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Current-induced spin-orbit torques provide a versatile tool for switching magnetic devices. In perpen-
dicular magnets, the dampinglike component of the torque is the main driver of magnetization reversal.
The degree to which the fieldlike torque assists the switching is a matter of debate. Here we study the
switching of magnetic tunnel junctions with a Co-Fe-B free layer and either W or Ta underlayers, which
have a ratio of fieldlike to dampinglike torque of 0.3 and 1, respectively. We show that the fieldlike torque
can either assist or hinder the switching of Co-Fe-B when the static in-plane magnetic field required to
define the polarity of spin-orbit torque switching has a component transverse to the current. In particular,
the noncollinear alignment of the field and current can be exploited to increase the switching efficiency
and reliability compared with the standard collinear alignment. By probing individual switching events in
real time, we also show that the combination of transverse magnetic field and fieldlike torque can accel-
erate or decelerate the reversal onset. We validate our observations using micromagnetic simulations and
extrapolate the results to materials with different torque ratios. Finally, we propose device geometries that
leverage the fieldlike torque for density increase in memory applications and synaptic weight generation.

DOI: 10.1103/PhysRevApplied.18.044070

I. INTRODUCTION

Current-induced spin-orbit torques (SOT) [1] offer an
efficient and scalable way to control the magnetization
of spintronic devices [2], including magnetic tunnel junc-
tions (MTJs) [3–7], domain-wall racetracks [8–11], and
logic gates [12–15]. For its relevance in memory and com-
puting applications, SOT switching has undergone much
progress in terms of reliability, operation speed, energy
efficiency, as well as realizing zero-external-field switch-
ing in systems with perpendicular magnetization [16]. In
these systems, which offer the best scaling prospects in
terms of device integration, a static magnetic field along
the current direction is required to break the SOT sym-
metry and determine the switching polarity [2]. The SOT
can be decomposed into two orthogonal components, the
longitudinal dampinglike torque (DLT) and the transverse
fieldlike torque (FLT) [1,17–19]. Most work on switching,
however, concentrates on the DLT, for it is known to drive
the magnetization reversal when assisted by the longitudi-
nal field [1–3,20,21], whereas the FLT is often disregarded.
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Similarly to a magnetic field of fixed orientation, how-
ever, the FLT has different effects on the reversal dynamics.
In the macrospin picture, it promotes the precession of
the magnetization about the direction perpendicular to the
current flow [22], whereas, in the case of incoherent mag-
netization reversal, it lowers the energy barrier for domain
nucleation [23] and can favor the propagation of domain
walls [24]. The FLT can therefore be probed by studying
the switching in different current-field configurations.

An in-plane magnetic field applied perpendicular to the
current is found to promote (hinder) the nucleation of mag-
netic domains [23] and to reduce (increase) the switching
threshold when applied along (against) the effective field
of the FLT [24]. In samples with strong FLT, varying the
direction of the assisting magnetic field in the plane is
found to change the threshold current for SOT switch-
ing [25] and the onset of the backward switching [26],
which could be exploited to realize unipolar switching.
These results show that the FLT acts as an internal effec-
tive field that superposes to the external one. Simulations
also suggest that the FLT can enable field-free switching,
supposing materials with a specific FLT-to-DLT ratio (β)
are employed [22,27,28]. On the other hand, the FLT can
increase the switching threshold by tilting the magneti-
zation into the plane and induce precessional dynamics,
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which impairs the switching reliability [29]. The increased
susceptibility to switching errors, observed in strong-FLT
samples, has been attributed to the domain-wall reflection
from the edges of the magnetic structure [26,30]. Thus,
whereas magnetization reversal is relatively well under-
stood in SOT materials in which the DLT dominates over
the FLT, such as Pt [9,17,31] and W [32–34], strong-FLT
materials, such as Ta [17–19,35], Hf [32,35–37], and topo-
logical insulators [38–40], offer additional opportunities to
tune the switching efficiency. Experimental work address-
ing the FLT, however, has only focused on the switching
of relatively large (micrometer-scale) structures, and used
either Pt [23,24] or Ta [25,26,30] as the SOT source. The
role of the FLT in the reversal dynamics and its effect on
the threshold current of nanoscale devices such as MTJs
are not known.

In this paper we investigate the influence of the FLT
and in-plane external field on the switching of nanoscale
MTJ devices based on W/Co-Fe-B and Ta/Co-Fe-B
heavy metal/ferromagnetic layers. Our results elucidate the
impact of the FLT on the switching dynamics, reliability,
and threshold conditions for both low- and strong-FLT sys-
tems, showing that it can have advantages for practical
applications. By measuring individual switching events in
the time domain, we find that the FLT directly affects the
energy barrier for reversal and accelerates or decelerates
the switching onset. We also show that β can be estimated
at device level from the switching measurements in the
presence of a transverse field. Using micromagnetic sim-
ulations, we further elucidate the effects of the FLT and
in-plane external field and extrapolate the results to materi-
als with different FLT strengths. Finally, we propose device
geometries that can leverage the interplay of the external
field and FLT for either high-density memory applications
or the generation of synaptic weights.

II. EXPERIMENT

We use MTJ devices patterned into circular pillars with
the diameter of 80 nm [Fig. 1(a)] and grown on top of
a heavy metal (HM) current injection track. The device
structure is HM/Co-Fe-B/MgO/Co-Fe-B(1.1)/SAF(10.5),
where the numbers in parentheses indicate the thickness
in nanometers and SAF denotes synthetic antiferromagnet.
The SAF is used to pin the upper Co-Fe-B layer upward.
In the study, we compare MTJs comprising β-W(3.5)/Co-
Fe-B(0.9) and Ta(5)/Co-Fe-B(1). The resistivity of the
W, Ta, and Co-Fe-B layers is estimated to be 160, 210,
and 120 μ� cm, respectively. The efficiency of the DLT
(FLT) obtained from harmonic Hall measurements [17] are
ξDL(FL) = −0.33 ± 0.03(−0.10 ± 0.02) for the W-based
samples [34] and ξDL(FL) = −0.11 ± 0.01(−0.11 ± 0.03)

for the Ta-based samples. In both types of samples, the
free layer has an easy axis along z and its magnetization
can be reversed between up and down states without any

(a) (c)

(b)

(e)

(d)

FIG. 1. (a) Schematics of the sample geometry. (b) Compar-
ison of the normalized hysteresis loops of MTJ with W and Ta
underlayers. (c) Schematics of the dampinglike and fieldlike SOT
�DL,FL and the corresponding effective fields BDL,FL induced by
jSOT. (d) Comparison of the effective critical switching currents
jc,eff for different pulse widths obtained for an applied in-plane
field Bx = 32 mT. Open (full) symbols indicate switching to the
up (down) state. Lines are linear fits to the data in the intrinsic
regime (1/tp ≥ 1 GHz). (e) Probability of switching to the up
state as a function of the SOT bias out of 50 trials.

stable intermediate levels [Fig. 1(b)]. Moreover, the SAF
structure creates a dipolar field |BSAF| ≤ 10 mT along −z
that favors the up-to-down reversal of the free layer in all
samples.

