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Memristors, demonstrated by solid-state devices with continuously tunable
resistance, have emerged as a new paradigm for self-adaptive networks that
require synapse-like functions (artificial synapse, for example). Spin-based
memristors offer advantages over other types of memristors because of their
significant endurance and high energy efficiency. Yet it remains a challenge
to build dense and functional spintronic memristors with structures

and materials that are compatible with existing ferromagnetic devices.

Here, a memristive device based upon Ta/CoFeB/MgO heterostructures

is demonstrated, which are commonly used in out-of-plane magnetized

Memristors, demonstrated by solid-state
devices with continuously tunable resist-
ance,l'”] have emerged as a new paradigm
for self-adaptive networks that require
synapse-like functions (artificial synapse,
for example). Spin-based memristors offer
advantages over other types of memris-
tors because of their significant endur-
ance and high energy efficiency.®% Yet, it
remains a challenge to build dense and
functional spintronic memristors with

magnetic tunnel junctions (MT]). To achieve the memristive function, a
domain wall (DW) is driven back and forth in a continuous manner in the
CoFeB layer by applying in-plane positive or negative current pulses along
the Ta layer, utilizing the spin—orbit torque (SOT) that the current exerts on
the CoFeB magnetization. Hence, the magnetization and consequently the
anomalous Hall effect (AHE) resistance are modulated in an analog manner,
being controlled by the pulsed current characteristics including amplitude,
duration, and repetition number. The quasi-continuous AHE resistance
variation is explained by the SOT-induced DW creep motion. These results
pave the way for developing SOT-based energy-efficient neuromorphic

systems.

structures and materials that are compat-
ible with existing ferromagnetic devices.!'%
Here, a memristive device based upon
Ta/CoFeB/MgO heterostructures is dem-
onstrated, which are commonly used in
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positive or negative current pulses along
the Ta layer, utilizing the spin—orbit
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the magnetization, and consequently the anomalous Hall effect
(AHE) resistance, is modulated in an analog manner, being
controlled by the pulsed current characteristics including ampli-
tude, duration, and repetition number. The quasi-continuous
AHE resistance variation is explained by the SOT-induced DW
creep motion. These results pave the way for developing SOT-
based energy-efficient neuromorphic systems.

Spintronic memristors are resistive switching devices
in which the resistance can be varied in an analog and non-
volatile manner between a minimum and a maximum resis-
tance depending on the charge that have traversed the device.
They can be based on tunnel magnetoresistance (TMR) or
anomalous Hall effect (AHE) resistance.®®l So far, a few studies
have experimentally reported spintronic memristors based on
domain wall (DW) manipulation, through spin transfer torque
(STT).1% However, only a few discrete resistance states were
observed in these experiments, due to the fact that DW can
only be pinned at a few locations. Spin-orbit torque (SOT),
generated by current injection in heavy metal (HM)/ferro-
magnet (FM) bilayers, has attracted great attention as an alter-
native method to switch the magnetization**! and to move
DW!8 or magnetic skyrmion' in an FM layer, instead of or
cooperating with magnetic field, STT, and electric field.2%-23
Very recently, Fukami et al. demonstrated analog memristive
behavior induced by SOT in a PtMn/[Co/Ni] antiferromagnetic
(AFM)/FM bilayer system by performing R-I sweeps.['®] The
memristive switching mechanism in this system was theo-
retically considered to be predominantly governed by domain
nucleation instead of DW propagation, though comprehensive
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understanding of the mechanism was not clear. According to
the experiments and explanation in ref. [16], the resistance of
these devices may remain constant when repetitive current
pulses with a fixed amplitude and duration are applied. Such
behavior is not desirable for the realization of synaptic plasticity
since the memristor resistance should be changeable in an
analog manner by the number of applied pulses./**!

In this paper, we report SOT-induced memristive behavior
in Ta/CoFeB/MgO heterostructures. These structures are com-
monly used in interfacial PMA-based magnetic tunnel junctions
(MTJs) which exhibit large TMR and are implemented in com-
mercial magnetic RAM (MRAM) products.l''2* The electrical
measurements show that the AHE resistance of our devices can
be tuned continuously by current pulses. In addition, the mag-
netic domain structure was investigated by magneto-optic Kerr
effect (MOKE) microscopy. These characterizations confirmed
that the observed continuous resistance change is associated
with DW propagation in creep regime.

