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ABSTRACT

With the rapid development of modern computers, problems caused by the performance gap between processor and memory in von-
Neumann architecture have become significant. Spintronic devices, benefitting from the potential of achieving in-memory computing, have
become one of the most competitive candidates to bridge the performance gap. Great efforts have been made to realize the functions of mod-
ern computers using spintronic devices. Here, a nonvolatile magnetic arithmetic logic device working at room temperature based on coupling
of anomalous Hall effect of Ta/CoFeB/MgO multilayers with perpendicular magnetic anisotropy and elements with negative differential
resistance characteristics has been proposed. Logic function of half adder has been experimentally demonstrated. This device could perform
the arithmetic logic function of half adder and simultaneously write the computation result in storage bits in the process of performing logic
operation. It has the potential to bridge the gap between arithmetic logic units and memory in modern computers.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0048448

In conventional computers, processor and memory are physically
separated. Such computer architecture, well-known as von-Neumann
architecture, has been proved to be successful in the past decades.
However, such architecture causes modern computers to suffer from
large consumption of time and energy because it requires frequent
communication not only between complementary metal-oxide-semi-
conductor (CMOS)-based processor and volatile random access mem-
ory (RAM), but also between the RAM and external nonvolatile
memory such as hard disk.1 If data processing and storage could be
combined, such waste of time and energy caused by the von-
Neumann bottleneck could be saved. One of the most promising can-
didates for future computer technology is nonvolatile spintronic-based
device,2 because it has the potential to combine data processing and
storage to save the extra time and energy consumed in the data com-
munication process in traditional von-Neumann architecture. Up
untill now, vast varieties of spintronic logic devices have been designed

to realize Boolean logic functions such as AND, OR, and NOT.
Among these spintronic logic devices, spin–orbit torque (SOT)-based
devices have been intensively reported in recent years because of
potential low energy consumption and high operation speed.3,4

However, in order to perform more complex computing tasks, the
realization of arithmetic functions such as adders using spintronic
devices still remains to be an important issue. Design schemes of
spintronic-based nonvolatile adders have been proposed based on sim-
ulation results,5–10 and a few devices have been fabricated and demon-
strated experimentally, including devices based on nanomagnetic
dipole coupling,11–15 logic-in-memory architecture using magnetic
tunnel junctions,16 computational random access memory17 and so
on. For adders based on the dipole coupling of nanomagnets, although
the outputs could be calculated within the same step as the logic inputs
were given, the manufacturing variations and thermal noise reduced
the reliability of the step-by-step switching of nanomagnets and the
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robustness of the device was not guaranteed. For experimentally dem-
onstrated magnetic adders based on magnetic tunnel junctions,14,15

one of the design strategies to realize the required logic function
required complex CMOS-based auxiliary circuits and external volatile
logic inputs.16 Although such method allowed one-step realization of
logic function and possessed compatibility with CMOS technologies,
the nonvolatility of the device was impaired due to the external volatile
inputs and relatively large area was required because of the complex
auxiliary circuit. Another way to perform arithmetic logic function
was based on array of STT-MTJs and multistep cascading of magnetic
majority gates.17 This method could perform complex logic operations
within memory array with full nonvolatility. However, the time effi-
ciency was affected because more than one clock cycle was needed in
the cascading of logic gates. Although various works have been pro-
posed on spintronic logic devices based on SOT, it still remains to be
reported an SOT-based adder combining nonvolatile arithmetic logic
function and memory writing within the same time step.

