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ABSTRACT
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The steady increase in performance and speed of modern integrated circuits is continuously supported by
constant miniaturization of complementary metal-oxide semiconductor (CMOS) devices. However, a rapid
growth of the dynamic and stand-by power due to transistor leakages becomes a pressing issue. A promising way
to slow down this trend is to introduce non-volatility in circuits. The development of an electrically addressable
non-volatile memory combining high speed and high endurance is essential to achieve these goals. To further
reduce the energy consumption, it is essential to replace SRAM in modern hierarchical multi-level processor
memory structures with a non-volatile memory technology. The spin-orbit torque magnetic random access
memory (SOT-MRAM) combines non-volatility, high speed, and high endurance and is thus suitable for applications in caches. However, its development is still hindered by relatively high switching currents and the need
of an external magnetic field for deterministic switching of perpendicularly magnetized layers. The switching by
means of two orthogonal current pulses allows achieving deterministic sub-500 ps and magnetic field-free
switching in perpendicularly magnetized rectangular structures. Complementing the two-pulse switching
scheme with weak perpendicular interface-induced magnetic anisotropy reduces the switching current significantly for achieving sub-500 ps switching in in-plane structures.
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1. Introduction
Continuous miniaturization of complementary metal-oxide semiconductor (CMOS) devices is behind the unprecedented increase of
speed and performance of modern integrated circuits. Numerous outstanding technological challenges have been resolved on this exciting
path. Among the most crucial technological achievements implemented
by the semiconductor industry within the last 15 years to boosting
CMOS performance while maintaining the gate control over the semiconductor channel are the introduction of strain [1], high-k gate dielectrics and metal gates [2], and three-dimensional (3D) tri-gate
transistor architecture [3–5]. While chips with 5 nm technology based
on nano-sheets are already nearing production [6], the semiconductor
industry is now focusing on a 3 nm technology node. Although setting
limits for scaling has proven to be a mere meaningless task in the past, it
is obvious that the conventional transistor scaling is showing signs of
saturation. To sustain the growing demand for high performance small
area central processing units (CPUs) and high-capacity memory needed
to handle an increasing information flow, an introduction of a disruptive technology employing new computing principles is anticipated.
Most importantly, any emerging technology must be energy efficient as
⁎