In the experiment, a positive VSOT applied across the
SOT track induces a current jSOT along the x direction.
This current generates dampinglike and fieldlike SOT on
the bottom Co-Fe-B (free layer) magnetization, as shown
in Fig. 1(c). The magnetic field Bext is applied in the xy
plane along the direction given by the angle ϕ with respect
to x. The final state after the SOT pulse injection is read
by applying a small oscillating voltage (10 mV) on the
MTJ. Additionally, the free layer magnetization can be
probed during the SOT pulse, in order to perform the time-
resolved measurements discussed in Sec. V. To do that, a
small current shunt across the pillar (< 1.3 MA/cm2) is
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used to read the real-time resistance change of the junction
on an oscilloscope [5]. This resistive change corresponds
to the change of the magnetization direction.

III. SOT SWITCHING FOR COLLINEAR
ALIGNMENT OF CURRENT AND FIELD

First, we compare the SOT switching in both types
of MTJ for collinear alignment of the current and in-
plane magnetic filed (ϕ = 0◦). We apply a 32 mT field
along x and measure the probability of switching Psw of
the free layer upon repeated pulsing with different ampli-
tudes VSOT. After each pulse, we read the MTJ state and
reset it to the initial state afterwards. We repeat this pro-
cedure for different pulse widths tp . Figure 1(d) shows
the effective critical current jc,eff, defined as the current
density in and below the free layer for which Psw = 0.5
[41]. In the short-pulse limit, the critical current scales as
jc,eff = jc0 + q/tp , where jc0 is the intrinsic critical current
and q is the effective charge parameter that determines the
rate at which angular momentum is transferred to the free
layer [42–45]. From the linear fit to the data, we obtain
jc0 = 62 ± 2 MA/cm2 and q = 396 ± 38 C/m2 for W,
and jc0 = 97 ± 15 MA/cm2 and q = 748 ± 44 C/m2 for
Ta. The small difference in jc0 can be attributed to the
difference in the thermal stability and heat dissipation in
the system, whereas the factor approximately equal to 2
between the q in W and Ta reflects mainly the relative
difference between the DLT efficiencies of these metals
[1,46].

Figure 1(e) shows Psw for down-to-up switching, which
is significantly different for W and Ta. In the case of W, the
switching to the opposite state remains reliable after reach-
ing Psw = 1. In the case of Ta, however, the increase of Psw
with VSOT toward 1 is followed by a gradual increase of
error rate, leaving only a very limited interval of voltages
suitable for reliable operation. This behavior is not unex-
pected in Ta/Co-Fe-B, as similar observation have been
reported earlier [26,30] and attributed to the FLT. How-
ever, contrary to Ref. [26], in which Hall cross samples
with a single magnetic layer were used, in the MTJ devices
we only observe the onset of large switching errors for one
of the two switching directions that is opposed by BSAF.

IV. SOT SWITCHING FOR NONCOLLINEAR
ALIGNMENT OF CURRENT AND FIELD

Figure 2 summarizes the result of switching by 10-ns-
long pulses in a field Bext = 40 mT applied at different
angles ϕ relative to the current. In both samples, the
magnitude of the switching voltage decreases (increases)
monotonously with increasing ϕ for negative (positive)
SOT pulses, which—as we discuss further on—is a man-
ifestation of the superposition of the y component of Bext
with the effective field of the FLT (BFL). Figures 2(a) and
2(b) show Psw of the up-to-down switching for different

(a) (b)
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FIG. 2. Switching probability and critical voltage Vc as a func-
tion of the angle between jSOT and Bext. The two-dimensional
(2D) diagrams in (a,b) show the under-critical (black) and over-
critical (blue) conditions for switching to the up state induced
by tp = 10-ns-long current pulses for different orientations of
Bext = 40 mT. The hashed areas indicate the range of parame-
ters that were not investigated in the study. Plots (c),(d) show the
corresponding Vc for both pulse polarities. The results for the W
and Ta samples are shown in (a),(c) and (b),(d), respectively.

SOT pulse and field configurations. As the critical volt-
age Vc = VSOT(Psw = 0.5) decreases in absolute value for
ϕ > 0, we observe a broadening of the transition from a
below- to over-critical voltage, as well as an increased
occurrence of switching errors, which becomes signifi-
cant above ϕ ≈ 30◦. This reduced reliability is a result of
the decrease of the longitudinal Bx component required
to break the symmetry of the DLT and, possibly, of the
FLT-induced precessional dynamics supported by increas-
ing By . On the other hand, for ϕ < 0, the increase of |Vc|
is not related to deterioration of the switching reliability
for the over-critical VSOT. This indicates that the y compo-
nent of Bext can suppress the effect of the FLT even when
VSOT is large. Moreover, the increase of |Vc| is accom-
panied by the narrowing of the transition region (toward
negative ϕ). This is in line with the increase of the switch-
ing barrier height, which results in a sharper transition for
thermally-activated switching [47].

Figures 2(c) and 2(d) compare the absolute values of
the critical voltages extracted from the diagrams (black) to
those corresponding to the other switching direction (red).
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Except for small variations, the overall trend of Vc with
ϕ is similar in both samples. Notably, the trends for the
two pulse polarities have opposite slope; the shift of the
apparent crossing point to the left of ϕ = 0◦, which can
be seen in both panels, is attributed to small differences in
the energy landscape of the two reversal directions. These
can arise due to structural nonuniformity in the free layer
or, more likely, to BSAF, which makes the switching to
the down state (by negative VSOT) generally more effi-
cient. The presence of the less reliable switching regions
(associated with low |Vc|) defines a finite angular section
of ϕ close to 0◦ that can be exploited for tuning the con-
ditions for deterministic bipolar switching (see Sec. VII).
The results of switching by 10 and 1-ns-long pulses are
compared in the Supplemental Material [48]. We observe a
similar angular dependence of Vc for long and short pulses,
even though switching by short pulses requires a larger
voltage, as expected. The conclusions of the above para-
graph are thus independent of the pulse width at least down
to 1-ns-long pulses.