Besides the numerous research on logic functions based on spin-
tronic elements only, studies have been conducted on coupling spin-
tronics with other circuit elements with nonlinear I–V characteristics,
such as diodes16,19 and NDR elements.17,20 In the case of diode-
assisted magnetic logic, although the introduction of diodes signifi-
cantly enhanced the magnetic response of the spintronic component,
the logic inputs were set by restricting external magnetic field on sepa-
rate magnetic bits and the method of storing the outputs with nonvo-
latility has not yet been demonstrated. For the reported NDR-assisted

spin logic devices, the setting of logic inputs and storage of outputs
could be accomplished by current-induced switching of magnetiza-
tion. But the logic functions were limited to logic operations with logic
output monotonically related to the number of “1” (or “0”) of logic
inputs and could be easily derived from a majority gate, such as AND,
NAND, OR, and NOR, whereas other logic functions such as XOR
and XNOR have not yet been performed. In order to perform arith-
metic functions, XOR logic gates were indispensable and such blank
needed to be filled. Here we proposed a computing-in-memory NDR-
assisted spintronic half adder device which could perform the arith-
metic logic function of half adder and simultaneously write the com-
putation result in storage bits. This device has the potential to bridge
the gap between arithmetic logic units and memory in modern
computers.

In magnetic logic, the logic outputs should response to logic
inputs in the form of magnetic field or magnetic spins. In our pro-
posed logic device, such response was realized by utilizing the AHE of
magnetic multilayer Ta (3 nm)/Co40Fe40B20 (0.7nm)/MgO (1nm)
with PMA. The ferromagnetic multilayer was fabricated into three-
terminal bits. Details of the fabrication process have been presented in
supplementary material. The magnetization states of the magnetic bits
represented the binary data stored in these bits. The PMA property of
the multilayer was checked by measuring the anomalous Hall resis-
tance as shown in Fig. 1(a).

Due to the AHE, when electric current flew into the three-
terminal magnetic bit from the top electrode, the motion of the

FIG. 1. Structure and transport property of PMA multilayer Ta (3 nm)/Co40Fe40B20 (0.7 nm)/MgO (1 nm). (a) Measurement of anomalous Hall resistance as out-of-plane mag-
netic field was swept between –5 mT and þ5mT. (b) AHE-induced deflection of electron motion dependent on the direction of electron spins, resulting in current imbalance in
macroscopic level. (c) Experiment result of current imbalance caused by AHE with different magnetization directions. (d). I–V characteristics of an NDR element consisted of
two silicon-based complementary bipolar transistors.
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conducting electrons would be deflected depending on the spin direc-
tion of the electron, and because of the perpendicular anisotropy of
Ta/CoFeB/MgO multilayer, such effect would cause the change in
magnitude of the current flowing out from the left and right electrode
depending on the magnetization direction of the magnetic bit [Figs.
1(b) and 1(c)]. Such phenomenon linked electric signal to magnetic
spins, which allowed the data stored in the magnetic bits to serve as
inputs of magnetic logic. If two identical magnetic bits were connected
in parallel with current flowing in from top electrodes and out from
left and right electrodes (denoted as left and right channel in the fol-
lowing texts), the accumulative effect of AHE would cause the magni-
tude of current in the left and right channel current to be controlled by
the magnetization states of the two magnetic bits, which could be con-
sidered as the input for magnetic logic. Such electric response to the
magnetization of the magnetic bit could be utilized to build current-
driven magnetic logic units. However, such response of the magnitude
of the electric signal caused by AHE in commonly used room-
temperature ferromagnetic materials is relatively weak. As shown in
Fig. 1(c), in the ferromagnetic multilayer Ta/CoFeB/MgO with good
PMA, the change of current magnitude in response to the reversal of
out-of-plane magnetization is merely �1%, which is not enough con-
sidering the reliability of logic operation. To increase the output ratio
of AHE-based spin logic devices, auxiliary circuit elements are needed
to enhance the electric response to the change of magnetization states.
It has been reported that elements with nonlinear I–V characteristics
such as Zener diodes18 and NDR devices19 could significantly magnify
the logic output ratio of magnetic logic devices based on AHE. In the
case of current-driven logic devices, NDR elements have been proved
to be effective. In this work, the NDR elements were composed of two
commercially available silicon-based complementary bipolar transis-
tors because of the uniformity of performance between the elements
ensured by maturity of production process and their I–V characteris-
tics have been measured [Fig. 1(d)].