a harmful active power penalty already prevents the clock frequency
from being increased in CMOS circuits. Indeed, clock frequencies for
high-end consumer-level workstation CPUs have now saturated at approximately 3.7 GHz with the possibility to be boosted for a short time
up to 4.2 GHz under heavy load. Although the transistor size is scaled
down, the load capacitance value per unit area remained approximately
unchanged. This prevents the on-current from decreasing while maintaining appropriate high speed operation due to an unavoidable charging of this capacitance.
Small transistor dimensions lead to rapidly increasing leakages. A
rapid increase of the stand-by power due to transistor leakages at small
transistor dimensions, as well as of the dynamic power and the need to
refresh the data in dynamic random access memory (DRAM), is becoming a pressing issue. The microelectronics industry is facing major
challenges related to power dissipation and energy consumption, and
the microprocessors’ scaling will soon hit a power wall.
An attractive path to mitigate the unfavorable trend of increasing
power at stand-by is to introduce non-volatility in the circuits. The
development of an electrically addressable non-volatile memory, which
combines fast operation, simple structure, and high endurance, is essential to mitigate the increase of the stand-by power and to introduce
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instant-on architectures without the need of data initialization when
going from a stand-by to an operation regime. Oxide-based resistive
RAM (RRAM) possesses filamentary switching between the on/off
states and is thus intrinsically prone to significant resistance fluctuations in both states. In addition, the endurance reported is only slightly
better than that of flash memory. Although RRAM possesses a simple
structure and a large on/off current ratio, it is premature to consider
RRAM at its current stage of development for digital applications. As
continuous conductance modulation is suitable for implementing
analog synaptic weights, both filamentary and non-filamentary
switching RRAM types are currently intensively investigated, particularly for neuromorphic applications [7].
Spin-transfer torque magnetic RAM (STT-MRAM) is fast (10 ns),
possesses high endurance (1012), and has a simple structure. It is
compatible with CMOS and can be straightforwardly embedded in
circuits, e.g. [8]. It is particularly promising to employ non-volatility in
internet of things (IoT) and automotive applications, as well as a replacement of conventional volatile CMOS-based DRAM and non-volatile flash. High-density STT-MRAM arrays with 4Gbit capacities have
been already demonstrated [9]. The availability of high-capacity nonvolatile memory close to high-performance CMOS circuits allows exploring conceptually new logic-in-memory [10] and computing-inmemory [11,12] architectures for future artificial intelligence and
cognitive computing [13].
Although the use of STT-MRAM in last-level caches is conceivable
[14], the switching current for operating at a speed faster than 10 ns is
growing rapidly. This leads to large dimensions of the access transistor.
The need of even higher switching currents for faster operation in
higher-level caches potentially prevents STT-MRAM from entering in L2
and L1 caches currently mastered by static RAM (SRAM). In addition,
rapidly increasing critical currents required for operating STT-MRAM at
5 ns result in large current densities running through magnetic tunnel
junctions. This leads to oxide reliability issues, which in turn reduces
the MRAM endurance to that of the flash memory, thus negating one of
the important MRAM advantages over flash.
The engineering of an electrically addressable non-volatile memory
combining high speed (sub-ns operation) and high endurance suitable
for replacing SRAM in higher-level caches of hierarchical multi-level
processor memory structures with a non-volatile memory [10] cannot
be based on STT, and the use of new physical principles is required.
Among the newly discovered physical phenomena suitable for nextgeneration MRAM is the spin-orbit torque (SOT) assisted switching at
room temperature in heavy metal/ferromagnetic [15–22] or topological insulator/ferromagnetic [23–26] bilayers. In this memory cell the
magnetic tunnel junction’s (MTJ’s) free layer is grown on a material
with a large spin Hall angle. The SOT acting on the adjacent magnetic
layer is generated by passing the current through this material. The
relatively large switching current is injected in-plane along the heavy
metal/ferromagnetic bilayer and does not flow through the MTJ, while
a much smaller read current is applied through the MTJ. This results in
a three-terminal configuration where the read and write current paths
are decoupled. Since the large write current does not flow through the
oxide in the MTJ, this prevents the tunnel barrier from damage. It
improves device reliability by eliminating correlations between the
switching current and the retention time. Therefore, three-terminal
MRAM cells are promising candidates for future generations of nonvolatile memory for fast sub-ns switching [21]. SOT-MRAM is an
electrically addressable non-volatile memory combining high speed and
high endurance and is thus suitable for applications in caches [21].
Although the high switching current is not flowing through a magnetic
tunnel junction but rather through a heavy metal wire under it, the
current is still high, and its reduction is the pressing issue in the field of
SOT-MRAM development.
Topological insulators (TIs) are promising materials for reducing the
switching current as they are characterized by the high spin Hall angle
and the efficiency SH of charge to spin conversion due to the peculiar

