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ABSTRACT

Spin-orbit torque (SOT) has been proposed as an alternative writing mechanism for the next-generation magnetic random access
memory (MRAM), due to its energy efficiency and high endurance in perpendicular magnetic anisotropic materials. However, the
three-terminal structure of SOT-MRAM increases the cell size and consequently limits the feasibility of implementing high den-
sity memory. Multilevel storage is a key factor in the competitiveness of SOT-MRAM technology in the nonvolatile memory mar-
ket. This paper presents an experimental characterization of a multilevel SOT-MRAM cell based on a perpendicularly magnetized
Ta/CoFeB/MgO heterostructure and addresses the initialization-free issue of multilevel storage schemes. Magneto-optical Kerr
effect microscopy and micromagnetic simulation studies confirm that the multilevel magnetization states are created by chang-
ing a longitudinal domain wall pinning site in the magnet. The realization of robust intermediate switching levels in the commonly
used perpendicularly magnetized Ta/CoFeB/MgO heterostructure provides an efficient way to switch magnets for low-power,
high-endurance, and high-density memory applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5079313

The conventional spin-transfer torque magnetic random
access memory (STT-MRAM) offers non-volatility, high den-
sities, and complementary metal-oxide semiconductor
(CMOS) process compatibility.1–4 However, the key drawback
of STT-MRAM is that reading and writing current share the
same path through the junction.3–6 Hence, the aging of the
tunnel barrier is accelerated on injecting high-write-current
densities, especially for switching on the nanosecond time
scale. Moreover, the read disturb challenge grows with the
scaling technology as the read-to-write current ratio
decreases. Fortunately, the concept of a three-terminal mag-
netic memory device based on a spin-orbit torque (SOT)
effect has been recently proposed in heavy metal (HM)/fer-
romagnetic metal (FM)/oxide heterostructures, where the
magnetic bit is written by a current pulse injected through
the bottom HM, and a magnetic tunnel junction (MTJ) can be
employed to read the state of the magnetic bit, namely, the
SOT-MRAM.3,4,7–11 The decoupled write and read paths of
SOT devices can naturally resolve the problems related to
the endurance and reliability of conventional two-terminal
STT-MRAMs. Moreover, separate optimization is available for

tuning the two independent read and write channels, relaxing
the high magnetoresistance ratio and low resistance-area
product simultaneously required for MRAM.

However, the low storage density problem in a SOT-MRAM
becomes serious owing to its three-terminal architecture. One
key solution is the multilevel cell (MLC) configuration, a mature
technique already utilized in flash memories, which can provide
an enhanced integration density. Until now, the demonstration
of MLC in SOT-MRAM has been rarely reported. Four-bit SOT-
MLC was demonstrated by connecting two MTJs in one storage
element.12 However, the fabrication process of such a design is
complicated. Recently, SOT-MLC design was reported in a Co/Pt
multilayer ferromagnet by controlling the multidomain forma-
tion through the current pulse and also in Pt/Co/Ta/Co multi-
layers by tilting the magnetization through an external magnetic
field or antiferromagnetic interlayer coupling.13–16 By contrast,
from the material point of view, materials such as CoFeB which
combine high spin polarization and a low Gilbert damping con-
stant are highly desirable for spintronic devices. In addition, Ta/
CoFeB/MgO heterostructures with perpendicular magnetic
anisotropy offer high scalability as the shape anisotropy field
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effect is negligible and have been commonly used in perpendicu-
larMTJ with high tunnel magnetoresistance.2,17,18