Based on the coupling of AHE and nonlinear enhancement effect
of NDR device, we have designed and experimentally demonstrated a
magnetic arithmetic logic device which could perform the function of
a half adder (Fig. 2). In the device, magnetic bit a and b served as the
inputs of the half adder, i.e., the addends, and the magnitude of current
flowing through bit c and d would be dependent on the magnetization
states of both bit a and b. The response of output current to the four
input configurations (","), (",#), (#,"), and (#,#), defined as binary
inputs (0,0), (0,1), (1,0), and (1,1), has been measured experimentally
(Fig. 3) and the value of output current was extracted when source cur-
rent I0 was 1.6mA (Table I). If high output current was defined as “1”
and low current as “0,” the response of the current in bit d and bit c to
the inputs would match the truth table of Boolean logic AND and
XOR, respectively, which could serve as the CARRY and SUM output
of half adder arithmetic logic operation. The output ratio of the device
was �100% for SUM and �300% for CARRY, respectively. The large
output ratio is dispensable to prevent computing error.

The mechanism of the proposed half adder could be presented
briefly as follows. As mentioned above, the logic functionality of the
half adder was based on the coupling of the electric response origi-
nated from the AHE of Ta/CoFeB/MgO multilayer and the nonlinear
I–V characteristics of NDR elements. Three-terminal magnetic bits
could be considered as Y-type resistor networks consisted of three
resistors with effective resistance dependent on the magnetization

status of the magnetic bits (Fig. 2). In our device, two NDR elements
were connected to the magnetic bits, and the other two NDRs were
also connected to the reference resistor network. The two NDRs con-
nected to the magnetic bits could be considered as connected in series
with resistors Rða;bÞLeft and Rða; bÞRight of which the resistance values were
related to the magnetization states of bit a and b. With different mag-
netization states of bit a and b, the values of Rða;bÞLeft ; R

ða; bÞ
Right , and Rref are

on the order of Rð1;1ÞLeft � Rð0;0ÞRight < Rref< Rð0;1Þ=ð1;0ÞLeft=Right . Because current
source was used in our logic circuit, the sum of the current in the four
NDR elements would be constant with the same source current. And
current in the NDR element connected to the smallest resistor would
be the largest compared with the other three NDRs. Thus, when both
bits a and b were magnetized upward (downward), the current in the
NDR connected to the right (left) side of the magnetic bits would be
the largest. On the contrary, when magnetic bits a and b had opposite
magnetization states, the current in the NDR connected to the refer-
ence resistors would be the largest. Because of the nonlinear I–V char-
acteristics of NDRs, when source current I0 increased, the channel
currents would be bifurcated, and the difference of channel current

FIG. 2. Schematic image of the magnetic half adder. In the circuit, bit a and b
served as two addends while bit c and d served as the writing bits to store the
result of SUM and CARRY, respectively. The external magnetic field antiparallel
with writing current direction was applied in the writing bits for deterministic current-
induced magnetization switching.

FIG. 3. Current measured in the CARRY and SUM output channel of the half adder
under all four input configurations (0,0), (0,1), (1,0), and (1,1). The bifurcation of chan-
nel current could be observed when the source current reached 1.3mA. The differ-
ence of channel current caused by the AHE of the input magnetic bits was enhanced
by such current bifurcation, and the output ratio of the arithmetic logic was increased.
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would be enhanced to get large logic output ratio (Fig. 3). Detailed dis-
cussions about the mechanism of the half adder have been presented
in supplementary material, where load line method has been used to
analyze the circuit qualitatively.

