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ABSTRACT

Integrators are widely used in industrial controls, signal processing, and computing. However, traditional resistor-capacitor integrators incur
leakage errors and zero drift, hindering their accuracy. By contrast, spintronic devices with good scalability and endurance for memory and
logic applications in digital circuits have yet to be studied for analog circuit elements. Here, we propose a single-device spintronic integrator
based on the current-controlled magnetic domain wall (DW). Continuous DW motion and correlated changes in the anomalous Hall resis-
tance (or magneto-resistance) are encoded as an analog output signal, which is modulated by an input current through the spin-orbit-torque
effect. Waveform transformation and phase-shift functions are demonstrated using Hall-bar devices. The spintronic integrator could pave

the way for the spin-based analog computing with high reliability, high endurance, and good compatibility with the CMOS process.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0041362

An integrator is an electronic component used to accomplish
mathematical operations of calculus functions of integration for shap-
ing different waveforms. Integrators are used in numerous areas of
electronics, including electronic analog computers, wave-shaping
circuits, and frequency modulators, as well as playing the role of
neuromorphic neurons in neural networks.' * Conventional integra-
tors are fabricated using active operational amplifiers (op-amps) or
using passive resistor-capacitor (RC) combinations, the integrating
functions of which are realized through a capacitor charge and
discharge. However, capacitors incur an intrinsic dielectric loss and
leakage resistance, resulting in a nonlinear drift." Op-amps have an
offset current, thereby introducing zero drift.” To eliminate these
inherent drawbacks, a conventional RC integrator should be replaced
by a more advanced design.

Spin orbit torque (SOT) has attracted significant attention as an
alternative way to manipulate the magnetization in a heavy-metal/fer-
romagnetic (HM/FM) bilayer.” > A typical SOT device consists of an
HM layer, an FM free layer (FL), a nonmagnetic barrier layer (BL),
and an FM pinned layer (PL). Among them, FL/BL/PL constitutes a
classical sandwich structure, i.e., a magnetic tunneling junction (MTJ),
in which the magnetization of the PL remains unchanged, whereas
that of the FL can be changed through SOT. For an FL with a single
domain, the SOT can switch the magnetization between the upward

and downward directions, which is used in a binary-state SOT-
Magnetic Random Access Memory (MRAM).”** For an FL with dual
or multiple domains separated by domain walls (DWs), SOT-induced
DW motion can continuously tune the magneto-resistance (MR),
which shows memristive behavior.”*”” The three-terminal structure of
SOT devices offers the advantage of decoupled writing (or program-
ming) and reading (transmission) current paths, thereby leading to
unlimited endurance for memory and synapse application,”*” as well
as low energy consumption and favorable CMOS compatibility due to
controlling electron spins in magnetic devices. If we consider writing
current and reading resistance (or voltage) in the SOT device as input
and output signals, respectively, an analog operation circuit is possible
to be achieved from an SOT device as there is a logical relationship
between the writing current and reading resistance.

Here, we experimentally describe the basic working principle
of a current-controlled magnetic DW integrator via SOT, to address
issues in the conventional RC integrator, the fundamental building
block of analog computer. The output signal is encoded through
DW motion-induced resistance modulation controlled by the input
current signal through the SOT effect. Such a spintronic integrator
utilizes a single SOT device without the need for a capacitor, which
simplifies the circuit complexity and effectively eliminates intrinsic
errors.
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Figure 1 shows the concept of a spintronic integrator based on
the current-controlled magnetic DW (see the circuit schematics in the
supplementary material, Sec. 1). When applying the input voltage
(Vi) to produce the write current (I,,) flowing through the HM layer,
a DW in the FL moves under a current-induced SOT with a velocity