To understand the similarity between the W and Ta
samples, we note that both are negative spin Hall angle
materials and have SOT of equal sign. A positive SOT
pulse induces BFL pointing along −y, as schematized in
Fig. 1(c), and the Oersted field BOe pointing also along
−y. From symmetry considerations, the y component of
the external field subtracts from (adds up to) BFL induced
by positive (negative) VSOT when ϕ > 0; the opposite
occurs when ϕ < 0. When the two fields add together, the
switching is favored, in agreement with previous results
obtained in Ta-based samples [25,26]. Ta is known to
induce strong FLT, with β ranging from 0.7 to over 4 [17–
19,26,35,37,49], whereas β is typically less than 0.4 in the
case of W [33,34]. Thus, it may seem surprising that Vc
changes by a similar amount with ϕ in Figs. 2(c) and 2(d).
However, the Ta samples used in this study provide only
moderate FLT with β = 1.05 ± 0.08, and the W samples
β = 0.3 ± 0.07. Moreover, changing ϕ does not affect only
BFL, but also BDL that is three times weaker in Ta than in
W, which partially compensates for the larger β in Ta.

To exclude the effect of an insufficient amount of
symmetry-breaking field Bx, we also study the switching
when only the transverse component of the external field
By is varied and |Bx| is fixed. For each By , we send a train
of 1-ms pulses of increasing amplitude and determine the
switching threshold. Figure 3(a) compares the switching
loops for W and Ta samples measured in Bx = 40 mT. The
extracted thresholds are plotted in Fig. 3(b). In both cases,
we observe that Vc changes the most when By is close
to zero, and then saturates in either field direction. This
variation can be understood as the effect of the effective
transverse field By + BFL + BOe on the switching and con-
firms that in both systems, BFL points along −y when VSOT
is positive (same sign as in Fig. 2). This trend is opposite to
the one observed in Co/Pt/AlOx dots, as expected because
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FIG. 3. (a) Switching loops of W- and Ta-based MTJ for
different By at constant |Bx| = 40 mT. The MTJ resistance is
measured as a function of VSOT after applying a current pulse
with tp = 1 ms. The measurements are offset along the y axis for
clarity. (b) Critical switching voltage as a function of By . The
full symbols show the average of the individual Vc (open sym-
bols) measured at positive and negative Bx. The lines are fits to
the data (see text) in the range marked by the shaded areas.

of the opposite sign of the SOT in Pt with respect to W and
Ta [24].

Measuring Vc as a function of By further allows for esti-
mating BFL at the device level. We start from the analytical
formula for the switching threshold j ⊥

c in a transverse field
obtained from the Landau-Lifshitz-Gilbert (LLG) equation
[50], which, for β �= 0, gives

j ⊥
c = 2eMst

�ξDLβ(2 + αβ)

×
[
(1 + αβ)By ±

√
2αβ(2 + αβ)B2

k + B2
y

]
. (1)

Here Mst is the unit surface magnetization of the free
layer, α is the damping constant, and Bk is the effective
anisotropy field. Theoretically, Eq. (1) is valid for |By | up
to Bk. In the experiment, however, Bx alone can promote
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the switching, even in the absence of By . Therefore, the
experimental Vc deviates from the model for |By | � |Bx|
when the sign of By is such that it hinders switching.
The range of validity of the model is thus reduced to
By ≤ Bx (By ≥ −Bx) for a positive (negative) SOT current,
corresponding to the red (gray) shaded areas in Fig. 3(b).

We fit the data in the shaded regions of Fig. 3(b) by tak-
ing Vc = RAHMj ⊥

c + Vc0, where AHM is the cross section
of the HM layer and Vc0 is an offset that takes into account
the effect of the constant Bx, which is not included in Eq.
(1). We take Ms = 1.05 MA/m, Bk = 0.2 T (0.27 T), and
ξDL = −0.325(−0.108) for W (Ta), as measured in full
and simplified MTJ stacks and at the device level [16,34],
and let α, β, and Vc0 vary as fit parameters. For sim-
plicity, we neglect the Oersted field (BOe ≈ μ0jSOTtHM/2),
which is more than 1 order of magnitude smaller than
the SOT effective fields (BDL,FL = ξDL,FL�jSOT/(2eMst))
in both samples. The fits [solid lines in Fig. 3(b)] give
α = 0.029 ± 0.005 for W and 0.007 ± 0.001 for Ta, and
β = 0.30 ± 0.03 for W and 1.06 ± 0.03 for Ta. Despite
the simplifications made, the values of β are in close
agreement with those obtained from the harmonic Hall
measurements (see Sec. II), namely 0.30 ± 0.07 for W and
1.05 ± 0.08 for Ta.

This result implies that a rather simple model based on
the macrospin approximation of the LLG equation can be
used to estimate β, even though the magnetization reversal
is incoherent and proceeds via a more complex dynamics
[5,24]. Moreover, this type of measurement can supple-
ment the hysteresis loop-shift method in finite Bx [51] that
is commonly used to evaluate BDL at the device level, to
estimate BFL without the need to perform harmonic Hall
measurements.

V. TIME-RESOLVED SWITCHING

We next investigate the impact of the FLT and By
on the switching timescales. Because of the similarity of
both types of samples, we only discuss the results for the
W-based MTJ and present the results for Ta in the Supple-
mental Material [48]. We use a constant VSOT that ensures
reliable switching when 20-ns-long pulses are applied, and
probe the magnetization in real time (see Sec. II and Ref.
[5]). A voltage time trace acquired during each pulse, nor-
malized to the difference between the up and down states
[Fig. 4(a)] represents the perpendicular component of the
magnetization of the free layer. In agreement with pre-
vious studies [5,6,45], each switching event comprises a
single transition phase preceded and followed by a quies-
cent state. By fitting the data to a sigmoid function, we
can quantify the activation delay (t0) and the transition
time (�t) in every measurement. Repeating the acquisition
many times in the same conditions provides information
about the statistical distribution of the switching times.
These characteristic timescales are not accessible when the
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FIG. 4. (a) Representative single-shot switching time trace in
a W-based MTJ induced by VSOT = −478 mV. An in-plane field
Bext = 40 mT is applied along ϕ = −30◦. The delay t0 and dura-
tion �t of the reversal (gray shared areas) are found by fitting
the data to a sigmoid function (red line). (b) Overlay of 500
time traces acquired at ϕ = −20◦ (left) and ϕ = 30◦ (right).
(c),(d) The activation delay t0 and the transition time �t obtained
from fitting the switching traces (c) for different ϕ when |Bext|
= 40 mT and (d) for different By when Bx = 40 mT. The sym-
bols give the median value, the vertical bars give the range of
10%–90% of the events.

magnetization state is detected postpulse, and should not
be interchanged with the critical times obtained from the
postpulse switching statistics.