Here, we report that multilevel magnetization states can be
controlled in perpendicularly magnetized Ta/CoFeB/MgO het-
erostructures by modulating the in-plane field and are indepen-
dent of the initial state. The film stack consists of Ta (10nm)/
Co40Fe40B20 (CoFeB, 1.2 nm)/MgO (1.6nm)/Ta (20nm) (from the
bottom), which is sputtered on a thermally oxidized Si substrate
at room temperature. This heterostructure closely resembles
the one described in our previous work.19 As depicted in Fig. 1(a),
when an in-plane charge current flows through the Ta layer, the
spin current is generated due to the spin Hall effect (SHE) in Ta
and is transmitted across the Ta/CoFeB interface. This results in
the application of a torque on the CoFeB layer. The devices
based on such a heterostructure are patterned into a Hall bar
with dimensions of 400 (length) � 50 (width) lm2 [Fig. 1(b)]. The
anomalous Hall resistance RH, which is proportional to the aver-
age out-of-plane magnetization component of CoFeB, is mea-
sured under a small current of 0.1mA. Measurements as a
function of a vertical magnetic field exhibit sharp switching,
indicating a good perpendicular magnetic anisotropy (PMA) in
the cells [Fig. 1(c)]. Current-induced switching is measured by
applying a current pulse (0.5 s in duration) under the assistance
of an in-plane magnetic field Hx collinear to the current. With a
fixed magnetic field in the þx direction, sweeping a quasistatic

in-plane current generates hysteretic magnetic switching
between the Mz > 0 andMz < 0 states, with the positive current
favoring Mz > 0 [Fig. 1(d)]. The switching direction changes
when the in-plane field is inversed. This is consistent with nega-
tive spin Hall angle hSH in Ta, which was reported to be –0.09 in
our previous work.19

According to SHE, when the charge current flows along x,
the spin moments within the generated spin current point in the
y direction. The effective magnetic field produced by SOT can be

expressed as ~H
SOT / ~M � y. As a result, the z-component of the

SOTeffective field,HSOT
z , is expressed as8

HSOT
z ¼ �h

2eMst
hSHJmx; (1)

where �h is Planck’s constant, e is the electron charge, Ms is the
saturation magnetization, t is the thickness of the CoFeB layer,
hSH is the spin Hall angle of Ta, and J is the current density. It is
reported that the function of the in-plane magnetic field Hx is to
orient the magnetic moments within the domain wall (DW) to
have a significant in-plane componentmx.

20 Therefore, a tunable
effective field HSOT

z can be exerted on the magnetic film by vary-
ing the magnitude and the direction of Hx. Hence, the domain
configuration and the resultant Hall resistances of the Hall bar
can be controlled by varying the external magnetic fieldHx.

This concept is confirmed by our measurement of RH–J
loops under various Hx, as depicted in Fig. 2. Under the in-plane
magnetic field of abs(Hx) < 20Oe, the magnetization switching
is incomplete and results in an RH value smaller than the value at
Hx ¼ 620Oe. In addition, the magnetization switching even
starts to occur at the very small in-plane field abs(Hx) � 2Oe,
which indicates that DWcould move under a small SOT effective
field HSOT

z in our film structure. This magnetic field range
(2–20Oe) along with the switching current density (<3.5� 106 A
cm�2) is lower than the reported value in similar Ta/CoFeB/
MgO structures.21,22 With an Hx larger than 20Oe, for instance,
when Hx ¼ 50Oe, 100Oe, and 200Oe, there is no significant
change in the RH value (see Sec. S1 of the supplementary mate-
rial). By analyzing the dependence of the SOT efficiency on the
in-plane field, a Dzyaloshinskii–Moriya interaction (DMI) effec-
tive field (HDMI) is obtained to be around 100Oe (referring to
Sec. S2 of the supplementarymaterial), stabilizing a right handed
N�eel wall of the ferromagnet. The DMI constant was estimated
to be around 0.13 mJ m�2, which is close to the reported values
in similar structures.21,23FIG. 1. SHE-driven magnetization switching. (a) Sample geometry for SHE switch-