(v) having a linear (or quasi-linear) relationship with I,7% (see simu-
lation results in the supplementary material, Sec. 2), that is,
Vi
Iw = R—l 5 (1)
HM
v ~ ki, (2)

where Ry is the resistance of the HM layer and k is the proportional-
ity coefficient. The distance (s) of the DW motion is equal to the inte-
gration of the velocity over time (f), as indicated in the following:

t
s= J v(t)dt. (3)
0
The MTT resistance (R) is linear with s as follows:
s
R(s) = (Rmax — Rmiv) 7t Ry, (4)
with the boundary conditions
s =0, R = Rui,
s =1, R = Ryax, ©)

where Ryiax, Ry, and [ are the maximum resistance, the minimum
resistance, and the FL length, respectively. When applying a read cur-
rent (I;) vertically through the MTJ, the output voltage (V) is sensed
as follows:

Vou = IR. (6)
Hence, the V,— Vi, integral relation is built in the following manner:

t
Vout = aJ Vvin(t)dt + ba (7)
0

o kI (Rpax — Rvin) ’ ®)
IRum

thus implementing the integrating function.

scitation.org/journal/apl

As a proof-of-concept, Hall-bar devices, which can be extended
to an MTJ structure, were fabricated from a stack of thermally oxi-
dized Si (substrate)/Ta (5nm)/CoFeB (1.3nm)/MgO (1nm)/Ta
(1nm) using a standard etching process including photolithography
and ion milling techniques. Figure 2(a) shows the measurement setup
along with the definition of the x-y-z coordinates and an optical
microscope image of the device. Anomalous Hall effect (AHE) resis-
tance (Ry) measurements were conducted to identify the DW motion.
Ry; is proportional to M, and is recorded by applying a read current
along the x-direction and detecting the Hall voltage in the y-direction.

Figure 2(b) shows a typical AHE loop (R vs out-of-plane field
H,), indicating a strong perpendicular magnetic anisotropy. The
current-induced SOT switching of the magnetization is depicted as an
Ry-I, loop under an in-plane field H, = 50 Oe, as shown in Fig. 2(c).
The reversal of the magnetization shows a continuous transition with
intermediate states rather than an abrupt switching, indicating the
memristive behavior originating from the quasi-continuous DW
motion.”*

We then investigated a train of current pulse-induced gradual
AHE resistance modulation (ARy) under different current amplitudes
[Fig. 2(d)]. The width of each pulse is 50 us. Starting from a saturated
downward magnetization state, the input current generates a reversed
domain at the left edge of the Hall bar. For practical application, DW
nucleation sites can be designated in a well-defined region by the stray
field,”” Oersted field,” or anisotropy variation engineering,”> Before
each measurement, the DW was initially located at the same position
and then moved forward along the x-direction under the current
pulses through the SOT as long as the current amplitude exceeded the
critical current of the DW depinning (I. =~29mA for our devices,
see the supplementary material, Sec. 3). When I, > I, Ry increases
linearly over time during the first stage. A larger I,, leads to a larger
slope of the ARy variation, corresponding to a higher DW velocity.
Moreover, a nonlinear region exists for a large I, (e.g., 33 mA) when
Ry approaches saturation. This might originate from the tilted DW
approaching the boundary.”*>" If the FL is sufficiently long, the non-
linear region can be eliminated.

In addition to the current amplitude, the magnitude of the mag-
netic field also has an effect on the DW velocity and, thus, the resis-
tance modulation, as shown in Fig. 2(e). For a practical application,
however, integrating a magnetic field into a device is not desirable. To
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FIG. 1. Schematic of the integrator based on the current-controlled magnetic domain wall. Input voltage (V;,) producing the write current (/,), which flows through the HM layer,
to move the domain wall in the FL layer through the SOT. A read current (I;) vertically flowing through the MTJ to read out the MR, sensing the output voltage (Vo).
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FIG. 2. Integrator based on a Hall bar device with Ta/CoFeB/MgO heterostructures. (a) Device structure with a schematic of the measurement setup (left) and an optical micro-
scope image (right). (b) AHE resistance (Ry) as a function of the out-of-plane magnetic field (H,). (c) Current-induced Ry switching under an in-plane magnetic field
H, = +50 Qe. (d) and (e) Ry variation (ARy) modulated by consecutive current pulses under different /,, (d) and H, (e) values.