perpendicular spin-momentum locking in the interface states. In addition, the strong spin-orbit interfacial Rashba field helps generating spin
density in TIs boosting the charge to spin conversion efficiency above
100%.
Although high charge to spin conversion efficiency in TIs has been
reported, the electrical conductivity of TIs needed for practical applications to build a high-density, ultra-low power, and ultra-fast nonvolatile memory was not sufficiently high because of then insulating
bulk. Recent developments introduce BiSe [25] and BiSb [26] based TIs
as suitable candidates for emerging SOT-MRAM as they possess a
charge to spin conversion efficiency of 18.8 and 52 times, respectively.
This allows to reduce the switching current by two orders of magnitude
as compared to W-based SOT-MRAM. In addition, BiSb samples [26]
possess very high electrical conductivity making thin BiSb films leading
candidates for emerging fast and low-power SOT-MRAM, and the process integration of BiSb into a realistic MTJ stack is currently under
scrutiny.
A proper integration of SOT-MRAM represents a significant challenge as the memory cells must withhold at least the back-end-of-line
thermal budget. As IMEC presented recently a technology to integrate a
perpendicular beta-phase W/CoFeB/MgO/CoFeB/synthetic antiferromagnetic stack based SOT-MRAM on a 300 mm CMOS wafer by
only CMOS compatible processes [27], there is a cautious confidence
that fast low-power non-volatile magnetoresistive memory suitable for
processor caches will be developed soon.
However, despite an undisputable progress in developing SOTMRAM, there is one important issue which has not been convincingly
resolved so far. Namely, a static magnetic field is still required to
guarantee deterministic switching [28] or a perpendicularly magnetized free layer. Several paths to achieve the deterministic switching
without magnetic fields were suggested. They require unusual solutions
to break the mirror symmetry either by means of the shape of the dielectric [29] or the free layer [30], or by controlling the crystal symmetry of the metal line at the microscopic layer [20]. Biasing the free
layer by employing an exchange coupling to an antiferromagnet
[31–34] as well as the use of a peculiar tapered sample shape, which
controls the switching [35], were recently reported.
However, even if in most of these studies a field-free switching was
reported, these methods either require a local intrusion into the fabrication process, or are based on solutions whose scalability is questionable (antiferromagnets, shapes), which makes further large scale
integration of the fabricated memory cells problematic.
In this work we explore a switching scheme based on the use of two
consecutive orthogonal sub-nanosecond current pulses. This scheme is
suitable for integration in a cross-bar architecture [11]. Applied to inplane structures [11], the switching scheme has been shown to accelerate the switching of the in-plane structure by a factor of three [36].
First, we investigate by means of extensive micromagnetic simulations the potential of the two-pulse switching scheme to reduce the
switching currents while keeping the switching fast in in-plane magnetized layers. The introduction of relatively weak interface-induced
perpendicular magnetic anisotropy further helps reducing the current
for sub-0.5 ns switching.
Next, we apply the two-pulse switching scheme to application relevant free magnetic layers with perpendicular magnetization. Our simulations suggest that deterministic, fast, and external magnetic fieldfree switching of the perpendicularly magnetized layers of a rectangular
shape is reliably achieved.
2. Method
The memory cell is shown in Fig. 1. It consists of an in-plane
magnetized MTJ with its free layer (FL) lying on top of a heavy metal
wire NM1. The magnetization of the fixed magnetic reference layer (RL)
is pinned by the strong exchange coupling to a synthetic antiferromagnetic (SAF) stack (not shown). The SAF stack is usually
50
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means of a random magnetic field added to Heff. The strength of the
thermal field fluctuations is related to temperature [39] set to 300 K. To
describe the magnetization dynamics, we employ our in-house opensource tool [40] based on the finite difference discretization method.
The tool has been carefully checked [41] to reproduce known examples
and data from other simulators.
3. Two-pulse scheme for current reduction in in-plane magnetized
free layer
We apply the two-pulse switching scheme previously proposed for
fast switching of an in-plane structure [11] to demonstrate the
switching current reduction. We assume MS = 4 × 105 A/m, and the
exchange strength A = 2 × 10−11 J/m. The SOT due to the first pulse
through the nonmagnetic heavy metal wire NM1 tilts the magnetization
of the free layer in-plane perpendicular to the direction of the “Write
pulse 1” (Fig. 1). We note that the “Write pulse 1” does not guarantee
the deterministic magnetization switching as an external magnetic field
is required to break the mirror symmetry and complete the switching
[28].
In contrast, the SOT of the second pulse through the wire NM2 is
able to switch the magnetization deterministically even if it is applied
alone [28]. However, at switching by the “Write pulse 2” the SOT is not
efficient at the beginning and the switching process possesses a long
initial incubation period before the precessions begin. When the precessions start, the switching can be completed, if the torque overcomes
the damping term. The damping value is about a hundredth and is thus
small. This results in relatively small critical current density values.
However, the switching takes long as many precessions are required
before the magnetization flips. If one wants to switch faster, the current
density increases rapidly inversely proportional to the switching time
[8], and the schemes to reduce the current should be considered in case
of fast switching by the “Write pulse 2” alone.
Fig. 2 shows the reduction of the current, which is achieved by
supplying the “Write pulse 2” through the NM2 wire with a reduced
overlap to the free layer, provided the current density is fixed. The
pulse duration is set at 1.2 ns. A simple reduction of the overlap results
in a smaller area of the free layer, where the SOT is acting. Surprisingly,
the increase of the switching time is only a factor of two in the case