Figure 4(b) shows an overlay of successful switching
events measured in two different current-field configura-
tions, ϕ = −20◦ (left) and 30◦ (right). For both angles, the
traces overlap with a similar dispersion. However, whereas
at −20◦, no reversal starts earlier than 3 ns after the pulse
onset, most reversals at 30◦ are already completed by
that time. For any ϕ, we do not observe any pauses or
intermediate levels in the reversals.
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The statistical results for both switching directions as
a function of the field orientation (constant |Bext|) and
of the transverse field (constant Bx) are summarized in
Figs. 4(c) and 4(d), respectively. The plots of t0 display a
strong resemblance to the Vc dependence in Fig. 2, which
corroborates the relation between both quantities [44,47].
Accordingly, t0 increases when the transverse field com-
ponents oppose one another. This shows that By (hence,
also BFL) directly affects the reversal onset, which is a
manifestation of the energy barrier for nucleation of the
reversed domain [5,6,23]. Because of nonlinear scaling of
the attempt time with the height of the barrier, the change
of t0 is more significant than the change of critical volt-
age (compare Figs. 2 and 4) in the same range of By . On
the contrary, the median of �t varies little over the stud-
ied range, with only a weak increase with By for positive
pulses. This result is consistent with the theory prediction
that (i) the SOT-driven domain-wall velocity scales with
By , such that �t decreases when BFL and By are parallel;
and (ii) the amount of variation increases with the SOT
efficiency, current, and Dzyaloshinskii-Moriya interaction
(DMI) [24,52], although the dependence is rather weak
unless a strong DMI is involved [52]. An increase of the
domain-wall velocity by 25% upon changing By between
±20 mT is demonstrated using samples based on Pt, which
provides strong DMI [9]. However, a small to negligible
effect is expected in materials with small DMI, such as Ta
or W. In our W samples, the DLT efficiency is about three
times higher and the DMI is more than 10 times weaker
than in Pt. Therefore, we expect the variation of �t to be
less than 10% in the studied range of By , consistent with
the data in Fig. 4. Similarly, we observe a minor variation
of �t in the Ta samples (Supplemental Material [48]).

VI. MICROMAGNETIC SIMULATIONS

In the following we discuss the effect of FLT and a
transverse in-plane field in materials with different β. To
explore SOT switching in a broad range of β, we per-
form micromagnetic simulations using MUMAX3 [53]. We
simulate the dynamics of a single-layer nanomagnet with
80 nm in diameter discretized into a (1.5 × 1.5 × 0.9) nm3

mesh. We model the free layer using the material param-
eters of the W/Co-Fe-B system: Ms = 1 MA/m, Aex =
15 pJ/m, Bk = 0.25 T, D = 0.2 mJ/m2, ξDL = −0.3, and
α = 0.1, and initialize its magnetization along z. As in the
experiment, we apply a homogeneous magnetic field with
different strength and orientation in the plane, and sim-
ulate the magnetization reversal induced by spin current
to the nanomagnet. The current is supplied by rectangular
pulses along x with a 0.1 ns rising and falling edge. We
only discuss here the up-to-down reversal, noting that the
simulations are fully deterministic owing to the absence of
defects, thermal fluctuations, and SAF field, and, thus, the
down-to-up reversal is the exact opposite of the former.

We simulate the switching time traces for different trans-
verse fields (given by ϕ or By) and β, and observe that
the timing of the reversal, as well as the switching out-
come, depend on both the parameters (Supplemental Mate-
rial [48]). Because not all simulations end in successful
reversal, we define tc as the time at which the average mag-
netization of the nanomagnet has undergone the first half
of the reversal, i.e., mz = 0. Figures 5(a) and 5(b) show
tc for different |β| ≤ 1.2. At each field, we observe that
tc decreases with β > 0, because BFL in this case supports
the tilt of the magnetization induced by BDL [24,30,50]. On
the contrary, BFL and BDL compete when β < 0, and thus,
tc first increases with β < 0 until the effect of BFL becomes
dominant. Then also the trend of tc with transverse field
reverses, as visible in Fig. 5(b). Notably, the simulated
datasets obtained for β = 0.3 reproduce the experimen-
tal trends, corresponding to −VSOT in Figs. 4(c) and 4(d).
Moreover, one can notice in Fig. 5(a) that tc increases for
large |ϕ|, regardless of its sign. This effect is a consequence
of the reduced Bx and is related to the increase of writing
errors observed experimentally in Fig. 2. If Bx is kept con-
stant, on the other hand, tc roughly follows an exponential
dependence on By , as shown in Fig. 5(b).

Combining the datasets for different β produces 2D dia-
grams of tc as a function of β and ϕ or By , as shown in
Figs. 5(c) and 5(d), respectively. Similarly, we can con-
struct the diagrams for the switching threshold jc, i.e.,
the lowest current resulting in the reversal of the mag-
netization, which is proportional to the variation of the
switching energy barrier for different combinations of FLT
and external field. Both types of diagrams closely resem-
ble each other, which confirms the relation between tc and
jc [11,43,44,47]. Figure 5(e) shows that jc depends nonlin-
early on ϕ and β with a saddle point at ϕ = 0◦ and β =
−0.8 obtained for the given simulation conditions. This
point marks the conditions, for which the net effect of BFL
and Bext on the magnetization is the smallest. Note that, for
β close to the saddle point, jc further rises with − cos(ϕ), as
Bx reduces. In contrast, Fig. 5(f) confirms the equivalence
of BFL and By with respect to their impact on jc. This is
visualized by the curves of constant current (white dashed
lines), which follow straight lines. Importantly, this fur-
ther validates the assumptions we made when estimating
β using Eq. (1).

VII. DEVICE DESIGNS THAT EXPLOIT THE FLT

Two important challenges in the large-scale adoption of
SOT switching for embedded memory applications are the
comparatively higher critical current and device footprint
compared with spin-transfer torque. A useful approach
that can tackle both challenges together involves using a
common SOT injection path for several MTJ devices and
selecting the one to switch by the application of a volt-
age gate across the MTJ simultaneously with the SOT
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FIG. 5. Results of the zero-temperature micromagnetic simu-
lations. The critical switching time tc for different β when (a)
|Bext| = 40 mT and jSOT = −130 MA/cm2 and (b) Bx = 40 mT
and jSOT = −120 MA/cm2. (c),(d) 2D diagrams of ln(tc) for
the parameters used in (a),(b). (e),(f) 2D diagrams of the criti-
cal current jc as a function of (e) β and ϕ (|Bext| = 40 mT) and
(f) β and By (Bx = 40 mT). The diagrams comprise 13 × 9 and
11 × 7 data points, respectively. White dashed lines are isocurves
to ln(tc) and jc.

pulse [41,54]. This scheme, however, requires applying
two pulses for writing each bit. Here, we propose a device
design in which the selectivity is intrinsic. This is possible
by exploiting the FLT for the MTJ selection (Fig. 6). More-
over, the proposed geometry allows for reducing the writ-
ing energy at the same time. The schematics in Fig. 6(a)
illustrates this concept on two MTJs placed on a common
SOT track and initialized in the down state in the presence
of a static magnetic field along −x (provided externally
or intrinsic [55]). The application of a positive “set” pulse
on electrode IN1 will induce jSOT underneath both MTJs.
Because of the geometry of the track, ϕ < 0◦ for MTJ1,
whereas ϕ > 0◦ for MTJ2. Thus, in line with Figs. 2 and 4,

