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We predict that it is possible to achieve a purely voltage-driven switching of a ferromagnet using
spin-dependent resonant tunneling. In a configuration of two exchange-coupled magnets through a
resonant-tunneling barrier, application of a voltage leads to a resonant enhancement and an oscillatory
nature of the exchange coupling. The peak equivalent exchange field is strong enough to switch typi-
cal ferromagnets used in scaled magnetic memory devices. The switched configuration is retained once
the electric field is removed since the equilibrium exchange coupling is negligible, suppressed by large
barriers. Bidirectional switching is possible with the same polarity of the voltage, unlike conventional
magnetic memory devices where a bidirectional current or a magnetic field is necessary. Further, the
threshold of switching is decoupled from the speed, due to the conservative nature of the exerted torque.
This is very different from the conventional spin-torque devices that exhibit a trade-off due to the non-
conservative nature of the switching torque. We further show that the structure shows an oscillation in
the magnetoresistance (MR) stemming from the resonant tunneling. Interestingly, the MR is higher for
smaller voltages while the exchange field is higher for larger voltages—this is promising for efficient read
and write operations in potential memory applications.
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I. INTRODUCTION

Magnetization switching using current-induced spin-
transfer torque (STT) [1,2] and spin-orbit torque (SOT) [3–
5] has attracted increasing interest for nonvolatile memory
technologies like magnetoresistive random-access mem-
ory (MRAM) [6–9]. However, the large switching current
density is a limiting factor to the technological advance-
ment in terms of the energy efficiency and bit density.
Recently, there is a growing interest in the voltage or
electric-field-controlled switching mechanisms [10–14] as
a possible solution to issues involving memory bandwidth
and high-power consumption [12,15].

In this paper, we propose a two-terminal structure,
which can control the interlayer exchange coupling (IEC)
between the fixed and the free magnets using an electric
field. The magnets are separated by two tunnel barriers
sandwiching a thin layer of a nonmagnetic spacer [see
Fig. 1(a)]. The electric field control of IEC is achieved via
the resonant tunneling phenomena due to a quantum-well
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(QW) formation within the spacer layer. We use nonequi-
librium Green’s function (NEGF) based quantum-transport
simulations to show that a voltage-dependent IEC can be
induced using existing materials [see Fig. 1(b)]. The sign
of the induced IEC energy changes periodically with a
growing magnitude as a function of the applied voltage.

The voltage-induced positive and negative IEC energy
can switch the free magnet to have either an antiferro-
magnetic (AFM) or a ferromagnetic (FM) configuration
with respect to the fixed magnet, if the IEC magnitude is
greater than a threshold value determined by the anisotropy
energies of the magnets. This indicates that a bidirectional
switching is possible for the same voltage polarity, which
is quite different from the existing mechanisms. The con-
figuration after the switching is retained once the electric
field is removed because the tunnel barriers suppress the
IEC at equilibrium.

We further show that the IEC-assisted switching thresh-
old is independent of the Gilbert damping and the demag-
netizing field, which is a manifestation of the conservative
nature of the exerted torque. This means that switching
voltage and speed of switching can be independently opti-
mized by engineering the magnetic anisotropy and the
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FIG. 1. (a) The proposed composite magnetic-tunnel-junction
structure with two oxide barriers sandwiching a metallic spacer.
The two barriers form a quantum well with discrete states within
the metallic spacer. The structure can control the transmission
coefficient between the two magnets via resonant tunneling,
which results in a control on the IEC energy. (b) The bias-
dependent IEC changes sign in a periodic manner and grows
in magnitude for higher electric field. For simulation, barrier
heights are 0.7 eV and widths are 1 nm each. The spacer
thickness is 0.8 nm.

Gilbert damping, respectively. This is qualitatively dif-
ferent from the conventional spin-torque devices, which
exhibit a trade-off between these two parameters due to the
nonconservative nature of the exerted torque.

Similar voltage control of IEC over a single tunnel bar-
rier has been discussed in the past using high voltage
tunneling [16], mobile oxygen vacancies within oxides
[11], and temperature-driven insulator-to-metal transition
[17]. However, sufficiently strong IEC energy as needed
for practical functionalities could be limited by the oxide
breakdown, long switching time due to the slow migration
of the oxygen ions [18,19], and wide operating temper-
ature requirements, respectively. An electric-field-driven
but volatile transition from AFM-to-FM configuration and
vice versa in a spin valve has been discussed using an
ionic liquid gating [20]. Recently, a similar control of

exchange coupling has been discussed using an oxide gate
for electric field induced switching [21].

Here, we utilize the resonant-tunneling phenomena to
induce a substantial IEC that can enable magnetization
switching in a nonvolatile manner. We argue that the res-
onant tunneling and the induced IEC strength together can
be optimized by various material choices and device struc-
tures to lower the operating voltage and current. These
unique features of the proposed structure is promising for
devices with substantially improved energy-delay product.

We expect a voltage-dependent oscillation in the mag-
netoresistance of the structure, similar to those observed
in the past [22–26] due to the resonant tunneling. Interest-
ingly, the MR decreases as a function of the voltage; yet the
strength of the IEC increases. Large MR below switching
threshold enables efficient read operation.

The paper is organized as follows. In Sec. II, we dis-
cuss the mechanism for electric field control of IEC in
the proposed structure. In Sec. III, we discuss the IEC-
induced magnetization dynamics. We present models for
the threshold and the speed of the IEC-induced switching
and compare with the conventional mechanisms. In Sec.
IV, we provide results and discussion on how the device
can be optimized to lower the operating current and voltage
in the structure. We end with a brief summary in Sec. V.

II. ELECTRIC FIELD CONTROL OF THE
INTERLAYER EXCHANGE COUPLING

A. Basic mechanism

It is well established that two FMs separated by a thin
metallic [27–30] or a nonmetallic [24,31] spacer have an
equilibrium configuration (FM or AFM) dictated by the
IEC. The IEC originates due to a quantum interference
of spin-dependent wave functions, as the majority and the
minority spins see different barriers at the magnetic inter-
faces leading to different spin-dependent QWs below the
equilibrium Fermi level (EF) [32–35]. The IEC energy
periodically changes sign as a function of the spacer thick-
ness, which has been observed experimentally as a periodic
change in the magnetic configuration between AFM and
FM [24,27–31]. Such spin-dependent interference at the
magnetic interfaces is significantly reduced in the presence
of a thick oxide barrier [36,37], and the two FMs do not
have a preferential configuration at equilibrium.

We introduce two oxide barriers at the two magnetic
interfaces [see Fig. 1(a)] to suppress the equilibrium IEC.
We insert a thin metallic spacer between the two oxide bar-
riers, which form a QW within the metallic spacer with
discrete energy states above EF . At equilibrium, the con-
tact electrochemical potentials are at the EF . We can apply
an electric field across the structure to tune the contact
electrochemical potential to one of these discrete states. At
these discrete states, the transmission coefficients across
the structure becomes very high, as typically seen for the
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widely used resonant-tunneling diodes [38]. Subsequently,
the two FMs feel a substantial IEC as the spin-dependent
wave functions can travel through the metallic spacer and
interfere. The spin-dependent interference can be con-
structive or destructive, depending on the transmission
coefficient of the structure. The electric field control of the
transmission coefficient induces an IEC (Jex), which alter-
nates sign as a function of the voltage [see Fig. 1(b)]. The
resonant-tunneling-induced IEC is robust to incoherent
scattering with momentum and phase-relaxation processes,
which are discussed later. The strength of the IEC increases
with the number of occupied states. For brevity we call the
structure shown in Fig. 1(a) resonant-exchange-controlled
MRAM (REC MRAM).