Fig 1. Scheme of the in-plane SOT-MRAM cell. The free layer of an MTJ is
grown above the heavy metal wire NM1, through which the current pulse is
applied. The wire NM2 serves to conduct the perpendicular current “Write
pulse 2” of the in-plane SOT-MRAM cell.

designed to also compensate the influence of the unwanted stray
magnetic field from RL on the switching dynamics of the FL. The RL is
needed to read the MTJ resistance R(φ), which depends on the relative
angle φ between the RL and FL magnetization as

R( ) =

1
(Rp (1
2

TMRcos ) + RAP ),

(1)

where RP(AP) is the MTJ resistance in the parallel (antiparallel) magnetization configuration, and TMR is the tunneling magnetoresistance
ratio. The parameters and the dimensions of the free magnetic layer are
chosen the same as for the perpendicular magnetic structure discussed
in
the
next
section.
The
free
layer
of
dimension
a × b × d = 52.5 × 12.5 × 2 nm3 overlaps fully with the heavy metal
line NM1 of 3 nm thickness, with the effective Hall angle SH describing
the efficiency of the charge-to-spin conversion. Another heavy metal
wire NM2 with an overlap from the right side lesser than the total free
layer width serves to apply the second perpendicular current pulse and
the spin-orbit torque associated with it. As the resistance of the MTJ
depends on the FL magnetization orientation, the primary goal is to find
the FL magnetization dynamics due to the spin-orbit torques generated
by the currents through NM1 and NM2. The magnetization dynamics of
the magnetic system due to the spin current densities and the spin accumulations is well described by the Landau-Lifshitz-Gilbert equation
[21,37]

m
=
t

m × H eff + m ×
t)

m
SH J1
+
[m × (m × y)] (t ) (t1
t
2e MS d

SH J2
[m × (m × x)] (t
2e MS d

t1 ) (t2 + t1

t),

(2)

where m is the position-dependent magnetization M normalized by the
saturation magnetization MS: m = M/MS, γ is the gyromagnetic ratio, α
is the Gilbert damping parameter, e is the electron charge, ħ is the reduced Plank constant, and SH is an effective Hall angle relating the
strength of the spin current density to the charge current density Ji
(i = 1,2) passing through NM1 and NM2, t1,(2) is the duration of the
first (second) pulse. The spin-orbit torques due to the charge currents
through NM1 and NM2 represented by the third and fourth terms on the
r.h.s. of (2) are acting on the free layer at the places of the overlaps of
the FL with NM1 and NM2 (Fig. 1).
The spin current entering the free ferromagnetic layer is becoming
quickly aligned with the local magnetization M generating the torque
[38], which acts on the magnetization, as described by the last term in
(2). This spin-orbit torque together with the magnetic field Heff describes the damped magnetization dynamics (2). The magnetic field Heff
includes the external field as well as the contributions due to bulk and
interface-induced magnetic anisotropies, exchange field, and demagnetization field, and the Ampere field due to the electric current.
Thermal effects on the magnetization dynamics are incorporated by

Fig 2. Time dependent magnetization evolution for several values of the second
wire NM2 overlap. The current is scaled with NM2 and is equal to 180 µA for
NM2 = 25 nm, 90 µA for NM2 = 12.5 nm, and 54 µA for NM2 = 7.5 nm. The
current pulse duration through NM2 is 1.2 ns. The current through wire NM1 is
zero.
51
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Fig 3. Time evolution of the magnetization for several values of the current
through wire NM2 with the width 12.5 nm. The current pulse duration through
NM2 is 1.2 ns. The current through wire NM1 is zero.

Fig 4. The magnetization dynamics for several overlap lengths of wire NM2.
Two consecutive perpendicular pulses with 30 µA current and 200 ps duration
are applied through NM1 and NM2.