Our deposited film stack comprises the following layers: ther-
mally oxidized Si substrate/Ta (10 nm)/CoFeB (1.2 nm)/MgO
(1.6 nm)/Ta (20 nm) (see Experimental Section). The stack is pat-
terned into 50 X 400 um? Hall bar structures. To evaluate the pet-
pendicular component of the magnetization, the Hall resistance
(Ry) due to the AHE is measured. The structure of the stack and
measurement setup are shown in Figure 1a. The AHE loop (Ry
vs out-of-plane field H,) confirms the strong PMA of the CoFeB
magnet with a coercivity field, H, of 10 Oe and an anisotropy
field, H,, of 4000 Oe (see Supporting Information S1). Next, we
investigate the response of Ry to the in-plane current (I) under
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Figure 1. SOT memristor based on Ta/CoFeB/MgO heterostructures. a) Device structure with schematic of the measurement setup. b) Current-induced
switching under a small constant magnetic field H, = £50 Oe. c) Ry—I loops with varying maximum current magnitude, I, under H, = +50 Oe.
d) Normalized resistance ry as a function of current pulses (0.1 ms pulse width) accompanied by the real-time MOKE images of Hall bars.
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a small in-plane field, H, = £50 Oe (see Experimental Section),
as shown in Figure 1b. At H, = +50 Oe, the current generates
hysteretic magnetic switching between upward (My, Ry > 0) and
downward (M|, Ry < 0) polarization states, and the positive cur-
rent (along +x direction) favors My (blue curve). When the small
constant field H, is reversed, the current-driven transitions are
inverted, and positive current now favors M (red curve). Such
bipolar switching behavior is a signature of SOT generation at
the Ta/CoFeB interface due to spin Hall effect and at the CoFeB/
MgO interface due to Rashba effect.*® Furthermore, the
reversal of the Ry is not abrupt; rather it looks like a continuous
transition with numerous intermediate resistance values (from
—0.1 to 0.15 Q, here). If one varies the maximal magnitude of
the current, I, from low (27 mA) to high (51 mA), a series of
hysteretic loops are observed, as depicted in Figure 1c, indicating
that the final resistance state can effectively be determined by
the current cycle protocol. At the maximum current magnitude
used (50 mA), the device temperature can increase up to 380 K
(Supporting Information S2). However, since the direction of
magnetization switching depends on the polarity of the current,
it cannot be attributed to Joule heating.

To provide insight into the magnetization dynamics asso-
ciated with the change in resistance, MOKE microscopy
was performed on the Hall bars, as shown in Figure 1d. To
obtain a clearer observation, the Ta capping layer of the device
was thinned by etching. Starting from a saturated state M|
corresponding to the normalized resistance value ry = -1, the
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application of consecutive positive current pulses nucleates a
reversed domain at the left edge of the strip, followed by prop-
agation of the DW and the correlated continuous variation of
the resistance. An almost saturated state My (rg = +1) is even-
tually reached as the in-plane current is large enough. These
MOKE images clearly indicate that the memristive behavior
in our HM/FM bilayer system originates from DW propaga-
tion. In addition, by applying the field at various angles 6 with
respect to the normal to the sample and looking at the varia-
tion of the switching field Hgy, it was found that the variation
Hgy/(6) follows a 1/cos6 law which, according to the Kondorsky
model,”! suggests that DW motion dominates the magnetiza-
tion switching (see details in Supporting Information S3).