Resonant tunneling within a magnetic structure has been
demonstrated up to room temperature in a double-barrier
magnetic tunnel junction (MTJ) [22,23,39], where the QW
forms within a relatively thicker magnetic spacer layer.
They report a voltage-dependent oscillation in the mag-
netoresistance due to a spin-selective tunneling phenom-
ena. Here, we discuss a spin-dependent resonant tunneling
where the QW is formed within a thin nonmagnetic spacer
layer, specifically a material that is known to exhibit large
equilibrium IEC in the absence of the tunnel barriers. Res-
onant tunneling through such a nonmagnetic spacer will
exploit the property of the material and will exhibit a
bias-dependent oscillation in IEC.

B. Model

The bilinear IEC energy density between the two mag-
nets is given by [32–34]

Jex = �EFM − �EAFM, (1)

where �E = ∫ +∞
−∞ E�ns dE [32] is the energy-density

change across the QW due to an imbalance of the spin den-
sity �ns = ns(d) − ns(0) caused by the quantum interfer-
ence. The subscripts FM and AFM refer to ferromagnetic
and antiferromagnetic, respectively.

We analyze the structure with NEGF-based calculations
using a single-band effective-mass tight-binding Hamilto-
nian. We assume that the structure under consideration is
spatially uniform along the transverse directions and trans-
verse modes are nearly decoupled so that transport can
be analyzed with a one-dimensional (1D) Hamiltonian for
every mode. The spin density in the structure is given by

ns = 1
2π

∫
D0 Re

[
Tr
(
σzGn)] dεT, (2)

where εT = �2
(

k2
y + k2

z

)
/2m∗ is the energy along the

transverse plane y-z, D0 is the two-dimensional (2D) den-
sity of states on the transverse plane, σz is the z-Pauli
matrix, and Gn is the correlation function. We approximate

the D0 with the 2D density of states of the bulk given by
m∗/π�2 where m∗ is the effective mass and � = h/2π .

The correlation function is obtained as

Gn =
∑

j

fj Aj , (3)

where fj = 1/{1 + exp
[(

E − μj
)
/kBT

]} is the occupation
factor of j th contact with contact electrochemical poten-
tial μj , E is the energy, Aj = GR�j

(
GR
)† is the spectral

function with �j being the broadening function of the j th
contact, GR = [EI − H − �]−1 is Green’s function, � is
the total self-energy of the contacts, and H is the Hamil-
tonian of the structure. We assume that the voltage applied
across the two-terminal structure mostly drops across the
two oxide barriers. Details of the NEGF-based calculations
are given in Appendix A.

In principle, a biquadratic component of exchange cou-
pling can coexist [40], which do not change sign [32].
Such a component is included in our Hamiltonian and can
be calculated using the NEGF formalism presented here.
However, in this paper, we specifically focus on the volt-
age control of the bilinear IEC component. This is because
the bilinear component with a particular sign is well known
for altering the system energy such that the magnetizations
switch to become either parallel or antiparallel to satisfy
the minimum energy condition, even when the magnets
are perfectly aligned [32–34]. Such a strong effect of the
bilinear component has been well studied in equilibrium,
within structures consisting of Co/Fe-based magnets and
transition metal spacers [24,27–31].

C. Materials and structure

A choice for the spacer layer could be the transition met-
als, e.g., Rh, Ru, Ir, Re, and Cu [27,41,42], which are well
known for exhibiting large IEC at equilibrium and widely
used in synthetic antiferromagnets. The strength of the IEC
across such a metallic spacer depends on the shape of the
spin-dependent QW formed below EF , which is largely
determined by the mismatch between the d-electron bands
of the FM and the metallic spacer [27,35], growth condi-
tion, and hybridization at the interfaces [42]. Oxides like
NiO could be a choice as well since it exhibit large oscil-
latory IEC at equilibrium [24]. The parameters used to
simulate the structure in Fig. 1(a) are calibrated using sev-
eral room-temperature experiments, as described below.
The parameters are listed as Table I in Appendix A.

We fix the parameters for the spacer and the FM layers
by simulating a FM|spacer|FM structure [see, Fig. 2(a)]
and comparing with the equilibrium experiments on simi-
lar structures that exhibit a periodic oscillation in IEC as a
function of the spacer thickness (d). The simulation shows
the expected oscillatory nature of the equilibrium IEC
due to the spin-dependent quantum interference [32–34],
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which behaves like a decaying sinusoidal function. This
oscillatory IEC has been observed in various experiments
[24,27–31]. Our model parameters are such that the calcu-
lated equilibrium IEC energy [solid line in Fig. 2(a)] cor-
responds to the experimental observations in a Co|Ru|Co
system [27] [scatter points in Fig. 2(a)], i.e., the first AFM
IEC strength is around approximately 5 mJ/m2 occurring
around approximately 6 Å and the IEC oscillation period
is λIEC ≈ 11 Å. The periodicity of the equilibrium IEC is
related to the depth of the spin-dependent QW (�sp) as

λIEC = h
2
√

2m∗�sp
, (4)

in agreement with the NEGF simulation [see Fig. 2(b)].
The oxide parameters are calibrated with experiments on

FM|MgO|FM structures. First, we calibrate with the equi-
librium IEC as a function of the oxide thickness d [see
Fig. 2(c)]. Our simulation shows a sizable IEC for thin
oxides (below approximately 5 Å) due to the tunneling
effect, that drastically decreases for thicker oxides [solid
line in Fig. 2(c)]. A similar trend has been experimentally
observed in MgO-based structures [36,37] [scatter points

Fig. 2(c)]. Note that the experiments observe a sizable IEC
up to approximately 8 Å, possibly due to defects and pin-
holes in the MgO. Such a trend can be reproduced in our
simulations using a lower barrier height. We use a bar-
rier height �B = 0.7 eV as typically expected in MgO
[43,44]. We further calibrate the parameters, by compar-
ing the simulation results on bias-dependent fieldlike [∝
�Js · (�m1 × �m2)] and dampinglike [∝ �Js · (�m1 × �m1 × �m2)]
spin-transfer torques [solid lines in Fig. 2(d)] with exper-
imental observations [39] in MgO-based magnetic tunnel
junctions [scatter points in Fig. 2(d)]. NEGF results repro-
duce the experimentally observed bias-dependent asym-
metry in the dampinglike torque and the quadratic depen-
dence for the fieldlike torque, as previously discussed in
Ref. [46].

