCMA)
effect, the modified method (using current injection and bias volt-
age as logic inputs) can realize all 16 Boolean logic functions in the
SOT-MT].

The multilayers with a core structure of Ta (3)/CosoFesBao
(L.1)/MgO (2)/Ta (3) (in nm) were deposited on thermally

scitation.org/journal/adv

oxidized Si (001) substrates by a magnetron sputtering system
at room temperature. The films were patterned into 15-ym-wide
Hall bars for transport measurements using photolithography and
Ar-jon etching. The devices exhibit PMA after an annealing pro-
cess at above 300°C, which can be proved by the anomalous
Hall signal with an out-of-plane magnetic field (Fig. S1, supple-
mentary material). Figure 1(a) shows SOT-induced magnetization
switching, with current injection (Ix) and magnetic field (Hx) both
along the x-axis. Opposite switching can be clearly observed when
H, is reversed, suggesting similar features to the previous stud-
ies on perpendicularly magnetized heavy metal/ferromagnet het-
erostructures.”*® Figure 1(b) presents current-induced switching
loops under different H,, indicating that the critical switching
current is positively correlated with Hy, which can be explained
by the Marco model.”” Moreover, programmable logic devices
based on the SOT mechanism can be designed according to this
relationship.

Figure 2(a) shows two schematic current-induced switching
loops under different external fields in consideration of a single
domain switching paradigm. The critical switching currents can be
distinguished in the high external field (Hyu) and low external field
(Hy) configurations. Hence, a median value of two critical switching
currents is defined as |Iv|. Similar to the schematic curves, distinctly
different switching loops corresponding to different external fields
can be observed in the experimental measurements, as shown in
Fig. 2(b). Here, Hy and Hy, are 200 Oe and 30 Oe, respectively, and
the value of |In| is 8.5 mA. The external field Hy and injected cur-
rent I are used as two input variables to perform logic operations.
For example, Hy is 30 Oe or 200 Oe for input 0 or 1, respectively,
and Iy is set to —8.5 mA or +8.5 mA for input 0 or 1, as listed in the
table in Fig. 2(c). The measured Hall resistance functions as the logic
output, which can be identified as the spin-up state (logic “1”) and
the spin-down state (logic “0”), as shown in Fig. 2(c). Figure 2(d)
suggests the logic output transformation corresponding to different
logic inputs (external field/current, Hyly). It can be seen from the
diagram that for the HxIx = “11” configuration (Hx = 200 Oe and
Iy = +8.5 mA), the logic output is 1 (spin-up state), regardless of
the initial magnetization state. Similarly, the HyIx = “10” configura-
tion leads to the logic output 0, and SOT-induced switching will not
take place with the logic input HyIy = “00” or “01” configuration.
Based on these working principles, all 16 Boolean logic operations
can be performed, and the detailed operations are listed in Fig. 2(e).

FIG.1. (a) lllustration of a Ta/CoFeB/MgO
Hall bar device. Hx and I refer to in-
plane field and current injection along the
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AND 1 0 o operation methods of all 16 Boolean
Input logic value | H, (Oe) | I (mA) P q L logic functions (W1, W2, and W3 stand
NAND 1 1 - - - i
0 30 85 P q p -q for a write sequence).
pORg 1 1|-p qf- -
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Output logic 0 Output logic 1 PXNORg |1 O|p g |-p —-q

Therefore, “p“and “q“ are the two input logic variables, “-” means no
operation, and “~” represents the negation operation, i.e., -0 = 1 and
-1=0.

Figure 3 shows the experimental results of Boolean logic func-
tions based on the SOT-induced switching. Combining with a
truth table of all 16 Boolean logic gates (shown in supplementary
material), the feasibility of complementary logic operation in a sin-
gle device with programmability and non-volatility can be demon-
strated. For example, a TRUE gate can be performed in one step with
the logic operation “11” (Hx = 200 Oe and I = +8.5 mA), regard-
less of the value of inputs p and g. For this configuration, the final
magnetization is in the spin-up state, outputting a logic value 1, as
shown in Fig. 3(al). For an AND gate, if the input p = g = 0, a logic
operation HyIy = “10” (Hx = 200 Oe and Iy = —8.5 mA) is needed as
an initialization step. Then, the writing operation “00” is performed
by Hy = 30 Oe and Ix = —8.5 mA. In this case, the final magneti-
zation state is “spin-down,” outputting a logic value 0, as shown in
Fig. 3(b1). For the configurations with other “p g” values, “01,” “10,”
and “11,” the logic function can be realized by writing “p g” after
an initialization step with “10,” outputting the corresponding results
finally, as shown in Figs. 3(b2)-3(b4). For an OR gate, the logic input