when the NM2 is reduced from 25 nm to 12.5 nm [42], comparable to
the current scaling with the switching times in STT-MRAM in fast
precessional regime [8]. However, when the overlap is further decreased to 7.5 nm, the switching time increases more rapidly compared
to the expected increase dictated by a geometrical scaling. This is due to
the fact that the torque magnitude acting only on a small part of the free
layer becomes insufficient to switch the whole layer efficiently, if the
current pulse is 1.2 ns. A close inspection of the switching dynamics
indicates the creation of a soliton-like spin wave which propagates
through the FL further and back causing the oscillations of the average
magnetization (Fig. 2, WNM2 = 7.5 nm).
The overlap of 12.5 nm of the NM2 wire, which is equal to the width
of the NM1 wire, is sufficient to provide sub-ns switching at a current
value of 90 µA. Fig. 3 shows the magnetization switching if the current
value is further decreased, while the pulse duration is fixed at 1 ns. It
appears that a switching current of 70 µA still switches the magnetization, while 60 µA is not sufficient to invert the magnetization within
1 ns. We also note that the current of 30 µA applied within 1 ns, which
is about a factor of two weaker than the critical switching current, does
not manage to develop any visible dynamics.
One of the reasons why the magnetization does not show any substantial dynamics at a current value of 30 µA is that the SOT due to the
“Write pulse 2” is not efficient at the beginning when the magnetization
is along the x direction parallel to the spin accumulation. Indeed, the
corresponding term in (2) is close to zero. Therefore, although the
maximal torque amplitude described by the coefficient in front of the
cross product in the last term in (2) is sufficient to overcome the Gilbert
damping and to invert the magnetization; the switching is characterized
by a very long incubation time [28] necessary to develop a substantial
deviation of the magnetization from the x axis. The initial spatial
magnetization distribution is created during a 200 ps thermalization
process under the influence of the random thermal magnetic field
(Figs. 2, 3). Although at every point the magnetization is not perfectly
aligned with the x axis and contains projections on the other axes y and
z, for which the SOT is efficient, the projections on these axes averaged
over the whole sample are close to zero due to the random character of
the thermal field. As a development of a substantial deviation of the
averaged projections from zero is more probable in a smaller sample
area, the SOT for NM2 = 12.5 nm, albeit weaker than that for
NM2 = 25 nm, is more efficient from the beginning due to this deviation. This explains the better scaling of the switching time with the

current in Fig. 1 as compared to the one at STT switching and demonstrates the importance of making the SOT efficient from the beginning of switching for the reduction of the switching time.
In order to create an initial deviation of the average magnetization,
we apply the two-pulse switching with the first current pulse running
through the wire NM1 just before the second, switching, pulse through
the wire NM2 [11]. We consider equivalent pulses of 200 ps duration
[42]. The first pulse through NM1 creates an initial deviation of the
magnetization from its equilibrium direction and tends to put the
magnetization along the y axis. This makes the torque from the second
pulse efficient from the beginning thus removing the incubation period.
The two-pulse scheme allows reducing the switching current by a factor
of 3 as compared to single pulse switching of a similar duration. Fig. 4
demonstrates that the optimal width of NM2 is around 12.5 nm as its
further reduction results in a high current density. In Fig. 4 the magnitude of the currents of both pulses is fixed at 30 µA.
The purpose of the first pulse is to create an initial deviation of the
magnetization to make the torque due to the second pulse running
through NM2 effective. Therefore, applying the first pulse allows
shortening or removing the long incubation period at switching by the
pulse through NM2. The scheme is not sensitive to the current amplitude of the first current pulse. Indeed, if the current density in the first
pulse is larger than the critical one, it will align the magnetization inplane along the y axis [28]. However, the first pulse cannot complete
the switching, and the external perpendicular magnetic field is required
to make the switching deterministic [28]. In the suggested two-pulse
scheme the switching is completed by applying the second pulse
through NM2 of a corresponding polarity. The SOT due to the second
pulse is efficient and completes the switching even if the current amplitude in the second pulse is small.
To further decrease the switching current, a perpendicular magnetic
anisotropy typically developed at the MgO/CoFeB interface is introduced [42,43]. The perpendicular anisotropy compensates the large
demagnetizing contribution when the magnetization is out of plane.
However, the perpendicular anisotropy may compromise the temperature stability of the in-plane structure, when its value K is too large.
Fig. 5 shows the time evolution of the magnetization projection on the z
direction perpendicular to the structure, for several K, for a current
fixed at 30 µA, while Fig. 6 displays a typical dependence of the inplane magnetization along the easy axis. Our simulations predict that
the effect of K on the switching process is not monotonic as the
52
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Fig
7. Perpendicular
SOT-MRAM
memory
cell
with
a
52.5 nm × 12.5 nm × 2 nm free layer. After the 100 ps/100 μA current pulse
the second perpendicular pulse is applied.

by the sample shape anisotropy. This implies that there exists a maximum value of the perpendicular anisotropy for a particular shape of
the free in-plane magnetic layer, which should not be exceeded. However, when the perpendicular anisotropy becomes so large that it can
bring the magnetization out-of-plane to be perpendicular to the free
layer interface, the free magnetic layer becomes again promising for
application [44]. The applicability and benefits of applying the twopulse switching scheme in the latter case are described in the next
section.