For the structure in Fig. 1(a), we set the spacer thickness
to 0.8 nm and the oxide barrier thickness to 1 nm each. The
barrier heights are set around 0.7 eV, as typically observed
for MgO [43,44]. Thus, assuming simulation param-
eters equivalent to a Co-based alloy(10 nm)—MgO(1
nm)—Ru(0.8 nm)—MgO(1 nm)—Co-based alloy(1.5 nm)
structure, we expect the structure to induce a resonant
enhancement in the IEC energy as large as 0.2 mJ/m2,

(a) (b)

(c) (d)

FIG. 2. Materials parameter calibration. (a) NEGF simulation of the oscillatory equilibrium IEC (solid lines) as a function of metallic
spacer thickness d. The parameters are such that the simulation agrees with experiments on a Co|Ru|Co system [27] (scatter points).
The first peak occurs at approximately 6 Å with IEC approximately 5 mJ/m2 and a periodicity λIEC ≈ 11 Å. (b) The periodicity of
equilibrium IEC (λIEC) depends on the spin-dependent quantum well (with a depth �sp) formed below the Fermi level due to a d-orbital
mismatch between the FM and the spacer. NEGF simulation (solid line) of (c) the equilibrium IEC across an oxide spacer. Thin oxide
(< 5 Å) exhibits a large IEC due to tunneling effect, which drastically reduces for thick oxides, similar to the experimental observations
across MgO in Refs. [43,44] (scatter points). (d) Bias-dependent nature of the dampinglike and fieldlike torques on the free layer in
MgO-based MTJs, compared with the experiments (scatter points) in Ref. [45].
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within an applied voltage range of 0 to 2 V. Here, 2 V cor-
responds to an electric field of approximately 10 MV/cm.
The equilibrium IEC (at 0 V) is negligible (approxi-
mately 10−6 mJ/m2). Note that the oscillation observed in
the resonance-enhanced IEC is sinusoidal in nature, sim-
ilar to the oscillation observed in the equilibrium case
[in Fig. 2(a)]. This is because the resonance-enhanced
IEC also arises due to the quantum interference of the
spin-dependent wave functions and its voltage periodic-
ity is related to the equilibrium periodicity λIEC, which is
discussed later.

In a memory array, the operating temperature could be
higher due to heating and the device performance can
change. The operation of the proposed device depends on
two key phenomena: the resonant tunneling and the inter-
layer exchange coupling. The resonant tunneling is not sig-
nificantly affected by such temperature variations [47], but
IEC energy may vary upon heating. It has been discussed
in the past that an increase in temperature is expected to
decrease IEC across a metallic spacer, but increases IEC
across an oxide spacer [33]. However, the decrease in IEC
across a thin metallic spacer is not significant up to 400 K
(see, e.g., Ref. [48,49]). In the proposed device, the spacer
is a composite of both metal and oxide, and a temperature-
dependent analysis of the device performance we leave as
future work.

III. IEC-ASSISTED MAGNETIZATION
DYNAMICS

A. Magnetization switching

The resonance-enhanced IEC shown in Fig. 1(b) will
switch the free magnet to have either FM or AFM configu-
rations with respect to the fixed magnet, determined by the
IEC sign. In this paper, positive and negative IEC indicates
AFM and FM configurations, respectively. The configura-
tion after switching will be retained once the electric field
is removed because the equilibrium IEC is negligible due
to the presence of the thick oxide barriers. We simulate
the magnetization dynamics with a voltage pulse applied
across the structure. The magnetization dynamics are sim-
ulated with an exchange-coupled Landau-Lifshitz-Gilbert
(LLG) model [50,51] assuming single-domain magnets,
in conjunction with the NEGF formalism. We apply
three consecutive voltage pulses as shown in Fig. 3(a),
with the pulse width being 5 ns each and pulse heights
corresponding to P4, P3, and P2 points in Fig. 1(b), respec-
tively. Corresponding time-dependent dynamics of the z,
x, and y components of the magnetization are shown in
Figs. 3(b)–3(d), respectively.

We start with a ferromagnetic configuration as the initial
condition. The first voltage pulse induces a positive IEC
peak (corresponds to P4) and switches the free magnet to
an AFM configuration with respect to the fixed magnet.
The AFM configuration is retained when the voltage pulse

(a)

(b)

(c)

(d)

FIG. 3. (a) Voltage pulse applied across the structure in
Fig. 1(a). The three voltage pulses applied induce IEC with
strengths corresponding to P4, P3, and P2, respectively, in
Fig. 1(b). We observe the magnetization dynamics as a function
of time, as a result of the applied voltage pulses: (b) z compo-
nent mz , (c) x component mx, and (d) y component my . Fixed
magnet: Ms1 = 1100 emu/cc, Hk1 = 300 Oe, and tf 1 = 10 nm.
Free magnet: Ms2 = 1100 emu/cc, Hk2 = 150 Oe, and tf 2 = 1.5
nm. Diameter of the device is 150 nm and the Gilbert damping is
0.01.

is removed because of the negligible equilibrium IEC in
the structure. The second voltage pulse induces a nega-
tive IEC peak (corresponds to P3), which switches the free
magnet back to a FM configuration with respect to the fixed
magnet. Again, the FM configuration is retained when the
voltage pulse is removed. Note that the switching in both
directions is achieved for the same voltage polarity but dif-
ferent magnitudes, which is very different from existing
mechanisms for electrical switching. The rise time and the
fall time of these switching voltage pulses should be lower
than the switching time [see Eq. (6)], in order to avoid
any unexpected switching. The third voltage pulse induces
another positive IEC peak (corresponds to P2), however,
the IEC strength |Jex| is weak enough such that the free
magnet does not switch. The threshold for the IEC-driven
magnetization switching is discussed below [see Eq. (5)].

1. Switching threshold

The threshold value of the IEC energy required for
magnetization switching (|Jex0|) is given by

|Jex0| × S = 2E1E2

E1 + E2
, (5)
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where S is the cross-section area of the device, E1 and E2
are the anisotropy energy barriers of the fixed and the free
magnets, respectively. E1,2 are determined by 1

2 MsHk	 of
the corresponding magnet, where Ms is the saturation mag-
netization, Hk is the anisotropy field, and 	 is the magnet
volume. Equation (5) is derived from an exchange-coupled
LLG model [50,51], considering only IEC as the exter-
nal excitation. Details are given in Appendix B. The fixed
magnet is set by making the anisotropy energy much larger
than the free magnet:

E1 > E2.

Equation (5) is valid for magnets with both in-plane and
perpendicular magnetic anisotropies and independent of
the demagnetizing field. Moreover, the threshold energy
is independent of the Gilbert damping. These features are
different from the conventional spin-torque devices [52],
where the threshold energy of the nonequilibrium spin
current scales with the Gilbert damping and the demag-
netizing field. This is because the exerted torque (�τ ) by
the IEC energy is equivalent to an external magnetic-field-
driven torque, which is conservative in nature ( �∇m × �τ =
0). See Appendix C for details. On the other hand, the
torque exerted by a nonequilibrium spin current is noncon-
servative in nature ( �∇m × �τ �= 0), as previously discussed
in Ref. [53].