ing measurements. In-plane current flowing through tantalum along the x direction
(electrons along the –x direction) causes spin separation across the thickness of
the tantalum (z-direction). This results in the accumulation of electrons with y-
polarized spins at the Ta/CoFeB interface, which offers SHE-induced spin torque to
the magnetization and thereby moves the domain wall with the assistance of the in-
plane magnetic field Hx. I represents the applied direct current, and the green arrow
denotes the current direction. The blue and pink arrows represent the orientations
of accumulated spins. The red and orange colors in the CoFeB film indicate the
magnetic domains with opposite directions of magnetic moments, which is either
“upwards” or “downwards”. (b) Optical micrograph of the fabricated Hall bar struc-
ture. The width of the Hall bar (W) is 50lm, and the length (L) is 400lm. (c)
Anomalous Hall resistance RH as a function of the perpendicular magnetic field Hz
(RH-Hz loop). (d) Current-induced magnetization reversal when Hx is parallel (red)
or antiparallel (green) to the current direction.

FIG. 2. RH-J loops measured under different values of (a) positive and (b) negative
in-plane magnetic fields Hx.
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In most multilevel storage mechanisms, extra initialization
steps are required to reset the memory cell for the next writing
event.24–26 This results in a prolonged writing time and
increased power consumption. MLC design using an SOTmech-
anism in Co/Pt multilayers resolves this issue.13 Here, we also
emphasize that the initialization is no longer necessary in our
MLC scheme. As shown in Fig. 3, by applying different values of
the magnetic field Hx such as 620, 612, 67, and 62Oe, the MLC
can be set to eight resistance states at a fixed current density of
J¼ 4.3� 106 A cm�2. The Hall resistance solely relies on the Hx

value and does not rely on the previous magnetic states. In such

a scheme, the state can be written to a target level from any of
the eight levels, and it can also reach all other levels from one
particular level. This means that any of the multistates can be
achieved by setting the corresponding in-plane magnetic field
without any initialization step. Here, the demonstrated eight
Hall resistance states can represent an MLC with 8bits. The
multilevel states hint that the evolution of domain structures
must play an important role.

The domain configurations can be visualized by using
Magneto-optical Kerr effect (MOKE) spectroscopy, as shown in
Fig. 4. We saturated the magnetization M (pointing downwards)
in the Hall bar by using a sufficiently high external field and then
applied a current pulse (J¼ 3.5� 106 A cm�2 in current density
and 0.5 s in duration) along the þx direction in the presence of
different magnitudes of the in-plane magnetic field Hx. Under
Hx ¼ 20Oe, most of the magnetic moments were reversed to
point upwards [Fig. 4(a)]. Then,Hx swept to�20Oe step by step,
and the MOKE images were captured at every step, as shown in
Figs. 4(b)–4(i). It can be seen clearly that the pinning site of the
longitudinal domain wall depends on the magnitude of Hx. The
magnetization orientation in the reversed domain was deter-
mined by the z component of the Oersted field generated by the
current pulse (a detailed analysis can be found in Sec. S3 in the
supplementary material). By reversing the direction of the cur-
rent, the position of the mz ¼ 1 and mz ¼ �1 polarized domains
was reversed (referring to Sec. S4 of the supplementary
material).

As a complementary confirmation, we also performed
Object-Oriented Micro-Magnetic Framework (OOMMF) micro-
magnetic simulations (details can be found in Sec. S5 in the
supplementary material) based on the generalized Landau–
Lifschitz–Gilbert (LLG) theory in order to obtain the relationship
between Hx and the DW pinning position.27 Through the micro-
magnetic simulations, the controlling of DW displacement by
the in-plane field and an initialization-free process are demon-
strated. As shown in Fig. 5(a), with out-of-plane Oersted fields
acting on the top and bottom edges and an in-plane current
flowing through the whole magnet simultaneously, 7 different
magnitudes of in-plane fields induce 7 stable magnetization
states of the magnet. Then, an identical in-plane field of
�200Oe is applied on the magnet with the aforementioned 7
initial states. We observe that whatever the initial state be, the
same final state is obtained under an identical in-plane field [Fig.
5(b)]. That is to say, in our multilevel cell device, final states are
only controlled by the in-plane field, and no initialization is
needed in the working process. The simulations show qualitative
agreement with our experimental results except the larger in-
plane fields used in simulations. The main reason for such

FIG. 3. Multilevel states in the Ta/CoFeB/MgO heterostructure controlled by eight
different in-plane magnetic fields Hx under a current with a current density of
J¼ 4.3� 106 A cm�2. (a) Sequence of applied magnetic fields Hx. (b)
Corresponding RH response to the Hx sequence shown in (a).

