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ABSTRACT

Spin-based memories are attractive for their non-volatility and high durability but provide modest resistance changes, whereas semiconductor
logic transistors are capable of providing large resistance changes, but lack memory function with high durability. The recent availability of
multiferroic materials provides an opportunity to directly couple the change in spin states of a magnetic memory to a charge change in a semicon-
ductor transistor. In this work, we propose and analyze the spin–orbit torque field-effect transistor, a device with the potential to significantly
boost the energy efficiency of spin-based memories and to simultaneously offer a palette of functionalities.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0002909

The understanding of spin transport in heterostructures1 led to the
realization of magnetic memories based on giant magnetoresistance
(GMR)2–4 and spin-transfer torque (STT).5–8 Current research aims to
make the writing process for magnetic memories more efficient using
spin–orbit torques (SOTs).9,10 STT and SOT magnetic random access
memories (MRAMs) offer the virtues of non-volatility, infinite endur-
ance, and good write speeds.8 Nonetheless, the modest resistance change
between the magnetic “0” and “1” states of STT- and SOT-MRAMs
necessitates a substantial current to obtain acceptable readout voltages,
impairing read energies and speeds.

In contrast, non-magnetic semiconductor field-effect transistors
(FETs) achieve several orders of magnitude resistance change in each
switching event. The field effect converts a linear change in the gate
voltage into an exponential change in the mobile carrier density in the
semiconductor and, consequently, modulates its resistance. Thus, a
material that can transduce the change in the spin/magnetic state in a
SOT structure into the charge of a semiconductor channel could sig-
nificantly boost the resistance change of a magnetic memory.

This requirement would be met by recently developed magneto-
electric multiferroic (MF) materials, which simultaneously possess
magnetic order and ferroelectricity in a manner that these order
parameters are coupled due to the magnetoelectric effect.11–13

Moreover, exchange coupling of spins in a ferromagnetic (FM) layer to
the magnetic order of a multiferroic layer across ferromagnet/multifer-
roic heterointerfaces has been experimentally demonstrated.14,15

Inspired by these recent advances in SOT and multiferroic mate-
rials, we propose a promising magnetoelectric memory device, the
spin–orbit-torque field-effect transistor (SOTFET). This device aims
to combine the virtues of magnetic memories with the large resistance
change of FETs, providing both memory and logic functionalities.
Analysis of the memory aspect indicates that the SOTFET can offer
several orders of magnitude increase in the on–off resistance ratio
compared to existing magnetic memories, which can potentially lower
the operation energy significantly. The potential logic aspect of the
SOTFET would also enable circuit architectures for efficient logic or
search functions.16 In this paper, we present the physical operation of
the SOTFET along with a device model and will mainly focus on the
memory aspect.

Figure 1 shows the structure of a SOTFET. It resembles an ordi-
nary metal-oxide-semiconductor FET (MOSFET), but with a unique
gate stack. The SOTFET gate stack comprises three layers (from top to
bottom): a spin–orbit (SO) layer, a ferromagnetic (FM) layer, and a
multiferroic (MF) layer, adjacent to a semiconductor channel to which
source and drain contacts are made.
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The working principle of the SOTFET is illustrated in Fig. 1. The
state of magnetization M of the FM layer is the memory component.
When a charge current JSO flows in the SO layer, transverse spin-
polarized currents are generated due to spin-momentum locking.17–22

Spin absorption at the SO/FM interface exerts a spin–orbit torque that
switches M of the FM,8,23 as illustrated in Fig. 1(a) and qualitatively
plotted in Fig. 1(b). Flowing JSO in the opposite direction switches the
magnetization between 1 and 0, identical to the conventional writing
mechanism in SOT-MRAMs.