Fig 5. Time dependence of the magnetization projection on the perpendicular z
axis, for several values of the interface-induced perpendicular anisotropy.

4. Two-pulse scheme for magnetic field free switching in
perpendicularly magnetized free layer
We apply the two-pulse switching scheme to a perpendicularly
magnetized structure (Fig. 7). It consists of a perpendicularly magnetized MTJ with its free layer lying on top of a heavy metal wire NM1 of
3 nm thickness. The dimensions of the free layer are
52.5 × 12.5 × 2 nm3, the same as in the case of the in-plane structure
[45]. The dimensions of NM1 are 3 nm thickness × 12.5 nm. A heavy
metal wire NM2 with an overlap from the right side lesser or equal to
the total free layer width of 52.5 nm serves to apply the second perpendicular current pulse and the spin-orbit torque associated with it.
We employ the parameters listed in Table 1. These parameters are
relevant for the perpendicular CoFeB free layer on MgO tunnel barrier
and result in a thermal stability factor defined as the ratio of the
minimum energy barrier separating the two memory states at a temperature of around 40. Although this factor is too small for stand-alone
memory applications, it is sufficient for employing such a memory cell
in high level cashes, like SRAM, where the requirements for TMR and
the stability are somewhat relaxed in favor of fast operation.
To realize the switching scheme, a 100 ps short and 100 µA strong
current pulse is applied through NM1, Fig. 7, after a 100 ps initial
waiting period. This current density equals 2.6 × 1012 A/m2, which is
similar to the critical current density 2 × 1012 A/m2 reported in [28].
The consecutive perpendicular current pulse of varying strength and
duration is applied through NM2. The magnetization dynamics of the
magnetic system appears due to the charge current running through the
heavy metal wire along the x axis and is described by the Landau-Lifshitz-Gilbert equation (2) with typical values for MS = 4 × 105 A/m
and α = 0.05 for perpendicular structures. Thermal effects at 300 K on
the magnetization dynamics are described by a fluctuating magnetic

Fig 6. Adding perpendicular magnetization in a two-pulse scheme allows to
reduce the current by a factor of 6 for sub-0.5 ns switching.

switching becomes longer at K = 103J/m3, while no switching is observed at an intermediate value K = 3 × 103J/m3. Importantly, increasing the value of the interface-induced perpendicular anisotropy to
K = 104J/m3 results in a fast, sub-500 ps switching. This value of the
anisotropy is very close to a value at which the perpendicular magnetic
anisotropy reduces the demagnetization energy of the magnetization to
be out of plane to such an extend that it becomes equal to the demagnetization energy of the magnetization in-plane but along the y
axis. Thus, this value is the maximum allowed for the particular geometry and dimensions of the free layer in Fig. 1 as its further increase
compromises the cell thermal stability factor.
Summarizing this section, properly combining the two-pulse
switching scheme [11] with the carefully tailored interface-induced
magnetic anisotropy results in a six-fold current reduction as compared
to the switching by a single current pulse, while still yielding fast sub
0.5 ns switching. The addition of the perpendicular anisotropy in an inplane structure does not compromise the thermal stability, if the
minimum energy barrier separating the two stable states is determined

Table 1
Parameters used in simulations.

53

Name

Value

Saturation magnetization MS
Exchange constant A
Perpendicular anisotropy K
Damping α
Spin Hall angle SH

4 × 105 A/m
2 × 10−11 J/m
2 × 105 J/m3
0.05
0.3
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Fig 9. Same as in Fig. 8, but for the second pulse current of 200 μA, for two
different durations of the second pulse. The 20 realizations switch evenly, almost without dispersion. The switching is deterministic.