(a)

(b)

BDL

BFL

Beff

GNDIN

MTJi

MTJi+1

MTJi+2

MTJi-1

Bext
jSOT

GND

MTJ2
…

…

IN1

IN2

set
reset

BDL

BFL

MTJ1

Beff

IN0

jSOT

Bext

FIG. 6. Schematics of device concepts that take advantage of
the FLT. (a) MTJ array sharing a common SOT track for high-
density memory applications. The state of each MTJ can be
“set” individually by applying a positive pulse to the respective
input electrode, whereas all bits can be “reset” simultaneously
by applying a negative pulse to the IN0 electrode. (b) A synaptic
weight generator consisting of a series of MTJs sharing a curved
SOT track, such that jc(MTJi) < jc(MTJi+1).

the MTJ1 can reverse to the up state at lower bias than the
MTJ2. This allows us to “set” the MTJ1 without affecting
the MTJ2 or any other device on the track. On the contrary,
applying a negative pulse to electrode IN0 results in ϕ > 0◦
underneath all MTJs, which will “reset” all at once to the
down state. From Fig. 2, we can assume reliable switch-
ing up to |ϕ| = 30◦ (15◦) using a W (Ta) under layer and
an average difference of 100 mV between the FLT-assisted
and hindered thresholds. On top of that, the average writing
voltage reduces by 10%–20% compared with ϕ = 0◦.

Note that another challenge for the SOT switching of
perpendicular magnets is the integration of a magnetic
field source. In the proposed geometry, we assume a con-
stant Bext that can be integrated in devices by a built-in
hard mask [55], exchange bias [56], or replaced by other
symmetry-breaking mechanisms proposed in the literature
[16].

A prospective application of MTJs, beyond their use
as binary memories, is in computing, as a hardware real-
ization of artificial synapses [57,58]. The efficient storing
of synaptic weights requires memories with multilevel
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(preferably analogue) conductance values. A series of
MTJs connecting a top and a bottom electrode can serve
this purpose [59]. It is however crucial that the MTJs can
be switched selectively. Figure 6(b) shows a device that
exploits the FLT and the MTJ position on a U-shaped
SOT track to enable selective level programming. As ϕ

gradually varies between the pillars along the track, each
MTJ will switch at a well defined but different current,
since jc(MTJi) < jc(MTJi+1). To increase the number of
weight levels, more pillars can be accommodated on the
SOT track. This could be simplified by patterning the track
into a “wavy line”. Moreover, the scheme offers poten-
tial for very high selectivity, thanks to the possibility to
separately optimize the MTJ size and position, the track
bending radius, and the FLT strength.

VIII. CONCLUSIONS

We study the influence of the FLT and in-plane mag-
netic field on the switching of nanoscale magnetic tunnel
junctions with a perpendicular free layer and a W or Ta
underlayer. The effective field of the FLT superposes to
the component of the in-plane magnetic field transverse
to the current. This can be used to reduce or increase the
critical switching voltage, the switching reliability, and the
activation delay of individual switching events by control-
ling the magnitude and direction of the external magnetic
field. We show that these effects are significant even in
materials with a low FLT-to-DLT ratio, such as W. On
the contrary, the duration of the reversal phase does not
considerably change with the transverse field. Together,
these results demonstrate that the FLT directly affects
the height of the energy barrier for the nucleation of the
reversed domain that initiates the switching. Consequently,
the FLT strength can be estimated at the device level from
measurements of the switching threshold using a simple
macrospin model applied to the activation volume, which
accounts for the initial domain nucleation phase before
domain expansion takes place. We also perform a system-
atic micromagnetic study of the critical time and critical
current as a function of β, ϕ, and By . The results of the
micromagnetic simulations agree with our experimental
findings and allow for predicting the switching behavior
in material systems with different FLT strengths. Finally,
we propose two device designs that allow for selectively
addressing MTJs sharing the same current injection track.
Selectivity is achieved by varying the alignment of the cur-
rent, hence of the FLT, relative to the in-plane field, which
modifies the critical switching conditions. This approach
can be used to create an N-bit memory element with a
reduced footprint compared with N separate MTJ devices
or a parallel-resistance network with multiple conductance
levels allowing for efficient storage and adjustment of
synaptic weights.

ACKNOWLEDGMENTS

This research is supported by the Swiss National Sci-
ence Foundation (Grant No. 200020_200465), and imec’s
Industrial Affiliation Program on MRAM devices. M. H.
acknowledges support from the European Union’s Horizon
2020 research and innovation programme under the Marie
Skłodowska-Curie grant agreement No. 955671.

The datasets presented in this study are avail-
able from the corresponding authors upon reasonable
request and in the ETH Research Collection with DOI:
doi.org/10.3929/ethz-b-000569345

[1] A. Manchon, J. Železný, I. M. Miron, T. Jungwirth, J.
Sinova, A. Thiaville, K. Garello, and P. Gambardella,
Current-induced spin-orbit torques in ferromagnetic and
antiferromagnetic systems, Rev. Mod. Phys. 91, 035004
(2019).

[2] I. M. Miron, K. Garello, G. Gaudin, P.-J. Zermatten, M. V.
Costache, S. Auffret, S. Bandiera, B. Rodmacq, A. Schuhl,
and P. Gambardella, Perpendicular switching of a single
ferromagnetic layer induced by in-plane current injection,
Nature 476, 189 (2011).

[3] L. Liu, C.-F. Pai, Y. Li, H. W. Tseng, D. C. Ralph, and R.
A. Buhrman, Spin-torque switching with the giant spin Hall
effect of tantalum, Science 336, 555 (2012).

[4] M. Cubukcu, O. Boulle, M. Drouard, K. Garello, C. Onur
Avci, I. Mihai Miron, J. Langer, B. Ocker, P. Gambardella,
and G. Gaudin, Spin-orbit torque magnetization switching
of a three-terminal perpendicular magnetic tunnel junction,
Appl. Phys. Lett. 104, 042406 (2014).

[5] E. Grimaldi, V. Krizakova, G. Sala, F. Yasin, S. Couet,
G. Sankar Kar, K. Garello, and P. Gambardella, Single-
shot dynamics of spin–orbit torque and spin transfer torque
switching in three-terminal magnetic tunnel junctions, Nat.
Nanotechnol. 15, 111 (2020).

[6] V. Krizakova, E. Grimaldi, K. Garello, G. Sala, S. Couet, G.
S. Kar, and P. Gambardella, Interplay of Voltage Control
of Magnetic Anisotropy, Spin-Transfer Torque, and Heat
in the Spin-Orbit-Torque Switching of Three-Terminal
Magnetic Tunnel Junctions, Phys. Rev. Appl. 15, 054055
(2021).