The SOTFET differs from the conventional SOT-MRAMs in the
read mechanism. CouplingM of the FM with the semiconductor chan-
nel would be achieved by the magnetoelectric multiferroic layer. Due to
the exchange coupling between the FM and the MF layer,14,15 the mag-
netic dipole of the MF layer is also switched withM in the FM. Within
the MF material, the Dzyaloshinskii–Moriya interaction (DMI)24,25

effectively couples electric and magnetic dipoles since the weak canted
magnetic moment MC originates from the DMI.14,26,27 When MC

switches polarity, electric polarization P in the MF layer deterministi-
cally switches in tandem, all in response to JSO, as shown in Fig. 1(c).

The resulting switching of P gates the semiconductor channel by
shifting the surface potential, similar to the effect in ferroelectric-gate
FETs.28–31 The current ID flowing in the semiconductor channel is the
readout signal, which changes by several orders of magnitude due to
the resistance change. Consider the direction of JSO in the SO layer in
Fig. 1(a) as writing a 1 in the FM, leading to a high conductivity ON
state of the semiconductor. When the current JSO flows in the opposite
direction, all the dipoles in the gate stack are flipped. The flipping of P
then depletes the semiconductor channel, putting it in the OFF state.
The resulting transistor output current ID in response to JSO is shown
in Fig. 1(d): it is bi-stable and provides the desired large resistance ratio
for efficient readout.

To prove the feasibility of the SOTFET, we quantitatively analyze
the dynamical coupling across each interface and the entire device. The
analysis to follow shows that the SOTFET behavior is achievable, but
requires magnetoelectric multiferroics of specific magnetism and

polarization, along with an appropriate hierarchy of strengths for the
exchange coupling, DMI, and anisotropy energies within the gate stack.

We choose to build a model based on the most studied hetero-
structure CoFe/BiFeO3 in this initial modeling effort of SOTFET since
the FM/MF heterointerfaces are still poorly understood to date. For a
generic FM/MF interface, it is yet difficult to describe the physical phe-
nomena in relatively simple mathematical forms. However, we also
note that our results, described in the later sections, show that BiFeO3

is not a suitable multiferroic for SOTFETs because of its strong ferro-
electricity and weak magnetism. For a SOTFET, the desired energy
hierarchy demands that the suitable multiferroic material should pos-
sess a strong magnetic order and a strong exchange coupling with the
ferromagnetic material, while its ferroelectric order should determinis-
tically follow the switching of the magnetic order. Bi2Se3 is selected
as the example SO layer. Other material candidates are discussed in
Ref. 32. The aim of this model is to guide experiments by pointing
toward desired heterointerface choices.

The magnetization M of the FM layer is switched by spin–orbit
torque (SOT). For simplicity, we assume single-domain macrospin
behavior. The switching dynamics of this process are captured by the
Landau–Lifshitz–Gilbert–Slonczewski (LLGS) equation,6,8,33,34

dm̂
dt
¼ "cl0m̂ #Heff þ am̂ # dm̂

dt
þ c

MS

! "
~sSOT ; (1)

where m̂ is the normalized magnetization of the FM, Heff is the effec-
tive magnetic field acting on m̂, c is the electron gyromagnetic ratio,
l0 is the vacuum permeability, a is the Gilbert damping factor, MS is
the saturation magnetization, and~sSOT ¼~sAD þ~sFL is the spin–orbit
torque, the sum of the anti-damping (AD) torque~sAD and field-like
(FL) torque~sFL, which are given by8,33

~sAD ¼
!h
2e

! "
1
t

! "
jhADm̂ # ðm̂ # m̂pÞ; and (2)

~sFL ¼
!h
2e

! "
1
t

! "
jhFLm̂ # m̂p: (3)

Here, !h is the reduced Planck constant, e is the electron charge, t is the
thickness of ferromagnetic (FM) material, j ¼ JSO is the charge current
density in the SO layer, hADðFLÞ is the spin Hall angle of the anti-
damping (AD) or field-like (FL) torque from the SO layer, and m̂p is
the normalized spin polarization.

The effective field Heff ¼ Hext þHa þHdemag þHDMI , where
Hext is any external magnetic field and Ha is the anisotropy field with
perpendicular magnetic anisotropy (PMA) calculated by Ha

¼ 2K
l0MS

mzẑ ' Hkmzẑ ,
34 where K is the anisotropy constant. Hdemag is

the demagnetization field as calculated in the study by Beleggia et al.35

The last term HDMI is the effective magnetic field arising from the
effective DMI, which is discussed further below.