In order to realize full computing-in-memory function, in addi-
tion to performing logic operations from nonvolatile inputs, the result
of computation should also be written into the memory. The discovery
of SOT-based current-induced magnetization reversal of CoFeB layer
in Ta/CoFeB/MgO revealed that the magnetization direction of CoFeB
layer could be manipulated simply by applying current in the adjacent
Ta layer with the assistance of a constant external magnetic field colin-
ear with the applied current.20–22 Since the output of our proposed
device was in the form of the magnitude of current flowing in bits c
and d, the direction of magnetization direction of these bits could be
switched when the output current was greater than the critical current
for current-induced magnetization reversal of bits c and d. The current-
induced magnetization switching has been measured (Fig. 4). The
result showed that with the assistance of an in-plane external magnetic
field of 10mT colinear with the writing current, the magnetization of
the writing bits could be reversed [Fig. 4(b)]. The chirality of the mag-
netization switching depended on the direction of the applied magnetic
field, which was in accordance with reported results. According to the
result, when the external field Bx was fixed to –10mT, the critical cur-
rent of magnetization switching IC was 0.8mA, which was between the
high and low output current for both CARRY and SUM output chan-
nels. So if the writing bits were preset to the state of “0” before receiving
new computing result, when the computing result was “1,” i.e., high
output current, the current in the writing bit would exceed the critical
current for magnetization switching and the writing bit would be
switched to “1” state. On the contrary, when the logic output was “0,”

the magnetization would not be switched because of inadequate current
magnitude and the state of writing bit would remain “0.” Thus, the final
state of the writing bits would be the same as the result of the logic
operations to realize simultaneous writing of logic outputs. It should be
noted that because the input bits were also in the magnetic field, it was
important to ensure that the current in the input bits would not switch
the magnetization of the input bits. In our device, when the logic inputs
were different, i.e., (0, 1) or (1, 0), most of the source current I0 was
taken by the reference resistor network and the current in each input
bit would be small (< 0.15mA) compared to the critical switching cur-
rent. When both inputs were “0” or “1,” although most of I0 was taken
by the magnetic bits and the total current in the two input bits was
1.1mA, exceeding the critical switching current, the current in each
input was only half of the total current since the two bits were identical
and parallel-connected. Thus, the current value would be 0.55mA,
which was smaller than IC¼ 0.8mA, which prevented the data in the
input bits to be written by mistake. The experiment result of both arith-
metic logic function and memory writing under different input config-
urations showed that our device was capable of working as a magnetic
one-step half adder arithmetic logic device with nonvolatile inputs.

For studies on computing architectures and related devices, com-
patibility with existing fabrication technique for semiconductor indus-
try is one of the most important issues. Our proposed device is fully
compatible with present semiconductor processing and integrated cir-
cuits technologies. The magnetic bits, which serve as both data storage
units and inputs for computing, could be fabricated as integrated
array. Although external magnetic field was needed for the reversal of
magnetization, it was not necessary for the applied field to be restricted
to each device in the array because the data written into magnetic bits
could be controlled by the magnitude of output current instead of the
direction of external field. Hence, only one uniform in-plane magnetic
field applied on the whole array was required so the scaling difficulty
of magnetic field was overcome, which is beneficial for high storage
density. The peripheral semiconductor elements, including the refer-
ence resistors and NDR elements, could be fabricated into another
block neighboring the storage array instead of directly connected with
magnetic bits. Thus, with the assistance of software to control the
resource allocation for each computing task, the number of peripheral
elements required depends only on the maximum number of parallel
computing process rather than the number of storage bits. Hence, the
area occupation of the device could be reduced. Furthermore, in our

TABLE I. Value of the output current with I0 ¼1.6 mA.

Bit a Bit b
CARRY channel output
(Boolean logic AND)

SUM channel output
(Boolean logic XOR)

0 (") 0 (") 0 (0.067mA) 0 (0.511mA)
0 (") 1 (#) 0 (0.255mA) 1 (1.114mA)
1 (#) 0 (") 0 (0.239mA) 1 (1.120mA)
1 (#) 1 (#) 1 (1.053mA) 0 (0.492mA)