If a train of current pulses with alternating polarity is applied
in conjunction with the collinear in-plane field (Figure 2a), a
gradual resistance modulation can be observed, provided that
the pulse amplitude exceeds the bipolar switching activation
threshold, Iy, of the device (as illustrated in Figure 2b). The
resistance value starts at approximately 0 Q, corresponding
to a demagnetized state. Thus, the Iy required for current-
driven DW motion by SOT is expected to be the same for
both polarities (I, = 46 mA, here). Ry depends not only
on the pulse-train amplitude but also on the pulse duration
and number of repetitions. Figure 2c—{ presents the pulse
duration/number phase diagrams for different pulse ampli-
tudes (see Experimental Section). The results show that the
quasi-continuous resistance gradually decreases (increases)
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Figure 2. Tuning Ry using amplitude, polarity, duration, and number of consecutive current pulses. a) Current modulation applied to the sample cor-
responding to a sequence of pulses 50 Us long of alternating polarity and increasing amplitude. b) Resistance modulation resulting from the sequence
of pulses described in (a). Current thresholds to observe resistance changes are found for both polarities (I, = £46 mA) and indicated by the yellow
shaded areas. The inset in (b) shows a zoomed-in image of the change in resistance around the threshold region. c—f) Phase diagrams of R, as a
function of the pulse width and pulse number for four pulse amplitudes c) I =—-70 mA, d) —80 mA, e) —90 mA, and f) +70 mA under an in-plane field

H, =+50 Oe.
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Figure 3. Resistance tuning obtained by programming consecutive pulse sequences (duration in 150 us) under H, =+50 Oe. a) Current-pulse sequence
applied to the sample characterized by sequences of positive pulses of fixed number alternating with sequences of negative pulses of increasing
number. b) AHE resistance responses to the current excitation of (a). c) Current-pulse sequence applied to the sample characterized by sequences of
positive pulses of increasing number alternating with sequences of negative pulses of fixed number. d) AHE resistance responses to the current exci-
tation of (c). The magnetization was initially saturated in the downward state by a reset pulse of =90 mA. The pulse amplitudes are +70 and —70 mA

for positive and negative values, respectively.

with the number of consecutive pulses, which is caused by con-
tinuous downward (upward) magnetic switching modulated by
the pulses (see details in Supporting Information S4). Such a
cumulative effect further validates the memristive function-
ality of our device. We note that Ry varies more abruptly with a
longer duration and/or higher amplitude of pulse (Figure 2c—e),
which correlates with the DW motion depending on the pulse
duration/amplitude.

In particular, the resistance variation induced by program-
ming consecutive pulses sequences can be utilized to imi-
tate synaptic behaviors,?®l such as “long-term potentiation
and depression” (LTPD).* This is illustrated in Figure 3.
We first saturate the magnetization in the M state by a reset
pulse (<90 mA). Next, we apply positive pulses with a fixed
amplitude (+70 mA) and number of pulses (20) and subse-
quently negative pulses with a constant amplitude (=70 mA)
but an increasing number of pulses (from 10 to 20, 40, and 80),
as shown in Figure 3a. The response of Ry to these consecutive
pulses sequences (see Figure 3b) indicates that positive pulses
with the same properties (such as amplitude, duration, and
number) can reproducibly determine the same resistance state
(0.1 Q), whereas the change in number of negative pulses
enables different resistance levels. Similarly, Ry gradually
increases when the number of positive pulses varies (from
10 to 20, 40, and 80 successively; see Figure 3c,d). As a result,
the behavior of the resistance variation shown in Figure 3a,b
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illustrates the long-term depression effects, while the trend in
Figure 3c,d illustrates the long-term potentiation effects. The
synaptic plasticity (LTPD) further demonstrates that our mem-
ristive device can be used in self-adaptive networks with syn-
aptic functionality. Note that there is an asymmetry behavior
in synaptic potentiation and depression process, which might
originate from the difference of DW velocity under positive and
negative pulses. To improve the symmetry, the amplitudes of
applied positive and negative pulses could be set to different
value. Besides, a nonlinearity behavior of Ry versus pulse
number is observed when Ry approaches saturation value.
Therefore, it is better for the SOT memristive device to work in
quasi-linear region, with a smaller amplitude or shorter pulse
width adopted to tune the resistance more controllably.