Switching of M in the FM switches the electric polarization P of
the MF layer due to the exchange coupling and DMI. The dynamics of
P are captured by the Landau–Khalatnikov (LK) equation,31,36,37

cFE
@Pi
@t
¼ " @F

@Pi
; (4)

where cFE is the viscosity coefficient and Piði ¼ x; y; zÞ is the x=y=z
component of P. F is the total ferroelectric free energy,37,38

FIG. 1. (a) Device structure and working principle of a SOTFET. A CoFe/BiFeO3
bilayer is employed in this study as the example FM/MF bilayer. P, MC, and N in
BiFeO3 are indicated in its perovskite unit cell. In equilibrium, P points to one of the
h111i directions. (b) A charge current JSO through the spin–orbit (SO) layer
switches magnetization M in the FM layer, (c) which, in turn, switches polarization P
in the MF layer. As a result, (d) the semiconductor channel resistance is modulated
and the drain current ID is used as the readout component.
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FðP;uÞ ¼ a1ðP2
x þ P2

y þ P2
z Þ þ a11ðP4

x þ P4
y þ P4

z Þ

þ a12ðP2
xP

2
y þ P2

xP
2
z þ P2

yP
2
z Þ þ KstrainðP:uÞ2

"P:ðFext þ FDMIÞ; (5)

where a1, a11, and a12 are the phenomenological Landau expansion
coefficients, Kstrain is the strain energy, u is the axis of substrate strain,
Fext is the external electric field, and FDMI is the effective electric field
from DMI, which is discussed below. The strain term, KstrainðP:uÞ2, in
Eq. (5) arises from the substrate-induced strain,37,38 which dictates the
energy-favorable planes for the equilibrium states of P, thereby reduc-
ing the degeneracy of P orientations in the specific case of the MF
BiFeO3, which is shown in previous studies.14,39,40

In the model presented in this study, we take a highly simplified
mathematical approach to phenomenologically count for the complex
interactions between the FM and MF layers. We merge the exchange
coupling, which couples MC in BiFeO3 andM in CoFe, and the DMI,
which couples P and MC in BiFeO3, into one effective DMI term that
directly captures the interaction between M in CoFe and P in BiFeO3,
with an effective Hamiltonian,14,27

EDMI ¼ "EDMI;0P̂:ðN̂ # M̂Þ; (6)

where EDMI;0 is the energy coefficient of DMI, P̂ is the polarization of
BiFeO3, N̂ is the Neel vector, and M̂ is the magnetic moment in CoFe.
All vectors in the equation are normalized vectors. The effective mag-
netic field (HDMI) and electric field (FDMI) that enter the equations of
motions are then

HDMI ¼ "
1

l0MS

@EDMI

@M̂
' HDMI;0ðP̂ # N̂Þ (7)

and

FDMI ¼ "
1
PS

@EDMI

@P̂
' FDMI;0 N̂ # M̂ð Þ; (8)

where HDMI;0 is the effective DMI magnetic field magnitude and
FDMI;0 is the effective DMI electric field magnitude. Both fields are
assumed to have constant magnitudes for specific material combina-
tions because they originate from the energy and material parameters,

EDMI;0 ¼ l0MS:HDMI;0 ¼ PS:FDMI;0: (9)

With the direction of N defined as N̂ ¼ "P̂ # M̂, all vectors in
the CoFe/BiFeO3 FM/MF system (P, N, and M) are connected by the
DMI. The method of implementing the dynamic evolution of M and
P described above is shown schematically in Fig. 2. The initial state of
the SOTFET is defined by a set of vectors: M in the FM and MC, P,
and N in the MF layer. When a current JSO flows in the SO layer, all
four vectors (M, MC, P, and N) can switch to different states, with
dynamics dictated by the LLGS and the LK equations in each loop.
Finally, a set of four vectors in a different equilibrium state will be
reached by iteration. The switching behavior of P andM is assumed to
be purely rotational, consistent with experimental studies of BiFeO3.