[7] C. Zhang, Y. Takeuchi, S. Fukami, and H. Ohno,
Field-free and sub-ns magnetization switching of mag-
netic tunnel junctions by combining spin-transfer torque
and spin-orbit torque, Appl. Phys. Lett. 118, 092406
(2021).

[8] I. M. Miron, T. Moore, H. Szambolics, L. D. Buda-
prejbeanu, S. Auffret, B. Rodmacq, S. Pizzini, J. Vogel, M.
Bonfim, A. Schuhl, and G. Gaudin, Fast current-induced
domain-wall motion controlled by the Rashba effect, Nat.
Mater. 10, 419 (2011).

[9] S. Emori, U. Bauer, S.-M. Ahn, E. Martinez, and G. S.
D. Beach, Current-driven dynamics of chiral ferromagnetic
domain walls, Nat. Mater. 12, 611 (2013).

[10] S.-H. Yang, K.-S. Ryu, and S. Parkin, Domain-wall
velocities of up to 750ms−1 driven by exchange-coupling

044070-8

https://doi.org/10.1103/RevModPhys.91.035004
https://doi.org/10.1038/nature10309
https://doi.org/10.1126/science.1218197
https://doi.org/10.1063/1.4863407
https://doi.org/10.1038/s41565-019-0607-7
https://doi.org/10.1103/PhysRevApplied.15.054055
https://doi.org/10.1063/5.0039061
https://doi.org/10.1038/nmat3020
https://doi.org/10.1038/nmat3675


TAILORING THE SWITCHING EFFICIENCY BY FIELDLIKE. . . PHYS. REV. APPLIED 18, 044070 (2022)

torque in synthetic antiferromagnets, Nat. Nanotechnol. 10,
221 (2015).

[11] E. Raymenants, O. Bultynck, D. Wan, T. Devolder, K.
Garello, L. Souriau, A. Thiam, D. Tsvetanova, Y. Can-
vel, D. E. Nikonov, I. A. Young, M. Heyns, B. Soree, I.
Asselberghs, I. Radu, S. Couet, and V. D. Nguyen,
Nanoscale domain wall devices with magnetic tunnel junc-
tion read and write: Supplementary information, Nat. Elec-
tron. 4, 392 (2021).

[12] Z. Luo, S. Schären, A. Hrabec, T. P. Dao, G. Sala, S.
Finizio, J. Feng, S. Mayr, J. Raabe, P. Gambardella, and
L. J. Heyderman, Field- and Current-Driven Magnetic
Domain-Wall Inverter and Diode, Phys. Rev. Appl. 15,
034077 (2021).

[13] M. Alamdar, T. Leonard, C. Cui, B. P. Rimal, L. Xue, O. G.
Akinola, T. Patrick Xiao, J. S. Friedman, C. H. Bennett, M.
J. Marinella, and J. A. C. Incorvia, Domain wall-magnetic
tunnel junction spin–orbit torque devices and circuits for in-
memory computing, Appl. Phys. Lett. 118, 112401 (2021).

[14] D. Bhowmik, L. You, and S. Salahuddin, Spin Hall effect
clocking of nanomagnetic logic without a magnetic field,
Nat. Nanotechnol. 9, 59 (2014).

[15] S.-h. C. Baek, K.-W. Park, D.-S. Kil, Y. Jang, J. Park, K.-
J. Lee, and B.-G. Park, Complementary logic operation
based on electric-field controlled spin–orbit torques, Nat.
Electron. 1, 398 (2018).

[16] V. Krizakova, M. Perumkunnil, S. Couet, P. Gambardella,
and K. Garello, Spin-orbit torque switching of magnetic
tunnel junctions for memory applications, J. Magn. Magn.
Mater. 562, 169692 (2022).

[17] K. Garello, I. M. Miron, C. O. Avci, F. Freimuth, Y.
Mokrousov, S. Blügel, S. Auffret, O. Boulle, G. Gaudin,
and P. Gambardella, Symmetry and magnitude of spin–orbit
torques in ferromagnetic heterostructures, Nat. Nanotech-
nol. 8, 587 (2013).

[18] J. Kim, J. Sinha, M. Hayashi, M. Yamanouchi, S. Fukami,
T. Suzuki, S. Mitani, and H. Ohno, Layer thickness depen-
dence of the current-induced effective field vector in
Ta—CoFeB—MgO, Nat. Mater. 12, 240 (2013).

[19] C. O. Avci, K. Garello, C. Nistor, S. Godey, B. Balles-
teros, A. Mugarza, A. Barla, M. Valvidares, E. Pellegrin,
A. Ghosh, I. M. Miron, O. Boulle, S. Auffret, G. Gaudin,
and P. Gambardella, Fieldlike and antidamping spin-orbit
torques in as-grown and annealed Ta/CoFeB/MgO layers,
Phys. Rev. B 89, 214419 (2014).

[20] K.-S. Lee, S.-W. Lee, B.-C. Min, and K.-J. Lee, Thresh-
old current for switching of a perpendicular magnetic layer
induced by spin Hall effect, Appl. Phys. Lett. 102, 112410
(2013).

[21] G. Finocchio, M. Carpentieri, E. Martinez, and B. Azzer-
boni, Switching of a single ferromagnetic layer driven by
spin Hall effect, Appl. Phys. Lett. 102, 212410 (2013).

[22] W. Legrand, R. Ramaswamy, R. Mishra, and H. Yang,
Coherent Subnanosecond Switching of Perpendicular Mag-
netization by the Fieldlike Spin-Orbit Torque without an
External Magnetic Field, Phys. Rev. Appl. 3, 064012
(2015).

[23] I. M. Miron, G. Gaudin, S. Auffret, B. Rodmacq, A. Schuhl,
S. Pizzini, J. Vogel, and P. Gambardella, Current-driven

spin torque induced by the Rashba effect in a ferromagnetic
metal layer, Nat. Mater. 9, 230 (2010).

[24] M. Baumgartner, K. Garello, J. Mendil, C. O. Avci, E.
Grimaldi, C. Murer, J. Feng, M. Gabureac, C. Stamm,
Y. Acremann, S. Finizio, S. Wintz, J. Raabe, and P.
Gambardella, Spatially and time-resolved magnetization
dynamics driven by spin–orbit torques, Nat. Nanotechnol.
12, 980 (2017).

[25] W. Fan, J. Zhao, M. Tang, H. Chen, H. Yang, W. Lü, Z.
Shi, and X. Qiu, Asymmetric Spin-Orbit-Torque-Induced
Magnetization Switching With a Noncollinear In-Plane
Assisting Magnetic Field, Phys. Rev. Appl. 11, 034018
(2019).

[26] J. M. Lee, J. H. Kwon, R. Ramaswamy, J. Yoon, J. Son, X.
Qiu, R. Mishra, S. Srivastava, K. Cai, and H. Yang, Oscil-
latory spin-orbit torque switching induced by field-like
torques, Commun. Phys. 1, 2 (2018).