In memristive devices, a common approach to continuously
modulating the resistance is to apply consecutive identical
pulses.[*-l Figure 4a—d shows the evolution of r;; and the corre-
sponding magnetization dynamics as a function of cumulative
pulse time (t). Under positive pulses, the state is gradually set
to ryg = +1, while under negative pulses, it gradually reaches
ry = —1. Three key stages emerge during the evolution of the
magnetization switching. As depicted in Figure 4a (b), seg-
ment B-C (B-C’) represents the memristive stage, where ry
gradually increases (decreases) with the pulse time due to DW
motion in the AHE detection region. When the DWs have not
yet reached or have already left the detection region, ry remains
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Figure 4. Resistance and magnetization switching dynamics. a—d) Dependence of the a,b) resistive state and the c,d) corresponding magnetization
dynamics on the cumulative pulse time (t) for a,c) down-to-up and b,d) up-to-down switching. A small in-plane field of +50 Oe is applied. ) Schematic
of the magnetic moment orientation near the DW with right-handed chirality. The black dashed frame represents the region where AHE resistance is
measured. The tilted DW is equalized to a straight line (green dotted line). f) DW velocity, v, versus current density J. g) Scaling plot of log v versus J-0%.

constant, as shown in A-B and C-D in Figure 4a (A’-B’ and
C’-D’ in Figure 4b).

The MOKE images further reveal that these DWs are actu-
ally right-handed chiral Néel walls stabilized by Dzyaloshin-
skii-Moriya interaction (DMI)I?7:28] since the observed direc-
tion of the DW motion is always the same as that of the
current flow (see Figure 4c,d; Figure S6, Supporting Infor-
mation). The DMI effective field (Hpyy) in our system is esti-
mated to be approximately 100 Oe (see Supporting Informa-
tion S6). The schematic in Figure 4e describes the magnetiza-
tion reversal by DW propagation (the case in Figure 4c). The
orientation of the SOT effective field (H,) acting on the Néel
walls is aligned with the magnetization of one of the adjacent
domains.?%! Therefore, the DW can move along the current
flow direction until the whole CoFeB magnetization has been
switched. We can conclude that the memristive switching
behavior in the Ta/CoFeB/MgO structure is induced by SOT-
driven Néel-type DW motion. In addition, the DMI leads to a
tilting of the DWs during their motion.% The vertical com-
ponent of the Oersted field is found to have opposite polarity
at the two long edges of the device (see details in Supporting
Information S7) and might also contribute to the observed
tilting.

Moreover, we find that the extracted velocity (v) of DW
motion in this work is slow compared to that (10-100 m s7')
in previous reports.3!! For example, the velocity shown
in Figure 4c,d is estimated to be approximately 0.1 m s’
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(see Supporting Information S8). Due to this low velocity, the
continuous variation of Ry and the memristive behavior can
clearly be observed instead of abrupt bipolar switching. To
investigate this further, we study the behavior of v as a func-
tion of the current density (J) under an in-plane field of 50 Oe
(see details in Supporting Information S8), as shown in
Figure 4f. The observed nonlinear dependence of v on | may
result from the motion in the creep regimel®? and follows the
universal Arrhenius scaling relation®3k

log (v)e< J™ (1)

where U is the creep exponent, found to be =0.25 for field-driven
creep both in Pt/Co/Pt and Ta/CoFeB/MgO systems.%34-36]
Here, SOT can be treated as an effective field as mentioned
above, so we assume that yu = 0.25. Figure 4g shows the plot
of log-scale v as a function of J°%. The good correlation
between them confirms that the DW motion is well described
by Equation (1) and the creep model.

The comparison of the electrical measurements with the
MOKE images (Figure 4a—d) shows that the resistance varies sys-
tematically with the relative fraction of the upward domains, s.
This trend can be well reproduced using a simple model that
considers ry to vary linearly with s. During resistance modu-
lation dynamics, s varies from 0 (1) at the onset of switching
to 1 (0) for down-to-up (up-to-down) reversal in the detection
region. Following the assumptions above, one can write
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m=2s—10<s<1. (2)

The evolution of s is roughly proportional to ¢t and v and can
be expressed as

s=vX(t—ty)/L,t=t, (3)

for down-to-up switching and as
s=1-vX(t—ty)/L,t=>t, (4)

for up-to-down switching, where L is the length of the detection
region (see Figure 4e) and t, is the intrinsic propagation time
when the DW reaches the detection region.