14

Key parameters used in the numerical evaluation of the SOTFET
are provided in supplementary material S1. The model is validated by
comparing with the micromagnetic simulation tools OOMMF41 and
MuMax342 and other theoretical calculations and experimental results,
shown in supplementary material S2. For the SOTFET gate stack to

controllably gate the semiconductor channel, a deterministic switching
of polarization P in the z-direction in the MF layer is desired.

For the CoFe/BiFeO3 FM/MF heterostructure and taking
PS¼ 100 lC/cm2 of BiFeO3

43 and MS¼ 1.6# 106 A/m of CoFe,15

switching behavior for a range of assumed DMI energies is shown in
Fig. 3(a). Upon applying a current of JSO ¼ "30 MA/cm2, different
switching behavior of the x" component of the magnetization (Mx)
is observed for different DMI energies. For these values, however, the
z" component of polarization Pz in the MF layer does not follow the
motions of M. This is because, given the large PS, a moderate DMI
energy is not sufficient to overcome the anisotropy energy in P to
switch it. For a high DMI energy, with P held in place,M also does not
switch because HDMI then functions as an effective unidirectional
anisotropy acting back on M. This is, therefore, a situation when the
SOTFET does not achieve the desired functionality.

The natural next step is to explore reduced PS in the MF layer.
Reducing PS in BiFeO3 is experimentally feasible, for example, by La
substitution of Bi in BiFeO3.

44,45 Recent experiments by Lin et al.46

also show that the exchange interaction between CoFe and
La-substituted BiFeO3 remains strong even with reduced PS.
Qualitatively, this implies that the multiferroic layer should have a rel-
atively weak ferroelectricity, a strong magnetization, and strong cou-
pling between the two order parameters. The calculated results with a
reduced PS¼ 10 lC/cm2 and other parameters unchanged are shown
in Fig. 3(b) for a range of EDMI;0 values. For the same current JSO, a
critical EDMI;0 is observed. Above the critical EDMI;0, Mx and Pz con-
comitantly switch, signaling the required materials parameters for
desired SOTFET operation.

Reducing PS of the multiferroic could help the switching of P for
two reasons. First, as shown in Eq. (9), for a fixed HDMI;0 andMS, low-
ering PS for the same EDMI;0 implies an enhanced FDMI;0 to switch the
polarization. Second, a reduced PS leads to a weaker polarization
anisotropy as described in the free energy equation, Eq. (5). This low-
ers the energy barrier between polarization equilibrium states, making
the switching easier.

Figures 3(c) and 3(d) show that the desired stable switching
behavior of the SOTFET is achieved by choosing the CoFe/BiFeO3

heterostructure with a reduced PS¼ 10 lC/cm2 of the MF layer

FIG. 2. Computation flow chart of the SOTFET modeling procedure.
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(BiFeO3) and an above-critical EDMI;0¼ 0.8 pJ/lm3, which corre-
sponds to DMI fields of HDMI;0¼ 5 kOe and FDMI;0¼ 80 kV/cm. It is
seen that switching the current direction in the SO layer switches Pz.
The current density used, 30 MA/cm2, is about one order of magni-
tude lower than that of heavy metal-based SOT-MRAMs47,48 due to
the assumed large spin Hall angle of Bi2Se3 (hAD ¼ hFL ¼ 3:523) and
can be further reduced by using larger spin Hall angle materials such
as BiSb.49 The current necessary to switch a SOTFET is still rather
high, which partly stems from the coupling between the MF and FM
layers, which increases the energy barrier to switch M by current.
More discussions on the dependence of the critical current on the
DMI energy can be found in supplementary material S3. With a suit-
able current applied,M is observed to switch within the x–y plane and
P is switched out-of-plane. The switching trajectories of M and P are
shown in the spherical plot in Fig. 3(d). Clear set and reset processes
between State 0 and 1 are observed, proving the feasibility of the
SOTFET operation for the chosen material parameters.