2. Switching time

The IEC-assisted switching time is given by

tsw = 1 + α2
g

αgγ Hk

|Jex0|
|Jex| , (6)

where γ is the gyromagnetic ratio and αg is the Gilbert
damping. Equation (6) is obtained from an exchange-
coupled LLG model [50,51], assuming magnets with per-
pendicular anisotropy. We define the switching time as the
time taken by the free magnet to settle down to a mag-
netic state, when the sign of the Jex is reversed to make
the configuration unstable, given that |Jex| > Jex0. We also
assume that the magnets have comparable Hk, and their
anisotropy energies differ by the difference in the total
magnetic moment. The details of the derivation and com-
parison with the numerical simulations based on the LLG
model is provided in Appendix B. Note that magnets with
in-plane anisotropies should be relatively faster due to the
presence of a demagnetizing field, which can be analyzed
directly from the coupled LLG model.

The functional dependence of the IEC-induced switch-
ing time on αg and Hk are similar to that observed in
conventional spin-torque devices [52]. Two distinct dif-
ferences are as follows: (i) the IEC switching time scales
inversely with an over-drive factor |Jex|/|Jex0|, while the

spin-torque switching time scales inversely with simi-
lar over-drive factor |Js|/|Js0| − 1 [52] (Js, applied spin
current density; Js0, switching threshold); and (ii) the IEC-
induced switching mechanism is not limited by the initial
angle requirements as seen in spin-torque switching [52].
The switching takes place even if the magnets are perfectly
aligned (i.e., initial angle = 0).

The decoupling of the switching threshold and the
speed, in terms of the Gilbert damping and the demagne-
tizing field may offer some advantages over conventional
spin-torque devices in terms of the energy-delay product
(see Appendix B). In particular, because the spin-torque
devices exhibit a well-known trade-off between the thresh-
old and the speed in terms of these dynamic parameters
[52]. The estimated write energy of the proposed device
using the calibrated material parameters is approximately
5.76 fJ and the write speed is approximately 1 ns, which
are much lower than the conventional STT MRAM [15].
The estimated speed of the proposed device is similar to
that observed in typical static RAM, and the estimated
write energy is lower than that observed in typical dynamic
RAM for embedded applications (see Appendix B).

B. Signature of the electric-field-induced IEC

We simulate the total magnetic moment M of the device
as a function of an external magnetic field sweep Hext (M -
H loops in Fig. 4), for different applied voltages Vin. The y
axes of Fig. 4 are normalized with M0 = Ms1	1 + Ms2	2,
where Ms1,2 and 	1,2 are the saturation magnetizations and
volumes of the fixed and the free layers. For structures with
two ferromagnets separated by a thin spacer layer, such M -
H loops are typically measured to estimate the equilibrium
IEC between the two magnets [27,29,30]. The presence of
an IEC causes a shift in the switching field of the magnets.

We expect a similar signature of the resonant enhance-
ment of IEC in the M -H loops of the REC MRAM device,
where the total spacer thickness is fixed. A change in
the M -H loops will occur for different Vin, as described
below. In our simulations, the rate of the Hext sweep is
slow enough that the magnetization of the both layers reach
the steady state, as typically done in experiments. Jex is
negligible in our structure at equilibrium [i.e., Vin = 0 V,
P1 in Fig. 1(b)], and the M -H loop is such that the two
magnets are switching at the corresponding coercive fields
[see Fig. 4(a)]. Here, Hk1 = 300 Oe for the fixed magnet
and Hk2 = 150 Oe for the free magnet in the simulations.
|M | = |Ms1	1 + Ms2	2| when the magnets are parallel
and |M | = |Ms1	1 − Ms2	2| when they are antiparallel.

At Vin = 1 V, we observe the first voltage-induced AFM
positive peak of +0.012 mJ/m2 [P2 in Fig. 1(b)]. This
AFM coupling exhibits as a lowering of the switching field
of the free magnet as shown in Fig. 4(b). As mentioned
earlier, the strength of the IEC at P2 is below the switching
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(a) (b)

(c) (d)

FIG. 4. M -H loop of the structure in Fig. 1 for different applied
voltages Vin: (a) 0 V [corresponds to P1 in Fig. 1(b)], (b) 1 V
(corresponds to P2 in Fig. 1(b)], (c) 1.3 V [corresponds to P3 in
Fig. 1(b)], and (a) 1.6 V [corresponds to P4 in Fig. 1(b)]. Fixed
magnet: Ms1 = 1100 emu/cc, Hk1 = 300 Oe, and tf 1 = 10 nm.
Free magnet: Ms2 = 1100 emu/cc, Hk2 = 150 Oe, and tf 2 = 1.5
nm. The diameter is 150 nm and the Gilbert damping is 0.01.

threshold [in Eq. (5)], however, it should still be exhib-
ited in the M -H loop as discussed above. At Vin = 1.3
V, we observe the negative FM peak of −0.08 mJ/m2

[P3 in Fig. 1(b)] and the M -H loop exhibits a rectangular
shape [see Fig. 3(d)]. Such a rectangular shape is a well-
known evidence for a FM-type IEC coupling [27,29,30],
indicating that the magnets are switching simultaneously
and net magnetic moment is |M | = |Ms1	1 + Ms2	2|. At
Vin = 1.6 V, we observe another positive AFM peak [P4
in Fig. 1(c)], the strength of which is above the switch-
ing threshold. The M -H loop, in this case, exhibits a
large split due to a large shift in the free-magnet switch-
ing field. At low field (|Hext| <∼ Hk1), the magnets are
antiparallel due to the strong AFM IEC, so the net moment
is |M | = |Ms1	1 − Ms2	2|. The fixed layer is switched
approximately Hk1 and the free layer switches as well to
stay antiparallel due to the strong AFM IEC. So the total
moment still remains |M | = |Ms1	1 − Ms2	2|. At very
large Hext, both magnets align with the external field and
the total moment becomes |M | = |Ms1	1 + Ms2	2|.

IV. DISCUSSION ON THE DEVICE DESIGN

In this section, we discuss various design aspects of the
REC MRAM. As discussed in the previous section, the
switching speed or delay can be optimized using dynamic

parameters like Gilbert damping and demagnetizing field,
while the IEC switching threshold energy remains unaf-
fected. We can design a structure that can induce a signif-
icant enhancement in IEC with an electric field such that
|Jex| > |Jex0|, while the current density Jc of the structure
can be significantly lower. Moreover, the QW shape can be
changed to set the operating voltages.

A. Resonance-enhanced exchange coupling

The IEC strength is determined by the occupied elec-
tronic states within the spacer layer [33,34]. As seen from
Eqs. (1)–(3), IEC depends on �σGn, which is related to the
spin density in the spacer. �σGn can be written as a sum of
the following two components:

�σGn = �σA
f1 + f2

2
+ �σ (A1 − A2)

f1 − f2
2

, (7)

where A = A1 + A2 is the total spectral function and
related to the density of states of the spacer. f1 and f2 are the
Fermi occupation factors of the left and the right contacts,
respectively. Hence, the first term in Eq. (7) represents
the filled electronic states and nonzero even at equilibrium
(i.e., f1 = f2). A spacer having a large density of states
and a high spin-dependent mismatch with the magnet is
an ideal choice for the REC MRAM device, in order to
achieve a voltage-induced IEC with large magnitude. For
higher voltages where the conduction is expected to have
a component due to the bulk density of states, we observe
that the magnitude of the resonance-enhanced IEC is grow-
ing [see Fig. 1(b)], because the magnitude is determined
by the occupied states and the spin-dependent quantum
interference of the wave functions controlled by the res-
onant tunneling. The change of the IEC sign depends on
the nature of the interference pattern, as discussed earlier.