further realize a field-free SOT-driven DW motion, one of the
approaches is to use a magnetic material system with a chiral DW.*
Next, input-output characteristic measurements were conducted
to verify the integrating function of our devices. Here, the input signal
is an I, protocol along with a fixed Hy value of 50 Oe, and the output
is ARy. We first select a square waveform with an amplitude of
Lmp=32mA (corresponding to a voltage of ~4.5V, see the supple-
mentary material, Sec. 4) and a period of T=1ms as the input. The
current pulses with an alternating polarity drive the DW forward and

backward along the x-direction, corresponding to an increase and
decrease in ARy, respectively, as shown in Fig. 3(a). As a result, the
evolution of ARy shows a triangular shape with the same period as the
input waveform. Thus, a waveform transformation from a square to a
triangle wave is realized, which is one of the most basic functions of an
integrator.

By rationally increasing I, the changes in ARy correspond-
ingly increase, as shown in Fig. 3(b). A larger I, leads to a higher
DW velocity and, thus, a longer distance of motion within a one-half
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FIG. 3. Input—output characteristic measurements of square waveform input. (a) Input current of the square waveform and corresponding output of ARy showing a triangle
waveform. (b) and (c) ARy outputs under square waveform inputs with different Ly, (b) and T (c) values.

period. Furthermore, at a large I, [e.g., 33 mA, as shown in the blue
curve in Fig. 3(b)], the output waveform becomes a sawtooth wave
instead of a triangular wave owing to the presence of a nonlinear
region, as mentioned above. If given an extremely large I, (not
shown), the DW will move quickly and reach the boundary within a
one-half period, corresponding to Ry; quickly reaching a limit value
(i.e., Ryax)- In addition, square wave inputs with a different T were
also studied. Similar triangle waveform outputs were obtained. As T
increases, larger changes in ARyy were also acquired.

In addition to a square-to-triangle/sawtooth waveform transfor-
mation, commonly used integrators can also transfer a sine waveform
into a cosine waveform, which implements a phase shift function. A
sine waveform of I = I, sin(27t/T) is applied in our devices. Figure
4(a) shows the input of I, =32 mA and T'=2ms. The correspond-
ing output signal presents a ladder-like waveform rather than a cosine
waveform. This visible distortion is due to the presence of I.. The DW
can be driven to move under the SOT only when I, exceeds L.
Therefore, Ry; remains unchanged for the stages of I, < I. during a
sinusoidal input. To solve this problem, we introduce an assisted bias
current (Iy;,s) with a square waveform of amplitude Iias amp = Ic super-
imposed on the sinusoidal input, enabling an uninterrupted DW
motion. Figure 4(b) shows the input of Iyias amp = 29 MA, Iy, =4 mA,
and T=2ms. Consequently, the output shows a cosine waveform
with a phase shift of ~90° as compared to the input sine waveform.
Sinusoidal inputs with different I,,,, and T values were also investi-
gated to guarantee the robustness, as shown in Figs. 4(c) and 4(d). The
corresponding outputs are stable cosine waveforms with different
changes in ARy. This phenomenon is similar to that of the square
input counterparts. Hence, a sine-to-cosine waveform transformation
and a phase shift, with an adjustable sensing margin and frequency,
were realized based on a spintronic integrator.