The switching of P with a reduced PS¼ 10 lC/cm2 shown
in Figs. 3(c) and 3(d) results in a charge difference of DQ ¼ 2Pz
( 12 lC/cm2 in the semiconductor channel, assuming the absence of
traps at the interface between the MF layer and the semiconductor
channel. For example, for the choice of a silicon channel, this will lead
to a surface potential change approximately at Dw ( 1.3 V by a simple
calculation,50 accessing the entire operating regime of a MOSFET
from strong inversion to accumulation. Thus, by estimation, at least
an on/off ratio of 108 in ID can be achieved due to the resistance
change of the channel, which, in practice, will be limited by gate leak-
age and interfacial trap states rather than the intrinsic capability of a
SOTFET. The simulation integrated with a Si-MOSFET model in
SPICE verifies that an on/off ratio >107 can be achieved,16 which

indicates that a PS ( 0:1 lC=cm2 is sufficient to fully control the
semiconductor channel for the high on/off ratio when assuming no
defect. The high on/off ratio in ID as the readout component brings
the read energy of a SOTFET down to the same level as a conventional
semiconductor transistor. As a result, the write energy for a SOTFET
should be comparable to that of a SOT MRAM, while the read energy
is comparable to that of a FeFET; these features, together with the logic
functionalities discussed later, make SOTFET a potentially competitive
technology.

An electrically insulating magnetic (FM) layer is more desirable
for SOTFET application in order to reduce the shunting current from
the SO layer and boost the spin torque efficiency.51 Besides, the insu-
lating FM layer could reduce the charge injection in the MF layer, thus
potentially alleviating the fatigue that is often confronted by ferroelec-
tric materials. The fatigue issue could also be addressed by the fact that
the polarization switching is driven by coupling to the magnetic layer
rather than an external electric field, which could reduce the tendency
for long-distance atommotion.

Another challenge in the development of ferroelectric memory
devices has been the presence of the depolarization field that can desta-
bilize the ferroelectric polarization over time.52 If the hierarchy of cou-
pling energies within the SOTFET is designed correctly, P cannot
switch unless M is switched by JSO. We envision that, as a result, the
exchange coupling of the multiferroic to the magnetic layer could
improve the ferroelectric retention.

In addition, by the virtue of simultaneously being a FET, the
SOTFET can also provide logic functionality by a gate voltage control-
ling the channel. As a merger of memory and logic, the SOTFET is
capable of performing process-in-memory (PiM) functionalities that
significantly lower the energy consumption and physical size of

FIG. 3. Switching behavior in a SOTFET gate stack for a range of assumed DMI energies assuming (a) PS¼ 100 lC/cm2 and (b) PS¼ 10 lC/cm2. For a high PS in (a), it is
observed that upon applying a current JSO (lower panel), Mx responds to the spin–orbit torque (upper panel); Pz, however, does not switch (mid-panel). For a lower PS in (b), it
is observed that above a critical DMI energy, both Mx and Pz switch deterministically. (c) and (d) M and P can be switched by JSO into 0 and 1 states while showing non-
volatility; PS¼ 10 lC/cm2 and EDMI;0¼ 0.8 pJ/lm3 are assumed. (d) shows the trajectories of M (red) and P (blue) on a sphere. The set to 1 (P¼ ["1, 1, "1]) process is
marked by orange and the reset to 0 (P¼ ["1, "1, 1]) by purple.
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computation, compared to a von Neumann architecture where logic
and memory are separated. Some examples are explored in Ref. 16.
The experimental realization and various modes of operation of the
SOTFET are currently being investigated.

In summary, the SOTFET, a magnetoelectric memory device, is
proposed, in which a change in magnetization of a SO/FM layer is
transduced to control the semiconductor channel by using a magneto-
electric multiferroic layer, so that a read out with several orders of
magnitude change in resistance can be achieved. We establish a quan-
titative model of the dynamics of the magnetization and polarization
of the layers of the SOTFET. From the model, the material needs for
the desired operation are identified and the feasibility of the SOTFET
is proved in a properly designed CoFe/BiFeO3 gate stack.