FIG. 4. Measurement of current-induced magnetization reversal of Ta/CoFeB/MgO with the assistance of external magnetic field Bx. (a) Schematics of the measurement setup.
(b) Current-induced switching property with external field parallel (þ10mT) and antiparallel (�10 mT) with the applied write current. Chirality change of magnetization reversal
was observed for opposite magnetic field direction.
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proposed device, arithmetic function and memory writing are com-
bined and the form of inputs and outputs of computing are the same.
Since the arithmetic logic units in CPUs need to deal with complex
arithmetic computations such as multidigit calculations, cascading of
logic gates is inevitable. Because in our device the outputs were stored
in nonvolatile memory bits with the same structure and performance
as input bits, the computing result could be directly used as inputs of
next arithmetic function. This makes cascading of logic units conve-
nient and more complex arithmetic logic functions could be expected
on the basis of the device such as the SUM output of a full adder with
three inputs including the carry from last digit. Such function could be
realized simply by cascading of two XOR logic gates, which has already
been incorporated in our half adder. Other factors of industrial imple-
mentations such as reliability, operation speed, and energy consump-
tion have been discussed in supplementary material.

In summary, we have proposed a room-temperature nonvolatile
spintronic device capable of performing arithmetic logic function of
half adder and simultaneous memory writing. With the assistance of
NDR elements, the output ratio could reach �100% for XOR and
�300% for AND logic operations, which not only indicates the high
reliability of logic function, but also allows the output current repre-
senting the logic output of “1” to drive the magnetization reversal of
memory bits. The combination of arithmetic logic function and mem-
ory writing shows that our proposed device has the potential to bridge
the gap between logic and memory units in modern computers and
contribute as a building block in next generation logic-in-memory
computing architecture.

See the supplementary material for details about device fabrica-
tion, mechanism of logic functions and potential of industrial
implementations.

This work was sponsored by National Key R&D Program of
China (Grant No. 2017YFA0206202) and National Science
Foundation of China (Grant No. 11674190). The authors thank
Beijing National Center for Electron Microscopy for providing
research facilities.

DATA AVAILABILITY

The data that supports the findings of this study are available
within the article and its supplementary material.

REFERENCES
1C. C. Liu, I. Ganusov, M. Burtscher, and S. Tiwari, IEEE Des. Test Comput.
22(6), 556 (2005).

2A. Makarov, T. Windbacher, V. Sverdlov, and S. Selberherr, Semicond. Sci.
Technol. 31(11), 113006 (2016).

3X. Wang, C. H. Wan, W. J. Kong, X. Zhang, Y. W. Xing, C. Fang, B. S. Tao, W.
L. Yang, L. Huang, H. Wu, M. Irfan, and X. F. Han, Adv. Mater. 30(31),
1801318 (2018).

4Y. Cao, Y. Sheng, K. W. Edmonds, Y. Ji, H. Zheng, and K. Wang, Adv. Mater.
32(16), 1907929 (2020).

5S. Sivasubramani, V. Mattela, R. P. C. Pal, and A. Acharyya, Nanotechnology
31(18), 18LT02 (2020).

6X. K. Yang, L. Cai, and Q. Kang, J. Comput. Theor. Nanosci. 9(4), 621
(2012).

7S. Lee, S. Seo, S. Lee, and H. Shin, IEEE Trans. Electron Devices 55(3), 890
(2008).

8A. Roohi, R. Zand, D. Fan, and R. F. DeMara, IEEE Trans. Comput.-Aided
Des. Integrated Circuits Syst. 36(12), 2134 (2017).

9H. Trinh, W. Zhao, J. Klein, Y. Zhang, D. Ravelsona, and C. Chappert, IEEE
Trans. Circuits Syst. I 60(6), 1469 (2013).

10Y. Gang, W. Zhao, J. Klein, C. Chappert, and P. Mazoyer, IEEE Trans. Magn.
47(11), 4611 (2011).

11E. Varga, G. Csaba, G. H. Bernstein, and W. Porod, in 11th IEEE International
Conference on Nanotechnology (2011), Vol. 1244.

12S. Breitkreutz, I. Eichwald, J. Kiermaier, A. Papp, G. Csaba, M. Niemier, W.
Porod, D. Schmitt-Landsiedel, and M. Becherer, in Jems 2013 - Joint European
Magnetic Symposia (2013) Vol. 75.