[27] N. Hassan, S. P. Lainez-Garcia, F. Garcia-Sanchez, and J. S.
Friedman, Toggle spin-orbit torque mram with perpendic-
ular magnetic anisotropy, IEEE J. Exploratory Solid-State
Comput. Devices Circuits 5, 166 (2019).

[28] M. Wang, Z. Wang, C. Wang, and W. Zhao, Field-free
deterministic magnetization switching induced by inter-
laced spin–orbit torques, ACS Appl. Mater. Interfaces 13,
20763 (2021).

[29] M. Jiang, H. Asahara, S. Sato, S. Ohya, and M. Tanaka,
Suppression of the field-like torque for efficient magnetiza-
tion switching in a spin–orbit ferromagnet, Nat. Electron. 3,
751 (2020).

[30] J. Yoon, S.-W. Lee, J. H. Kwon, J. M. Lee, J. Son, X.
Qiu, K.-J. Lee, and H. Yang, Anomalous spin-orbit torque
switching due to field-like torque–assisted domain wall
reflection, Sci. Adv. 3, e1603099 (2017).

[31] M.-H. Nguyen, D. C. Ralph, and R. A. Buhrman,
Spin Torque Study of the Spin Hall Conductivity
and Spin Diffusion Length in Platinum Thin Films
with Varying Resistivity, Phys. Rev. Lett. 116, 126601
(2016).

[32] C.-F. Pai, M.-H. Nguyen, C. Belvin, L. H. Vilela-Leão,
D. C. Ralph, and R. A. Buhrman, Enhancement of per-
pendicular magnetic anisotropy and transmission of spin-
Hall-effect-induced spin currents by a Hf spacer layer in
W/Hf/CoFeB/MgO layer structures, Appl. Phys. Lett. 104,
082407 (2014).

[33] K. Garello, F. Yasin, S. Couet, L. Souriau, J. Swerts, S. Rao,
S. Van Beek, W. Kim, E. Liu, S. Kundu, D. Tsvetanova, K.
Croes, N. Jossart, E. Grimaldi, M. Baumgartner, D. Crotti,
A. Fumemont, P. Gambardella, and G. Kar, in 2018 IEEE
Symp. VLSI Circuits (IEEE, Honolulu, HI, USA, 2018),
p. 81.

[34] K. K. Vudya Sethu, S. Ghosh, S. Couet, J. Swerts, B.
Sorée, J. De Boeck, G. S. Kar, and K. Garello, Optimiza-
tion of Tungsten β-Phase Window for Spin-Orbit-Torque
Magnetic Random-Access Memory, Phys. Rev. Appl. 16,
064009 (2021).

[35] J. Torrejon, J. Kim, J. Sinha, S. Mitani, M. Hayash, M.
Yamanouchi, and H. Ohno, Interface control of the mag-
netic chirality in CoFeB/MgO heterostructures with heavy-
metal underlayers, Nat. Commun. 5, 4655 (2014).

044070-9

https://doi.org/10.1038/nnano.2014.324
https://doi.org/10.1038/s41928-021-00593-x
https://doi.org/10.1103/PhysRevApplied.15.034077
https://doi.org/10.1063/5.0038521
https://doi.org/10.1038/nnano.2013.241
https://doi.org/10.1038/s41928-018-0099-8
https://doi.org/10.1016/j.jmmm.2022.169692
https://doi.org/10.1038/nnano.2013.145
https://doi.org/10.1038/nmat3522
https://doi.org/10.1103/PhysRevB.89.214419
https://doi.org/10.1063/1.4798288
https://doi.org/10.1063/1.4808092
https://doi.org/10.1103/PhysRevApplied.3.064012
https://doi.org/10.1038/nmat2613
https://doi.org/10.1038/nnano.2017.151
https://doi.org/10.1103/PhysRevApplied.11.034018
https://doi.org/10.1038/s42005-017-0002-3
https://doi.org/10.1109/JXCDC.2019.2951767
https://doi.org/10.1021/acsami.0c23127
https://doi.org/10.1038/s41928-020-00500-w
https://doi.org/10.1126/sciadv.1603099
https://doi.org/10.1103/PhysRevLett.116.126601
https://doi.org/10.1063/1.4866965
https://doi.org/10.1103/PhysRevApplied.16.064009
https://doi.org/10.1038/ncomms5655


VIOLA KRIZAKOVA et al. PHYS. REV. APPLIED 18, 044070 (2022)

[36] R. Ramaswamy, X. Qiu, T. Dutta, S. D. Pollard, and H.
Yang, Hf thickness dependence of spin-orbit torques in
Hf/CoFeB/MgO heterostructures, Appl. Phys. Lett. 108,
202406 (2016).

[37] Y. Ou, C.-F. Pai, S. Shi, D. C. Ralph, and R. A.
Buhrman, Origin of fieldlike spin-orbit torques in heavy
metal/ferromagnet/oxide thin film heterostructures, Phys.
Rev. B 94, 140414(R) (2016).

[38] A. R. Mellnik, J. S. Lee, A. Richardella, J. L. Grab, P. J.
Mintun, M. H. Fischer, A. Vaezi, A. Manchon, E.-A. Kim,
N. Samarth, and D. C. Ralph, Spin-transfer torque gener-
ated by a topological insulator, Nature 511, 449 (2014).

[39] F. Binda, C. O. Avci, S. F. Alvarado, P. Noël, C.-H. Lam-
bert, and P. Gambardella, Spin-orbit torques and magne-
totransport properties of α-Sn and β-Sn heterostructures,
Phys. Rev. B 103, 224428 (2021).

[40] F. Bonell, M. Goto, G. Sauthier, J. F. Sierra, A. I. Figueroa,
M. V. Costache, S. Miwa, Y. Suzuki, and S. O. Valenzuela,
Control of spin–orbit torques by interface engineering in
topological insulator heterostructures, Nano Lett. 20, 5893
(2020).

[41] Y. Wu, K. Garello, W. Kim, M. Gupta, M. Perumkun-
nil, V. Kateel, S. Couet, R. Carpenter, S. Rao, S. Van
Beek, K. Vudya Sethu, F. Yasin, D. Crotti, and G.
Kar, Voltage-Gate-Assisted Spin-Orbit-Torque Magnetic
Random-Access Memory for High-Density and Low-
Power Embedded Applications, Phys. Rev. Appl. 15,
064015 (2021).

[42] D. Bedau, H. Liu, J. Z. Sun, J. A. Katine, E. E. Fullerton,
S. Mangin, and A. D. Kent, Spin-transfer pulse switching:
From the dynamic to the thermally activated regime, Appl.
Phys. Lett. 97, 262502 (2010).