ItHy = “117 (Hx = 200 Oe, Ix = +8.5 mA) is initially operated if
the input p = 1 and g = 0. Then, the write operation “-p ¢g” (“00,”
Hy = 30 Oe, and Iy = —8.5 mA) is performed as the second step,
resulting in the spin-up state (output 0), as shown in Fig. 3(b5). For
configurations with other “p ¢” values, “11,” “00,” and “01,” the logic
operations can be completed by writing “-~p q” after an initializa-
tion step with “11,” and the corresponding experimental results are
shown in Figs. 3(b6)-3(b8).

Moreover, an XOR gate can be realized in a process with three
steps. If the logic input p = 0 and g = 1, the write operation HyIx
= “10” (Hx = 200 Oe and Iy = —8.5 mA) is performed at first.
The second step is to input “-p g7 (“11,” = 200 Oe, and I
= +8.5 mA). Write operation “p -q” (“00,” Hx = 30 Oe, and I
= —8.5 mA) is performed at last. After the three-step operations,
the final magnetization state is spin-up, outputting a logic value
1, as shown in Fig. 3(c4). As for the other “p q” values of “10,”
“11, and “00,” the initial operation is to input “10” and then input

“=p q” as follows. The third step is to perform a logic operation
“p —~q” and read the corresponding output values finally. The rele-
vant experimental results are shown in Figs. 3(c1)-3(c3). In addi-
tion, the operations of other logic gates not mentioned here are
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FIG. 3. Experimental results of all 16 Boolean logic functions based on the SOT switching mechanism. (a)—(c) represent the realization of logic functions by using one, two,

and three write cycles, respectively.

summarized in the truth table (Fig. S2, supplementary material). It
clearly indicates that these experimental results demonstrate the fea-
sibility to successfully realize all 16 Boolean logic operations in the
Ta/CoFeB/MgO device. It means that the SOT-based logic opera-
tions can be introduced into the device design, which is expected to
realize the combination of non-volatile memory and computing unit
in an integrated circuit, breaking the von Neumann bottleneck in the
future.

Furthermore, the external field can be replaced by bias volt-
age as a logic input based on the VCMA effect.”*! As shown
in Fig. 4(a), charge accumulation will take place at the ferro-
magnetic metal/oxide interface in the MTJ structure with a bias
voltage (V) applied. The energy barrier of magnetization switch-
ing is thus modulated due to the change in the relative occu-
pancy of the 3d-orbitals.’” Figure 4(b) shows the specific influ-
ence of the bias voltage on the energy barrier of magnetization
switching in the free layer, suggesting a lower barrier correspond-
ing to a positive bias voltage and a higher barrier correspond-
ing to a negative bias voltage. The voltage required to com-
pletely eliminate the barrier is defined as V.. The voltage-driven
switching induced by SOT can be realized by precisely control-
ling the duration of the bias voltage when 0 < V, < V.. 52%
Based on this feature, a VCMA-assisted SOT MT]J device was
designed, as shown in Fig. 4(c). A low energy barrier is achieved with

a bias voltage applied between terminals T1 and T3, and the SOT
originated from the heavy metal layer is induced by an injected cur-
rent between T2 and T3 that results in a current-induced switching.
This procession can be described by the Landau-Lifshitz-Gilbert
(LLG) equation,*

M - = = dM
d :—nyHEff+ocM><d—

dt dt

+T, (1)

where M is the magnetization vector, y is the gyromagnetic ratio,
and « is the Gilbert damping coefficient. The effective magnetic
field Hegt = Hext + Hgq + Hapi is the sum of the external field (Hext),
the demagnetizing field (Hq), and the anisotropy field (Hani). Tak-
ing into account the VCMA effect, Hayi can be expressed in the
form*’

N (2K1(0) fox — 2EV, ) - @)

Hani(Vb) = Mtitor M,

where Kj( is the interfacial anisotropy energy without bias volt-
age applied, fox and f; are the thickness of the barrier and the free
layer, respectively, £ is the VCMA coefficient, and M; is the satu-
ration magnetization of the free layer. The additional SOT item in
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the LLG equation can be described as

—L%GSHE]]\} X 1\71 X0

2eteMs

T- 3)

(2)

where Osyg is the spin Hall angle and 0 is the spin polarization vec-
tor. Hence, the dynamic evolution of the magnetization in the free
layer can be characterized according to Eqs. (1) and (3). Based on
this, Verilog-A language was applied to build electrical models for a
VCMA-assisted SOT MT]J device to perform numerical simulations

ARTICLE scitation.org/journall/adv

FIG. 4. lllustrations of (a) MTJ structure,
(b) impact of different voltages on the
energy barrier of an MTJ, and (c) the
VCMA-assisted SOT MTJ device.

with a 40-nm CMOS kit.*> The detailed parameters for the model
can be found in Table S3 listed in the supplementary material. The
simulation results suggest that all 16 Boolean logic functions can
be realized based on the VCMA and SOT effects. Figure 5 shows
the transient waveforms of the proposed VCMA-assisted SOT MT]
device corresponding to AND, OR, and XOR logic gates.