Fig 8. Time evolution of the magnetization in two-pulse switching (second
pulse 1 mA/200 ps). 20 different switching realizations are obtained after
100 ps initial thermalization.

field. Different realizations of the field produce diverse realizations of
the switching process. Importantly, no external magnetic field is applied.
The time dependent magnetization dynamics for 20 realizations is
shown in Fig. 8, where the current density in “Write pulse 2” of 200 ps
is larger than the critical current applied to NM2 with the width
52.5 nm (equal to the free layer width). Although the current is high
(1 mA), it does not provide a deterministic switching. It orients the
magnetization in-plane against the x axis, but there is no torque along
the z axis. Therefore, after the current is turned off, the magnetization
randomly relaxes either in the same or in the opposite direction with
equal probability because of the perpendicular magnetic anisotropy.
Unexpectedly, when the current is reduced to 200 µA and the current density to 1.25 × 1012 A/m2 drops below its critical value, the
switching becomes deterministic, for all 20 realizations (Fig. 9). In this
case the torque due to “Write pulse 2” is not sufficiently strong to align
the magnetization along x direction and it only tilts the magnetization
away from the y direction. In this case the switching becomes deterministic as the tilted magnetization precesses about the shape effective anisotropy field along the x direction, which plays the role of the
external field required for making the switching of perpendicular
structures deterministic [28]. The polarity of the “Write pulse 2”
therefore defines whether the magnetization relaxes up or down relative to the z axis. If the current of the “Write pulse 2” is reduced to the
value of that in the “Write pulse 1”, which results in a current density of
0.62 × 1012 A/m2, switching becomes unreliable, as shown in Fig. 10
for several pulse durations.
However, if the width of NM2 is reduced to 12.5 nm (width of
NM1), the switching becomes deterministic again (Fig. 11). In this case
the magnetization below NM2 is quickly aligned along the x axis. Due
to the exchange interaction, the rest of the free layer tilts towards the x
direction and the anisotropy field acting on it completes the switching
deterministically.
We note that the scheme works perfectly provided the “Write pulse
2” is short. As the current density in the second pulse is larger than the
critical current density, we expect that the scheme may become less
robust for longer pulses. Indeed, the magnetization of the free layer
remains fixed along the x axis under NM2, while the magnetization of

Fig 10. Randomly chosen switching realizations for the second pulse current of
100 μA, for several durations. The switching fails for longer pulses.

the rest of the free layer evolves, subject to the shape and perpendicular
anisotropies, which may result in a complicated precessional motion
resulting in occasional switching failures. We stress however, that this
scenario may become realistic only, when the duration “Write pulse 2”
is longer than that considered here.
Fig. 12 shows the dependence of the switching time on the NM2
width, for several durations of “Write pulse 2”. It appears that the
fastest reliable deterministic switching is achieved when the NM2 width
is about the width of the free layer which coincides with the NM1
width. Most importantly, for these widths the switching is not only fast,
but also not very sensitive to the width and pulse duration fluctuations,
which relaxes the restrictions for layout and pulse timing.
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does not necessarily improve the switching characteristics. In addition,
a free layer shape-dependent maximum value of the perpendicular
anisotropy is existing as the increase of the anisotropy beyond this
value compromises the layer’s thermal stability.
For perpendicularly magnetized structures, the spin-orbit torque
due to the first 100 ps pulse tilts the magnetization of the free layer inplane perpendicular to the “Write pulse 1” direction. The spin-orbit
torque of the second consecutive current “Write pulse 2” results in an
additional precession of the magnetization in the part of the free layer
under it, which is transferred to the remaining part of the free layer
through the exchange interaction. Depending on the direction of this
precession, the magnetization of the remaining part tilts up or down
with respect to its in-plane orientation set after the “Write pulse 1”. The
part under the NM2 wire follows the precession after the current is
turned off, thus completing the switching. Results of the switching time
calculations for several pulse durations as a function of the width of the
second pulse wire demonstrate that the fastest, sub-300 ps, and 100%
reliable, and magnetic field-free switching is achieved at around 30%
overlap of the second pulse wire NM2 with the free layer.
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Fig 11. Same as in Fig. 10, but the width of NM2 is 12.5 nm (partial overlap).
For equal wires NM1 and NM2 and equal currents the switching becomes fast
and deterministic.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.sse.2019.03.010.
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