See the supplementary material for the key parameters for
numerical simulations, validation of the model, and discussions on the
dependence of the critical current on the DMI energy.
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S1. KEY PARAMETERS IN THE MODEL

Key parameters used in the LLGS equation to describe M
dynamics are listed in Table S1. The spin Hall angle of Bi2Se3
is assumed and other material parameters of CoFe are used in
the LLGS equation.

TABLE S1. Parameters used in the LLGS equation

Parameter Symbol Value Unit
Spin Hall angle qAD(FL) 3.5 [1] -

Electron gyromagnetic ratio g 1.76⇥1011 s�1T�1

Gilbert damping factor a 0.01 [2] -
Saturation magnetization MS 1.6⇥106 [3] A/m

Anisotropy constant K 1.5⇥104 [4] J/m3

External field Hext 0 A/m
Ferromagnetic thickness t 3 nm

Device length/width Lx/Ly 30 nm

Key parameters used in the LK equation to describe P dy-
namics are shown in Table S2. The material parameters of
BiFeO3 are used in the LK equation.

TABLE S2. Parameters used in the LK equation

Parameter Symbol Value Unit
Viscosity coefficient gFE 5⇥10�3 [5] m·s/F
Landau coefficients a1 -4⇥108 [6] C�2m2N

a11 6.5⇥108 [6] C�4m6N
a12 1⇥108 [6] C�4m6N

Strain energy Kstrain 6⇥106 J/m3

Strain axis u [0, 1, 1] -

a)Electronic mail: xl633@cornell.edu

S2. VALIDATION OF THE MODEL

For the magnetic dynamics described by the LLGS equa-
tion, comparisons with existing magnetic simulation tools
such as OOMMF7 and MuMax38 are used to validate the
model developed in this work. The responses of the ferro-
magnetic layer to spin-orbit torques that we calculate match
well with the results from OOMMF and MuMax3, as shown
by selected results in Fig. S1(a). Our results also agree with
switching behavior calculated analytically9.

For the ferroelectric dynamics described by the LK equa-
tion, we performed test simulations as a function of applied
electric field for the BiFeO3 material system. With the inclu-
sion of a depolarization term to model the effect of domain
walls5, we find two-step P switching in agreement with previ-
ous theoretical and experimental works in10, with the trajec-
tory of P switching shown in Fig. S1(b).

FIG. S1. Validation of the SOTFET model. (a) The xyz components
versus time plot when M of FM is switched by spin-orbit torque from
the SO layer. Results from MuMax3 are shown by the dots and re-
sults from this model are shown by the line. (b) A two-step switching
trajectory of P in BiFeO3 with an applied electric field in the �z di-
rection. Red dots represent the 8 stable states of P.
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FIG. S2. SOTFET behavior where the FM layer is switched at a
critical current JSO with (a) EDMI,0=0.8 pJ/µm3 (strong coupling be-
tween M and P thus switching of M resulting in switching of P) and
(b) EDMI,0=0 pJ/µm3 (M and P decoupled thus no switching in P
though M is switched). With the strong coupling between FM and
MF layers, the critical current increases more than 2 orders of mag-
nitude.

S3. CRITICAL CURRENT DEPENDENCE ON DMI
ENERGY

The presence of exchange interaction and DMI between
FM and MF will result in a higher critical current to switch
the magnetization in the FM layer, comparing to the case

when FM and MF are decoupled. In Fig. S2, we show the
critical switching cases with different effective DMI energies
(EDMI,0). With strong coupling presented between M and P
(high EDMI,0, Fig. S2(a)), the critical current of switching in-
plane magnetization is more than 2 orders magnitude higher
than the decoupled case (EDMI,0=0, Fig. S2(b)). This indicates
that the presence of exchange coupling and DMI increases the
energy barrier to switch M, thus leading to a significant in-
crease in the critical current.
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