13E. Varga, M. T. Niemier, G. Csaba, G. H. Bernstein, and W. Porod, IEEE Trans.
Magn. 49(7), 4452 (2013).

14Z. Li and K. M. Krishnan, J. Appl. Phys. 121(2), 023908 (2017).
15S. Breitkreutz, J. Kiermaier, I. Eichwald, C. Hildbrand, G. Csaba, D. Schmitt-
Landsiedel, and M. Becherer, IEEE Trans. Magn. 49(7), 4464 (2013).

16S. Matsunaga, J. Hayakawa, S. Ikeda, K. Miura, H. Hasegawa, T. Endoh, H.
Ohno, and T. Hanyu, Appl. Phys. Express 1, 091301 (2008).

17M. Zabihi, Z. I. Chowdhury, Z. Zhao, U. R. Karpuzcu, J. Wang, and S. S.
Sapatnekar, IEEE Trans. Comput. 68(8), 1159 (2019).

18Z. C. Luo, C. Y. Xiong, X. Zhang, Z.-G. Guo, J. W. Cai, and X. Z. Zhang, Adv.
Mater. 28(14), 2760 (2016).

19Z. C. Luo, Z. Y. Lu, C. Y. Xiong, T. Zhu, W. Wu, Q. Zhang, H. Q. Wu, X. X.
Zhang, and X. Z. Zhang, Adv. Mater. 29(4), 1605027 (2017).

20L. Q. Liu, C.-F. Pai, Y. Li, H. W. Tseng, D. C. Ralph, and R. A. Buhrman,
Science 336(6081), 555 (2012).

21K. Zhang, Y. Zhang, Z. Zhang, Z. Zheng, G. Wang, Y. Zhang, Q. Liu, S. Yan,
and W. Zhao, Adv. Electron. Mater. 5(3), 1800812 (2019).

22Y. C. Pu, H. M. Mou, Z. Y. Lu, S. Nawaz, G. L. Wang, Z. G. Zhang, Y. J.
Yang, X. X. Zhang, and X. Z. Zhang, Appl. Phys. Lett. 117(2), 022407
(2020).

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 118, 182402 (2021); doi: 10.1063/5.0048448 118, 182402-5

Published under an exclusive license by AIP Publishing

https://www.scitation.org/doi/suppl/10.1063/5.0048448
https://www.scitation.org/doi/suppl/10.1063/5.0048448
https://www.scitation.org/doi/suppl/10.1063/5.0048448
https://doi.org/10.1109/MDT.2005.134
https://doi.org/10.1088/0268-1242/31/11/113006
https://doi.org/10.1088/0268-1242/31/11/113006
https://doi.org/10.1002/adma.201801318
https://doi.org/10.1002/adma.201907929
https://doi.org/10.1088/1361-6528/ab704b
https://doi.org/10.1166/jctn.2012.2071
https://doi.org/10.1109/TED.2007.914470
https://doi.org/10.1109/TCAD.2017.2661800
https://doi.org/10.1109/TCAD.2017.2661800
https://doi.org/10.1109/TCSI.2012.2220507
https://doi.org/10.1109/TCSI.2012.2220507
https://doi.org/10.1109/TMAG.2011.2150238
https://doi.org/10.1109/TMAG.2013.2249576
https://doi.org/10.1109/TMAG.2013.2249576
https://doi.org/10.1063/1.4974109
https://doi.org/10.1109/TMAG.2013.2243704
https://doi.org/10.1143/APEX.1.091301
https://doi.org/10.1109/TC.2018.2858251
https://doi.org/10.1002/adma.201504023
https://doi.org/10.1002/adma.201504023
https://doi.org/10.1002/adma.201605027
https://doi.org/10.1126/science.1218197
https://doi.org/10.1002/aelm.201800812
https://doi.org/10.1063/5.0013301
https://scitation.org/journal/apl

	f1
	f2
	f3
	t1
	f4
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22