Bias voltage Vi, and injected current I are used as two input
variables to perform logic operations. Vy, is set as 0 mV or 600 mV
for input 0 or 1, respectively, and Ix is set to —65 uA or
+65 pA for input 0 or 1, respectively. The application of bias
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FIG. 5. Transient waveforms of the proposed VCMA-assisted SOT MTJ

device corresponding to (a) AND, (b) OR, and (c) XOR logic gates.
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voltage can lead to a lower energy barrier, and the SOT is gener-
ated by the injected current, resulting in a switching of the mag-
netization state of the free layer in the device. The logic output
is defined based on the tunneling magnetoresistance (TMR) cor-
responding to the anti-parallel state (high resistance, +1V, logic
1) or parallel state (low resistance, —1V, logic 0) of the two fer-
romagnetic layers. The transient waveforms of each logic opera-
tion shown in Fig. 5 are divided into four color areas (areas I-
IV), representing the operation process when the initial logic input
“p g7 = “00,” “10,” “01,” and “11,” respectively. For an AND gate
shown in Fig. 5(a), if the inputs p = q¢ = 0 (area I), the initial-
ization step is to perform a logic operation “10,” setting the bias
voltage to 600 mV (1 ns) with a pulsed injected current of —65 yA
(2ns). Then, the logic operation “00” is performed by Ix = —-65 yA
without bias voltage applied. The device is in the low-resistance state
finally in this case, outputting a logic value 0. For the configura-
tions with other “p ¢” values, “10” (area II), “01” (area III), and
“11” (area IV), the logic operation can be completed by writing “p
q” after an initialization step with “10” and outputting the corre-
sponding results. For an OR gate shown in Fig. 5(b), if the inputs
p =1and g = 0 (area II), a write operation “11” (V}, = 600 mV and
I = +65 pA) is performed at first. Then, the operation is completed
by a write operation “-p ¢~ (“00,” Vi, = 0 mV, and Iy = —65 pyA)
that results in a high-resistance state (1 V, output 1). For configura-
tions with other “p g” values, “00” (area I), “01” (area III), and “11”
(Area IV), the logic operation can be completed by writing “-p g”
after an initialization step with “11,” similar to the discussion above.
Figure 5(c) shows the realization of an XOR gate with three steps. If
the logic input p = 0 and g = 1 (area III), the write operation “10”
(Vb = 600 mV and Ix = —65 yA) is performed at first, leading to
the low-resistance state. The second step is to input “-p g” (“11,” Vy,
=600 mV, and I = +65 yA), and write operation “p —q” (“00,” Vi, =0
mV, and Iy = —65 yA) is performed at last. Finally, the device is in the
high-resistance state outputting a logic value 1 after the three-step
operations. As for the other input values of “p g,” “00” (area I), “10”
(area IT), and “11” (Area IV), the logic function can be performed
with three operations of input “10,” “~p ¢,” and “p —¢,” reading the
corresponding logic output value finally. Based on this, a VCMA-
SOT assisted MT]J device with three terminals is designed, and the
feasibility of realizing all 16 Boolean logic functions in a single unit
is demonstrated. The simulation results suggest that the operation
with a single step only needs 2.26 ns, featuring an ultra-fast writing
speed.

In summary, all 16 Boolean logic functions in a single
Ta/CoFeB/MgO device with PMA were experimentally demon-
strated based on the SOT effect by applying the external field
and current injection as input variables. Furthermore, the VCMA
effect was introduced to design a three-terminal MT] device, which
can implement magnetic field-independent logic operations. The
approach can be improved through optimization of structure design
and device fabrication, paving the way for the application of energy
efficient spin-based logic, which is beyond the current von Neumann
computing architecture.

SUPPLEMENTARY MATERIAL

See the supplementary material for the anomalous Hall signal of
the device, the truth table of all 16 Boolean logic functions, and the
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detailed parameters for the electrical model to perform numerical
simulations.
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