The voltage-dependent oscillation in the resonance-
enhanced IEC [see Fig. 1(b)] shows a sinusoidal behavior
that is increasing in magnitude with the input voltage. The
origin of the sinusoidal nature as a function of the input
voltage is the same as the origin of the sinusoidal nature as
a function of the spacer thickness at equilibrium, which
is the quantum interference of the spin-dependent wave
functions due to a reflection from the magnetic interfaces
(see, e.g., Refs. [32–34]). In our device, we are simply
controlling the transmission coefficient of the wave func-
tions using Vin. The periodicity of the voltage-dependent
oscillation in IEC (VREC) is directly related to the equilib-
rium periodicity of the spacer (λIEC), determined by �sp.
VREC scales with the spacer property λIEC as shown in
Fig. 5(a). A device with large VREC can be achieved with
a spacer with large λIEC. The resonance-enhanced IEC is
robust to the incoherent elastic scattering with momen-
tum and phase-relaxation processes, as shown in Fig. 5(b).
Both the periodicity and the magnitude are unaffected by
the presence of a dephasing (dph) in the device. A similar
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(a)

(b)

FIG. 5. (a) Voltage periodicity (VREC) of the resonance-
enhanced IEC, which scales with the equilibrium periodicity
(λIEC) of the spacer (determined by �sp). (b) Effect of dephasing
(dph) on the resonance-enhanced IEC.

observation has been discussed in the past [54] using the
NEGF method that the spin-dependent resonant tunneling
is robust against dephasing in a magnetic tunnel junction.

B. Current and magnetoresistance

The magnitude of the charge current is limited by the
electronic states positioned within the window created by
the separation between the contact Fermi levels. We cal-
culate the charge-current density Jc and the z-polarized
spin-current density Jz of the structure in Fig. 1(a), as

Jc =
∫

dεTD0

(∫
dE Re

{
Tr
[
Iop(E)

]})
, (8a)

and Jz =
∫

dεTD0

(∫
dE Re

{
Tr
[
σzIop(E)

]})
, (8b)

with

Iop(E) = q
ih
(
HGn − GnH

)
.

Here, H is the Hamiltonian of the structure. The calculated
Jc and Jz are shown in Fig. 6(a). The details are provided
in Appendix A. We observe a bias-dependent oscillation
in the current density as a function of voltage, which is
a signature of the resonant tunneling. The peaks observed
in Jc correspond to high transmission coefficient across the
barriers, mediated by the QW states. We observe two sharp
peaks of width approximately 90 mV at input voltage <

0.75 V.

(a)

(b)

(c)

FIG. 6. (a) Charge and z-polarized spin-current densities, Jc
and Jz , as a function of the applied voltage Vin. (b) Magnetore-
sistance as a function of Vin. (c) Effect of dephasing (dph) on the
current transport.

The calculated charge-current density in the struc-
ture is small within the voltage range of interest, in
the order of approximately 104 A/cm2. The charge-
current density induces a z-polarized (parallel to the
magnetization) spin-current density of order approxi-
mately 103 A/cm2, which is much smaller than the
threshold value for STT switching. For the free mag-
net under consideration, the switching threshold for the
spin-current density is approximately 3.6 × 106 A/cm2

using Js0 = (2q/�)Ms2tf 2αg (Hk2 + 2πMs2) [52]. Bidirec-
tional switching in REC MRAM is achieved with the
same voltage polarity, hence Jz is always acting in the
same direction. Thus Jz will help the switching in one
direction and oppose it for the other direction. However,
such an effect from STT on switching is negligible in the
present discussion since Jz is 3 orders lower than the STT
switching threshold.

We further calculate the structure resistance R when
the magnets are in AFM and FM configurations, respec-
tively. We estimate the magnetoresistance of the structure
(RAFM − RFM) /RAFM for the same simulation parameter
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(a) (b)

FIG. 7. Voltage-dependent oscillatory resonance-enhanced IEC for different (a) QW heights �B and (b) QW widths tQW.

set, as shown in Fig. 6(b). Interestingly, the MR shows
oscillation with a change in sign. The negative MR cor-
responds to a scenario where RAFM is lower than RFM
assisted by the QW states. A similar voltage-dependent
oscillation in MR with a sign reversal, due to the res-
onant tunneling has been reported in the past [22–26].
Our calculated MR is small (20%∼ 35%) for the materi-
als combination considered here. Further enhancement in
MR is possible using different materials combination and
superlattice-based resonant-tunneling structures (see, e.g.,
Refs. [55–57]), which we we do not consider in the present
work.

One interesting observation is that the MR is decreas-
ing as a function of the voltage [see Fig. 6(b)], while
the IEC strength is increasing [see Fig. 1(b)]. This fea-
ture is very interesting for memory applications since we
have reasonable MR for lower voltage (where the induced
|Jex| < |Jex0|). No switching will occur in this region and
can be designated as the operating voltage for the read
operation. The writing is enabled by higher voltages where
the induced |Jex| > |Jex0|. One thing to be noted is that a
pure electric-field-controlled device has a very high base-
line resistance and a proper scheme for readout such as the
gain cell structure will be needed [58].

We also analyze the effect of dephasing (dph) on the cur-
rent transport of the device. Here, dph induces incoherent
elastic scatterings that enable momentum and phase relax-
ation. For low dph, we see that the two resonant peaks
below 0.75 V is unchanged. For increased dph, we observe
a change in the shapes of the two resonant peaks and they
start broadening. Further broadening with increasing dph
merges the two peaks and the magnitude of the merged
peak decreases for very high values of dph. Note that even
for a very large dph, we still observe the negative differen-
tial resistance in the current-voltage characteristics, which
is a key signature of the resonant tunneling.

C. QW dimensions and the oprating voltage

The charge current in the structure can be further
decreased by using a different oxide material with larger
barrier height, e.g., Al2O3, HfO2, SiO2, TiO2, etc. We ana-
lyze the effect of different barrier heights on the resonance-
enhanced IEC in the proposed REC MRAM, as shown in
Fig. 7(a). Figure 7(a) shows the oscillatory nature of the
resonance-enhanced IEC as a function of Vin. The IEC
strength at lower Vin gets diminished for higher barrier
heights and the voltage-dependent oscillatory IEC shifts
toward the higher operating voltages as we increase the
barrier height. We also note from our simulations that
for a given barrier height, an additional sharp oscilla-
tion peak can be observed at lower operating voltages,
which occurred due to a small mismatch of transmission
coefficients for the parallel and the antiparallel configura-
tions. This sharp oscillation shifts toward higher operating
voltages linearly with the increasing barrier height and
periodically reoccurs at the lower voltages.