[43] H. Liu, D. Bedau, J. Sun, S. Mangin, E. Fullerton, J.
Katine, and A. Kent, Dynamics of spin torque switching
in all-perpendicular spin valve nanopillars, J. Magn. Magn.
Mater. 358-359, 233 (2014).

[44] K. Garello, C. O. Avci, I. M. Miron, M. Baumgartner,
A. Ghosh, S. Auffret, O. Boulle, G. Gaudin, and P. Gam-
bardella, Ultrafast magnetization switching by spin-orbit
torques, Appl. Phys. Lett. 105, 212402 (2014).

[45] V. Krizakova, K. Garello, E. Grimaldi, G. S. Kar, and P.
Gambardella, Field-free switching of magnetic tunnel junc-
tions driven by spin–orbit torques at sub-ns timescales,
Appl. Phys. Lett. 116, 232406 (2020).

[46] Y. Cao, G. Xing, H. Lin, N. Zhang, H. Zheng, and K. Wang,
Prospect of spin-orbitronic devices and their applications,
iScience 23, 101614 (2020).

[47] K.-S. Lee, S.-W. Lee, B.-C. Min, and K.-J. Lee, Thermally
activated switching of perpendicular magnet by spin-orbit
spin torque, Appl. Phys. Lett. 104, 072413 (2014).

[48] See the Supplemental Material at http://link.aps.org/sup
plemental/10.1103/PhysRevApplied.18.044070 for the
switching results obtained for 1-ns-long pulses, the time-

resolved measurements of an MTJ device with Ta
underlayer, and the simulated time traces and related
discussion.

[49] X. Qiu, P. Deorani, K. Narayanapillai, K.-S. Lee, K.-J.
Lee, H.-W. Lee, and H. Yang, Angular and temperature
dependence of current induced spin-orbit effective fields in
Ta/CoFeB/MgO nanowires, Sci. Rep. 4, 4491 (2015).

[50] T. Taniguchi, S. Mitani, and M. Hayashi, Critical current
destabilizing perpendicular magnetization by the spin Hall
effect, Phys. Rev. B 92, 024428 (2015).

[51] C. F. Pai, M. Mann, A. J. Tan, and G. S. D. Beach,
Determination of spin torque efficiencies in heterostructures
with perpendicular magnetic anisotropy, Phys. Rev. B 93,
144409 (2016).

[52] E. Martinez, S. Emori, N. Perez, L. Torres, and G. S. D.
Beach, Current-driven dynamics of Dzyaloshinskii domain
walls in the presence of in-plane fields: Full micromagnetic
and one-dimensional analysis, J. Appl. Phys. 115, 213909
(2014).

[53] A. Vansteenkiste, J. Leliaert, M. Dvornik, M. Helsen, F.
Garcia-Sanchez, and B. Van Waeyenberge, The design and
verification of MuMax3, AIP Adv. 4, 107133 (2014).

[54] H. Yoda, N. Shimomura, Y. Ohsawa, S. Shirotori, Y. Kato,
T. Inokuchi, Y. Kamiguchi, B. Altansargai, Y. Saito, K.
Koi, H. Sugiyama, S. Oikawa, M. Shimizu, M. Ishikawa,
K. Ikegami, and A. Kurobe, in 2016 IEEE Int. Electron
Devices Meet. (IEEE, San Francisco, CA, USA, 2016),
p. 27.6.1.

[55] K. Garello, F. Yasin, H. Hody, S. Couet, L. Souriau, S. H.
Sharifi, J. Swerts, R. Carpenter, S. Rao, W. Kim, J. Wu, K.
Sethu, M. Pak, N. Jossart, D. Crotti, A. Furnemont, and G.
S. Kar, in 2019 Symp. VLSI Technol. (IEEE, Kyoto, Japan,
2019), p. T194.

[56] Y.-W. Oh, S.-h. Chris Baek, Y. M. Kim, H. Y. Lee,
K.-D. Lee, C.-G. Yang, E.-S. Park, K.-S. Lee, K.-W.
Kim, G. Go, J.-R. Jeong, B.-C. Min, H.-W. Lee, K.-J.
Lee, and B.-G. Park, Field-free switching of perpendic-
ular magnetization through spin–orbit torque in antifer-
romagnet/ferromagnet/oxide structures, Nat. Nanotechnol.
11, 878 (2016).

[57] V. Ostwal, R. Zand, R. DeMara, and J. Appenzeller, A
novel compound synapse using probabilistic spin–orbit-
torque switching for MTJ-based deep neural networks,
IEEE J. Explor. Solid-State Comput. Devices Circuits 5,
182 (2019).

[58] O. Akinola, X. Hu, C. H. Bennett, M. Marinella, J. S. Fried-
man, and J. A. C. Incorvia, Three-terminal magnetic tunnel
junction synapse circuits showing spike-timing-dependent
plasticity, J. Phys. D. Appl. Phys. 52, 49LT01 (2019).

[59] J. Doevenspeck, K. Garello, S. Rao, F. Yasin, S. Couet,
G. Jayakumar, A. Mallik, S. Cosemans, P. Debacker, and
D. Verkest et al., in 2021 Symposium on VLSI Technology
(IEEE, Kyoto, Japan, 2021), p. 1.

044070-10

https://doi.org/10.1063/1.4951674
https://doi.org/10.1103/PhysRevB.94.140414
https://doi.org/10.1038/nature13534
https://doi.org/10.1103/PhysRevB.103.224428
https://doi.org/10.1021/acs.nanolett.0c01850
https://doi.org/10.1103/PhysRevApplied.15.064015
https://doi.org/10.1063/1.3532960
https://doi.org/10.1016/j.jmmm.2014.01.061
https://doi.org/10.1063/1.4902443
https://doi.org/10.1063/5.0011433
https://doi.org/10.1016/j.isci.2020.101614
https://doi.org/10.1063/1.4866186
http://link.aps.org/supplemental/10.1103/PhysRevApplied.18.044070
https://doi.org/10.1038/srep04491
https://doi.org/10.1103/PhysRevB.92.024428
https://doi.org/10.1103/PhysRevB.93.144409
https://doi.org/10.1063/1.4881778
https://doi.org/10.1063/1.4899186
https://doi.org/10.1038/nnano.2016.109
https://doi.org/10.1109/JXCDC.2019.2956468
https://doi.org/10.1088/1361-6463/ab4157

	I. INTRODUCTION
	II. EXPERIMENT
	III. SOT SWITCHING FOR COLLINEAR ALIGNMENT OF CURRENT AND FIELD
	IV. SOT SWITCHING FOR NONCOLLINEAR ALIGNMENT OF CURRENT AND FIELD
	V. TIME-RESOLVED SWITCHING
	VI. MICROMAGNETIC SIMULATIONS
	VII. DEVICE DESIGNS THAT EXPLOIT THE FLT
	VIII. CONCLUSIONS
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