Thus, Equations (1)—(4) impose a strict framework for resist-
ance response as a function of external electrical excitation. In
other words, Ry can be a function of I and ¢ (R = R (I, t)) for our
devices to imitate a memristor. For practical applications,
our Ta/CoFeB/MgO heterostructures can be implemented as
the free-layer stack in MTJs, in which a larger TMR will be
obtained. Moving from the AHE measurement to practical
application in MT]Js, the evolution of s (the relative fraction of
the upward domains) will result in an immediate response in
the TMR variation without an intrinsic propagation time, i.e.,
ty = 0 in Equations (3) and (4). To further optimize the device
structure, one of the approaches to realize field-free SOT
switching of PMA materials could be used for our SOT mem-
ristors, namely either by introducing a lateral structural asym-
metry,}”] engineering a tilted anisotropy,*® or using interlayer
exchange coupling.®”! Furthermore, the relative proportion of
upward- and downward-polarized magnetic domains can be
controlled by SOT at nanometer scale,[*¥) which enables SOT-
memristor applications in high-density and low-power artificial
neural networks.

In conclusion, we have reported memristive behavior in a
Ta/CoFeB/MgO multilayered structure, which is commonly
used in STT magnetic random access memory. The resistance
can be effectively tuned by current pulses, whose amplitude,
polarity, duration, and number can be varied. We established
a connection between the memristive behavior and SOT-
induced magnetization dynamics by deriving an understanding
of the underlying mesoscopic switching mechanisms. Slowly
propagating DWs generate a creep in the detection area of the
device, which yields a broad range of intermediate resistive
states in the AHE measurements. The Ta/CoFeB/MgO mem-
ristor device offers a practical structure that relies on mature
magnetic-material technology. As such, it could pave the way
towards the integration of high-density, energy-efficient com-
ponents for non-volatile storage and neuromorphic computing
applications.

Experimental Section

Sample Preparation: A thin-film stack of Ta (10 nm)/CoFeB
(1.2 nm)/MgO (1.6 nm)/Ta (20 nm) was sputter-deposited on a
thermally oxidized Si substrate at room temperature without a post-
annealing process. Vibrating sample magnetometer was used to
characterize the magnetic properties of the thin-film stack and ensure
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that it exhibited perpendicular magnetic anisotropy (Supporting
Information S1). Hall bars were fabricated by photolithography and
argon-ion milling. A Ta (10 nm)/Pt (100 nm) bilayer was capped on
pads as electrodes by photolithography and lift-off techniques. The
width and length of the channel in the Hall devices were 50 and
400 um, respectively; those of the Hall probes were 5 and 100um,
respectively.

Electrical Measurements: For the anomalous Hall resistance (Ry)
measurement, a constant 0.1 mA bias read current (Ig) was applied
using a DC current source (Keithley Model 6221), and the Hall voltage
(VR) was measured using a nanovoltmeter (Keithley Model 2182A)
in the usual way. The same current source was used to apply current
pulses (/) for the current-induced switching and the phase-diagram
measurements. A unipolar current pulse with a duration of 0.5 s was
used for the current-induced switching in Figure 1b,c. In particular, in
Figure 1c, first, the FM was set into a demagnetization state (Ry =0 Q)
excited by a DC current (60 mA) in the absence of a magnetic field and
then the magnitude was increased from the current cycles to maximum
(from 27 to 51 mA). In the switching phase-diagram measurements,
the pulse width was varied from 50 to 500 us in increments of 10 us.
Before each measurement, the magnet was initialized to a saturated
state M1 (Figure 2c—e) or M (Figure 2f). The initial intermediate state
corresponding to Ry = 0 Q in Figure 2b was also excited by a DC current
(60 mA) in the absence of a magnetic field.

Magneto-Optic Kerr Effect Imaging: A MOKE microscope was used to
magnetically image the Hall bars. To observe contrast, first, the magnet
was saturated in the —z or +z direction, and an image was taken. This
served as a reference image. Next, a current pulse with a width of 0.1 ms
under an in-plane field was applied, and another image was taken.
Finally, the two images were aligned, and the first reference image was
subtracted from the second image to generate the final MOKE image,
which was used in this work.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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