We also analyze the effect of the spacer-metal thickness
on the resonance-enhanced IEC, as shown in Fig. 7(b). It
is interesting to note that the oscillation peaks occur at
lower operating voltages for a thicker spacer layer, but
the strength of the peaks decreases as well. The former
is observed because the spacer-layer thickness defines the
QW width. An increase in the QW width lowers the dis-
crete energy states as well as the spacing between two
consecutive states. Thus the operating voltage to observe
an IEC peak decreases with increasing spacer thickness.
Similar lowering of the QW energy states for wider QW
and its consequence on the operating voltage has been dis-
cussed for double-barrier MTJs [23]. The later observation
is due to the increasing distance between two magnets,
which causes the IEC to weaken. Similar weakening of the
IEC strength with increasing distance between the magnets
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has been discussed both theoretically and experimentally
in the past [27–29,32–34].

V. SUMMARY

We proposed a structure that enables electric-field-
controlled magnetization switching assisted, solely by the
interlayer exchange coupling between the fixed and the
free magnets. The two magnets are separated by two oxide
barriers sandwiching a metallic spacer and the basic idea
relies on a quantum-well formation within the spacer.
When the contact electrochemical potential is aligned with
one of the discrete states in the quantum well, the two mag-
nets feel a strong IEC due to an enhanced transmission
coefficient across the structure stemming from resonant
tunneling. IEC shows an oscillation in sign as a function
of the applied voltage and the magnitude is determined
by the filled electronic states. Such oscillatory IEC can
enable bidirectional switching for the same voltage polar-
ity but different magnitudes above the switching threshold
value. We show that the switching threshold of the pro-
posed mechanism is decoupled from the speed, because
the torque exerted by the IEC is conservative. This is
fundamentally different from the conventional spin-torque
devices where there is a well-known trade-off between the
threshold and the speed due to the nonconservative nature
of the exerted torque. We further show that the struc-
ture exhibits an oscillation in the magnetoresistance due
to the resonant tunneling, and a reasonably large MR can
be achieved for voltages lower than the switching thresh-
old. The proposed structure is promising for nonvolatile
memory application and could enable lower energy-delay
product as compared to the conventional mechanisms.
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APPENDIX A: NEGF MODEL

This appendix discusses the nonequilibrium Green’s
function (NEGF) method [46,59] used for quantum-
transport simulations presented in this paper.

1. Hamiltonian

We write the tight-binding Hamiltonian of the structure
as the following:

[β]†�(n − 1) + [α] �(n) + [β] �(n + 1) = E�(n),
(A1)

where �(n) is the wave function of the nth lattice
point along the y direction. We work with a single-band

effective-mass Hamiltonian, described by (1) the equilib-
rium Fermi level EF , (2) exchange splitting �ex, (3) barrier
height �B, (4) well depth �sp, (5) effective mass for fer-
romagnet layer m∗

f (we assume equal effective mass for up
and down spin polarized electrons, i.e., m∗

f ↑ = m∗
f ↓ = m∗

f ),
(6) effective mass for oxide layer m∗

ox, (7) effective mass
for metallic spacer m∗

n, and (8) contact electrochemical
potentials μ1,2. Note that we view these parameters to
take into account wide varieties of factors like imperfec-
tion at the ferromagnet-nonmagnet interfaces, because we
calibrate the parameters using various room-temperature
experiments. We assume that the structure under consid-
eration is spatially uniform along the transverse directions
and transverse modes are nearly decoupled so that trans-
port can be analyzed with a 1D Hamiltonian for every
mode. Below, we present Hamiltonian for each transverse
mode with wave vector k‖ in the device.

a. Ferromagnetic layers

For the lattice points within the ferromagnetic layers
(indicated by region-1 in Fig. 8), we have

[α] =
[

2tf + �2k2
‖

2m∗
f

+ qV (n)

]
I2×2 + �ex

2
(I − �σ · �m) ,

(A2a)

[β] = −tf I2×2, (A2b)

with tf = �2/2m∗
f a2, k‖ is the transverse wave vector, I2×2

is a 2 × 2 identity matrix, �σ is the Pauli spin matrices, and
a is the lattice distance. Here, qV(n) is the potential on the
nth lattice point of the structure. The potential is varied by
the applied voltage Vin across the structure, which drops
across each layer according to the resistance of each layer,
as shown in Fig. 8. �m1 and �m2 are the magnetization vectors
of the fixed and the free magnet, respectively. Note that in
Eq. (A2a), �m = �m1 for fixed-magnet region and �m = �m2
for free-magnet region.

b. Oxide layers

For the lattice points within the oxide layers (indicated
by regions 2 in Fig. 8), we have

[α] =
[

2tox + �2k2
‖

2m∗
ox

+ �B + qV (n)

]
I2×2, (A3a)

[β] = −toxI2×2, (A3b)

with tox = �2/2m∗
oxa2.
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FIG. 8. NEGF setup for the structure in Fig. 1(a).

c. Spacer layer

For the lattice points within the metallic spacer layer
(indicated by region 3 in Fig. 8), we have

[α] =
[

2tn + �2k2
‖

2m∗
n

− �sp + qV (n)

]
I2×2, (A4a)

[β] = −tnI2×2, (A4b)

with tn = �2/2m∗
na2, and �sp is the depth of the spin-

dependent QW-like potential below EF .

d. Ferromagnet-oxide interfaces

For the lattice points at the interface between the fer-
romagnet and oxide layers (indicated by interface-1 in
Fig. 8), we have

[α] =
[

tf + tox + �2k2
‖

4m∗
f

+ �2k2
‖

4m∗
ox

+ �B

2
+ qV (n)

]
I2×2

+ �ex

4
(I − �σ · �m) , (A5a)

[β] = 0, (A5b)

where �m ≡ �m1 for the interface 1 on the left and �m ≡ �m2 is
for the interface 1 on the right.

e. Oxide-spacer interfaces

For the lattice points at the interface between the oxide
and the spacer layers (indicated by interface-2 in Fig. 8),

we have

[α] =
(

tox + tn + �2k2
‖

4m∗
ox

+ �2k2
‖

4m∗
n

)
I2×2

+
[

�2k2
‖

4m∗
n

+ �B + �sp

2
+ qV (n)

]
I2×2. (A6)

2. Self-energy of contacts

We present self-energy matrices for each transverse
mode with wave vector k‖ in the device. The self-energy
matrices are given by

�1,2 =
[

−tf eik↑
1,2a 0

0 −tf eik↓
1,2a

]
, (A7)

where k↑
1,2 and k↓

1,2 are longitudinal wavevectors of up and
down spins, respectively, which are calculated from

E = E↑,↓
C,1 + qVin

2
+ �2k2

‖
2m∗

f
+ 2tf

[
1 − cos

(
k↑,↓

1

)]
,

(A8a)

E = E↑,↓
C,2 − qVin

2
+ �2k2

‖
2m∗

f
+ 2tf

[
1 − cos

(
k↑,↓

2

)]
,

(A8b)

with EC,1 and EC,2 being the bottom of the conduction
bands for left and right magnetic contacts.