A time constant () is a critical merit of an integrator. In general,
a large 7 is required to ensure the integration. As compared to 7 =RC
for an RC integrator, the value of 7 for a spintronic integrator is deter-
mined by I/k, which is related to the effective time of DW motion in
the length direction. To increase 7, we can simply increase I. Besides, a
material system with a smaller k (i.e., a smaller v under the same I,,) is
preferred. A signal gain is a merit of the ability to increase the signal
amplitude or power from the input to the output. The signal gain of
an integrator is related to the integral coefficient (). For an RC inte-
grator, a = 1/RC, which is fixed after the manufacturing process. By
contrast, the value of a for a spintronic integrator is expressed through

Eq. (8), in which the variable I, can be adjusted even after the device
fabrication, significantly enhancing the flexibility to tune the output
voltage amplitude. Furthermore, to improve the signal gain at higher
frequency, the material systems with larger velocity of DW motion are
preferred, so that the DW can move in a larger distance range and,
thereby, a larger variation of output signal within a certain period. The
DW velocity of up to 750 m/s driven by exchange-coupling torque in
synthetic antiferromagnets has been observed,”’ corresponding to a
working frequency of GHz in a hundred-nm-sized integrator.

Owing to the offset current of the active op-amp, the output sig-
nal of the RC integrator deviates from the original value even without
an input signal, which is known as zero drift.” As the integration time
increases, the integration error continues to accumulate, which leads
to a reduction in accuracy. In practical application, to ensure the high
accuracy, the RC integrator system needs to include integrator mod-
ule/circuit along with an extra control module/circuit. Many other
devices, such as analog-to-digital converter (ADC)-register-digital-to-
analog converter (DAC)and digital signal processor (DSP),” are used
for drift compensation, which cost a large chip area. For a spintronic
integrator, an op-amp would be connected to the output path, and its
offset current does not flow to the input path. Therefore, the output
signal only changes with the advent of the effective input signal, and
hence, no zero drift occurs. However, due to the stochastic property of
current-induced DW motion, the output waveforms differ from cycle
to cycle and period to period (see the supplementary material, Sec. 5).
Therefore, the accuracy of spintronic integrators mainly depends on
the stability of current-induced DW motion, which can be further
improved by optimizing the material preparation/device fabrication.
Besides, to ensure the integrator functionality, the SOT device with the
domain wall cannot be too small. The spintronic integrator device is
expected to be further scaled down to a nanowire structure with hun-
dreds-of-nm length™ and sub-100-nm width.*

The Ta/CoFeB/MgO heterostructure used in a spintronic integra-
tor is compatible with the CMOS process and commonly used in a
commercial MRAM product. The high endurance of a CoFeB magnet
has been widely reported, and similar to our integrator device based
on the DW motion, a DW-motion MRAM with a CoFeB magnet
remains extremely stable after 10'° writing cycles.”’ The use of the
spintronic integrator is a promising way to achieve a high endurance.

In summary, we have proposed a spintronic integrator based on
input-current modulated DW motion and, thus, an output resistance
signal through an SOT. Input-output measurement results have
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FIG. 4. Input-output characteristic measurement of sine waveform input. (a) Input current of the sine waveform and corresponding output of ARy. The output signal shows a
ladder-like waveform rather than a cosine waveform. This visible distortion occurs at stages of 1, smaller than the critical current (I, = ~29mA). (b) Input current of the sine
waveform along with an assisted bias current (lyias) of a square waveform with amplitude Jyias amp = o @nd the corresponding output of ARy (c) and (d) ARy outputs under

sine waveform inputs with different /rp (c) and T (d) values.

proven the occurrence of waveform transformation and phase-shift
functions. As compared to a traditional RC integrator, the spintronic
integrator incurs no leakage error or zero drift originating from the
capacitors or op-amps, ensuring a high integral accuracy. Moreover,
the output voltage is converted from the resistance and can be simply
tuned by tuning the read current. Implementation of the integrator
from a single spintronic device will pave the way toward the develop-
ment of analog electronic elements for beyond-CMOS circuits and
also have the potential to be used as the neuromorphic neurons in
brain-inspired computing hardware for use in artificial intelligence.

See the supplementary material for details.
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