FIG. 4. MOKE microscopy images of a Hall bar device after applying a series of
external magnetic fields Hx: from (a) 20 Oe to (i) �20 Oe in the presence of a cur-
rent pulse with an amplitude of J¼ 3.5� 106 A cm�2 and a duration of 0.5 s along
the þx direction. Bright and dark regions in the channel correspond to magnetiza-
tion pointing upward (þmz) and downward (�mz), respectively.

FIG. 5. Micromagnetic simulations of
initialization-free switching with the
Oersted field and SOT acting on the mag-
net. (a) The various initial states achieved
under different in-plane fields. (b) The cor-
responding final states when the in-plane
field switches to –200Oe.
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discrepancy is the imperfection of real material structures, and
the temperature has not been taken into account in simulation.

In Fig. 5(a), the arrows in the DW represent the direction of
magnetization moments. It is clearly shown that in the presence
of the in-plane magnetic field, the magnetic moment inside the
DW prefers to align with the external field. The magnitude of Hx

determines the tilting angle of the magnetic moments within the
DW. As a result, according to Eq. (1), perpendicular SOT effective
fields are different under various in-plane fields. For our CoFeB
film considered here, the longitudinal DW is likely to be of N�eel-
type due to the DMI effective field, as previously mentioned. In
the case of Hx ¼ 0, HSOT

z is zero as mx ¼ 0 within the DW. The
DW finally displaces to the center of the Hall bar under the com-
bined effect of the Oersted field, DMI field, exchange field, mag-
netostatic field, etc., in accordance with RH ¼ 0 X. However, for
Hx 6¼ 0, HSOT

z drives the DW, moving it to a new pinning position
and resulting in an intermediate magnetization between full sat-
uration and demagnetization. The DWpinning effect is preferred
to lower the total energy. The final steady position of the DW
depends on the orientation andmagnitude ofHSOT

z .
In our demonstration, in principle, the pinned position of

the longitudinal DW, and consequently anomalous Hall effect
resistance, can be tuned in an analogue manner by magnetic
fields, which indicates that our devices may exhibit a memristive
behavior. On the other hand, to confirm the feasibility of scaling
down, we performed OOMMF micromagnetic simulations with
the cell size down to 80� 80nm2, which still resulted in dual
magnetic domains. It is possible to approach MLCs below
100nm by carefully adjusting the material properties.
Consequently, our devices can be used as artificial synapses in
artificial neural networks for neuromorphic computing.28

Besides, due to the large memory capacity, MLC may become a
good candidate for processing-in-memory.29

In summary, we investigated that multilevel resistance
states can be achieved in the perpendicularly magnetized Ta/
CoFeB/MgO heterostructure by controlling the magnetization
configurations of the magnet through an in-plane magnetic
field. The DW moves orthogonally to the current flow driven by
SOT, and the final pinning position of the DW is independent of
its initial state. These results are crucial in the realization of
high-density and low-power-consumption SOT-MRAM and fer-
romagnetic memristor applications.

See supplementary material for current induced switching
under in-plane fields above 20Oe (S1), the estimation of the DMI
constant (S2), the analysis of Oersted field inducing nucleation
(S3), MOKE images under current along the –x direction (S4),
and details of OOMMFmicromagnetic simulations (S5).

This work was financially supported by the National
Natural Science Foundation of China (NSFC Grant Nos.
61674062 and 61821003).
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