In the present discussion, the magnetization �m2 of the
free magnet can lie in an arbitrary direction, hence, the
effective �2 is given by

�2 = Rm (θ , φ)

[
−tf eik↑

2 a 0
0 −tf eik↓

2 a

]
R†

m (θ , φ) ,

(A9)

with Rm (θ , φ) being a rotational matrix given by

Rm (θ , φ) =

⎡
⎢⎢⎢⎣

cos
θ

2
e
−i

φ

2 − sin
θ

2
e
−i

φ

2

sin
θ

2
e
+i

φ

2 cos
θ

2
e
+i

φ

2

⎤
⎥⎥⎥⎦ . (A10)

3. NEGF quantities

We calculate the following quantities:

(a) Green’s function:

GR = [EI − H − �]−1 , (A11)

with � = �1 + �2 + �0 [see Eqs. (A7) and (A9)]. �0 rep-
resents incoherent scattering processes (see Appendix A4).
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H is the Hamiltonian of the system as discussed earlier and
I is an identity matrix.

(b) Spectral function:

A = GR�
(
GR)† , (A12)

with � = �1 + �2 + �0 and �1,2 are broadening functions,
which represent the anti-Hermitian part of �1,2, i.e., �1,2 =
i
(
�1,2 − �

†
1,2

)
. �0 represents incoherent scattering pro-

cesses (see Appendix A4). Note that A/2π provides the
density of states of the system.

(c) Correlation function:

Gn = GR�in (GR)† , (A13)

with �in = �in
1 + �in

2 + �in
0 being the in-scattering func-

tion. �in
0 represents incoherent scattering processes (see

Appendix A4). Note that Gn/2π provides the electron
density of the system.

(d) In-scattering function:

�in
1,2 = �1,2f1,2, (A14)

with f1,2 being the Fermi occupation factors of contacts 1
and 2, given by

f1,2 = 1

1 + exp
(

E − μ1,2

kBT

) . (A15)

Here, μ1,2 are electrochemical potentials of contacts 1 and
2, kB is the Boltzmann constant, and T is the temperature.
In the present discussion, qVin = μ1 − μ2 and T = 300 K.

(e) Current operator:

I op = q
i�
(
HGn − GnH

)
. (A16)

Current operator between two adjacent lattice points j and
j + 1 is given by

I op
j ,j +1 = q

i�

(
Hj ,j +1Gn

j ,j +1 − Gn
j ,j +1Hj ,j +1

)
. (A17)

The charge-current density per mode is given by

J m
c =

∫
dE Re

[
Tr
(

I op
j ,j +1

)]
. (A18)

The spin-current density per mode is given by

�J m
s =

∫
dE Re

[
Tr
(
�σ I op

j ,j +1

)]
. (A19)

The total charge-current density and spin-current density
are given by

Jc =
∫

dεTD0J m
c and (A20a)

�Js =
∫

dεTD0�J m
s , (A20b)

where εT = �2
(

k2
y + k2

z

)
/2m∗ is the energy along the

transverse plane z-x and D0 is the 2D density of states on
the transverse plane.

We approximate D0 with the 2D density of states of the
bulk given by [46]

D0 = m∗

π�2 , (A21)

where m∗ is the effective mass and � = h/2π .

4. Dephasing

We include incoherent scattering with isotropic momen-
tum and phase relaxation in terms of a dephasing parameter
dph. The self-energy and in-scattering functions are given
by

(�0)ij = dphδij δikδjl
(
GR)

kl , (A22a)

(
�in

0

)
ij = dphδij δikδjl

(
Gn)

kl , (A22b)

where δ is the Kronecker delta function.
All the NEGF simulations presented in this paper do not

take into account dephasing. We separately evaluate the
effect of the momentum and the phase-relaxation processes
on the resonant tunneling and the resonance-enhanced
IEC for the structure in Fig. 1(a). For variable dephasing
strengths, we do not observe any change in the resonance-
enhanced IEC [see Fig. 5(b)]. A similar robustness of the
spin-based resonant tunneling against dephasing in a mag-
netic tunnel junction has been discussed in the past [54]
using the NEGF method. We observe a broadening of the
sharp current density peaks for very large dephasing [see
Fig. 6(c)]. However, the negative differential resistance is
observed even for large dephasing, which is a key indicator
that the resonant tunneling is occurring.

5. IEC calculation

We start by calculating the z-spin density at the inter-
faces as

n1D
z,j = Re

[
Tr
(
σzGn

j ,j +1

)]
, (A23)

where σz is the z-Pauli matrix, and Gn is the correlation
function. We assume that the structure under considera-
tion is spatially uniform along the transverse directions

034070-12



RESONANT ENHANCEMENT OF EXCHANGE COUPLING... PHYS. REV. APPLIED 14, 034070 (2020)

and transverse modes are nearly decoupled so that trans-
port can be analyzed with 1D Hamiltonian for every mode.
Under such an assumption, we do a mode summation on
the transverse plane (z-x plane), to estimate the 2D z-spin
density at j th lattice point, as given by

ns
(
yj
) = 1

2π

∫
D0n1D

z,j dεT, (A24)

where εT = �2
(

k2
y + k2

z

)
/2m∗ is the energy along the

transverse plane z-x, and D0 is given by Eq. (A21).
The change in z-spin density across the QW is given by

�ns = ns
(
yj = 0

)− ns
(
yj = tQW

)
. (A25)

The total change in energy of the occupied states across the
QW is calculated as

�E =
∫ +∞

−∞
E�ns (E) dE, (A26)

which is in the units of J-m−2.
In a magnetic structure, the IEC energy density is given

by Eq. (1) [32–34]

Jex = �EFM − �EAFM.

The parameters used in this paper are listed in Table I. The
energy grid used for numerical integration has been opti-
mized by finding the sharpest resonance peak for a given
parameter set. For the parameter set discussed here, the
energy width (width calculated at half of the reasonant
peak) of the sharperst peak is around approximately 0.02
eV. The energy spacing selected is approximately 50 times
smaller than this width. For calculation of IEC, a large
energy range is chosen as the integration limit such that
the integral based on the spin-dependent mismatch does
not show any noticeable change above that limit.

APPENDIX B: MAGNETIZATION DYNAMICS

In this section, we describe the model used to simu-
late the magnetization dynamics. We simplify the model
to derive analytical expressions for the switching threshold
and the switching time assisted by the exchange coupling.
We compare the expressions with the numerical results
from the full model assuming magnets with perpendicular
anisotropy.

TABLE I. Parameters used for NEGF simulations.

�ex
m∗

f

m0
�B

m∗
ox

m0
�sp

m∗
n

m0
EF a

2.2 eV 1 0.7 eV 0.85 0.4 eV 0.85 2.25 eV 1 Å

Here, m0 is the free electron mass 9.1 × 10−31 kg.

1. LLG equation

We assume single-domain magnets and analyze the
magnetization dynamics using a coupled Landau-Lifshitz-
Gilbert equation [50,51], given by

1 + α2
g

γ Hk1

dm̂1

dt
= −m̂1 × �h1 − αgm̂1 × m̂1 × �h1

+ m̂1 × ��JsS
4qE1

× m̂1 + αgm̂1 × ��Js S
4qE1

− m̂1 × JexS
E1

m̂2 − αgm̂1 × m̂1 × JexS
E1

m̂2,

(B1a)

1 + α2
g

γ Hk2

dm̂2

dt
= −m̂2 × �h2 − αgm̂2 × m̂2 × �h2

+ m̂2 × ��Js S
4qE2

× m̂2 + αg m̂2 × ��Js S
4qE2

− m̂2 × JexS
E2

m̂1 − αgm̂2 × m̂2 × JexS
E2

m̂1,

(B1b)

where �m1 and �m2 are the magnetization vectors of the
fixed and free layers, respectively, S is the cross-section
area, γ is the gyromagnetic ratio, αg is the Gilbert damp-
ing constant, and E1,2 are the anisotropy energies of the
fixed and the free magnetic layers. �Js is the spin-current
density in the structure [given by Eq. (8)]. Note that Eqs.
(B1a) and (B1b) are coupled with the exchange coupling
energy Jex between the magnets [given by Eq. (1)]. Here,
�h1,2 = �H1,2/Hk1,2 are the normalized effective magnetic
fields with

�H1,2 = Hk1,2ẑ − Hd1,2ŷ + �Hext + �Hth,

with Hext being the external field. Hk1,2 = 2Ku,‖/Ms1,2 are
the effective anisotropy fields and Hd1,2 = 4πNyMs1,2 −
2Ku,⊥/Ms1,2 are the demagnetizing fields of the corre-
sponding layers (see, e.g., Ref. [54]). Here, Ku,‖ and Ku,⊥
are in-plane and perpendicular anisotropy constants.

Hth is the random magnetic field to take into account the
effect of thermal noise. The random field has zero mean
and is totally uncorrelated (see, e.g., Ref. [60]):

〈 �Hth〉 = 0, (B2a)

〈 �Hth(t)Hth(t′)〉 = αg

1 + α2
g

2kBT
γ Ms2	2

δ
(
t − t′

)
, (B2b)
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TABLE II. Parameters used for LLG simulations.

Ms Hk Thickness αg
(emu/cc) (Oe) (nm)

Fixed 1100 300 10
Free 1100 150 1.5 0.01

Diameter of the device is 150 nm.

where 	2 is the volume of the free layer. The thermal field
that enters in Eqs. (B1a) and (B1b) is modeled as [61]

| �Hth| =
√

αg

1 + α2
g

2kBT
γ Ms2	2 �t

Rrand(t), (B3)

where Rrand(t) is a Gaussian distribute random number. We
set T = 300 K and �t = 5 ps for our simulations. We also
assume an initial angle of approximately 5◦ due to thermal
fluctuation. The parameters used for simulations are listed
in Table II.

2. Derivation of switching threshold

In this subsection, we derive an analytical expression for
the threshold of switching, assisted only by IEC, Jex. So,
we turn off the spin current (�JS = 0), the external magnetic
field ( �Hext = 0), and the random field ( �Hth = 0), in Eqs.
(B1a) and (B1b). For the analytical derivation we assume
that the magnets have perpendicular anisotropies (i.e.,
Hd1,2 ≈ 0). Thus, the z components of the magnetizations
in Eqs. (B1a) and (B1b) reduce to

1 + α2
g

αgγ Hk1

dmz1

dt
=
(

mz1 + JexS
E1

mz2

) (
1 − m2

z1

)
, (B4a)

1 + α2
g

αgγ Hk2

dmz2

dt
=
(

mz2 + JexS
E2

mz1

) (
1 − m2

z2

)
. (B4b)

For parallel conditions: mz1 = 1 − δ1 and mz2 = 1 − δ2
or mz1 = −1 + δ1 and mz2 = −1 + δ2, where δ1,2 → 0, we
have from Eqs. (B4a) and (B4b)

− 1 + α2
g

αgγ Hk1

dδ1

dt
≈ 2

(
1 + JexS

E1

)
δ1,

− 1 + α2
g

αgγ Hk2

dδ2

dt
≈ 2

(
1 + JexS

E2

)
δ2,

which are stable only if

(−Jex × S) < E1 and (−Jex × S) < E2.

Similarly, for antiparallel conditions, mz1 = 1 − δ1 and
mz2 = −1 + δ2 or mz1 = −1 + δ1 and mz2 = 1 − δ2, we

have from Eqs. (B4a) and (B4b)

− 1 + α2
g

αgγ Hk1

dδ1

dt
≈ 2

(
1 − JexS

E1

)
δ1,

1 + α2
g

αgγ Hk2

dδ2

dt
≈ 2

(
− 1 + JexS

E2

)
δ2,

which are stable only if

(Jex × S) < E1 and (Jex × S) < E2.

Thus, the conditions for stability in either parallel or
antiparallel configurations are given by

|JexS|
E1

< 1, (B5a)

|JexS|
E2

< 1, (B5b)

which yields the condition for stability as

|JexS|
E1

+ |JexS|
E2

< 2. (B6)

Thus, the condition required to make any stable configura-
tion unstable is given by

|JexS|
E1

+ |JexS|
E2

≥ 2, (B7)

which in turn, gives the switching threshold expression in
Eq. (5). Note that for simplicity, the expression for switch-
ing threshold is derived assuming perpendicular magnetic
anisotropy. However, the expression is valid for in-plane
magnetic anisotropy as well.

3. Switching time

In this subsection, we derive an analytical expression for
the switching speed, assisted only by IEC, Jex, while �JS =
0, �Hext = 0, and �Hth = 0. We define the switching time as
the time taken for the free magnetization to settle down
to a magnetization state in order to achieve the minimum
energy configuration with respect to the fixed magnet, as
dictated by the applied exchange energy. We start from
the expressions in Eqs. (B4a) and (B4b), derived from the
LLG model [Eqs. (B1a) and (B1b)], under the assump-
tion of perpendicular anisotropy, Hd1,2 ≈ 0. In addition, for
the simplicity of the derivation, we consider comparable
anisotropy fields of the two magnets (Hk1 = Hk2 = Hk).
The anistropy energies of the magnets (E1,2) differs by the
saturation magnetization and the volume.

We assume that initially the free and the fixed magnets
are antiparallel mz1 = 1 − δ1 and mz2 = −1 + δ2 and we
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(a) (b) (c)

FIG. 9. Comparison of Eq. (6) with numerical simulations using the coupled LLG in Eqs. (B1a) and (B1b). We observe the switching
time (tsw) as a function of (a) the resonance-enhanced IEC, Jex, (b) the Gilbert damping, αg , and (c) initial angle of the free magnet, θ0.

set Jex < 0 to make this configuration unstable. Thus, from
Eq. (B4b) we get

1 + α2
g

αgγ Hk

dδ2

dt
≈ −2

(
1 + |Jex|S

E2

)
δ2, (B8)

and the characteristics τ2 time is given by

1
τ2

= 2αgγ Hk

1 + α2
g

(
1 + |Jex|S

E2

)
. (B9)

Similarly, from Eq. (B4a) we get

−1 + α2
g

αgγ Hk

dδ1

dt
≈ −2

(
−1 + |Jex|S

E1

)
δ1, (B10)

FIG. 10. Comparison of write energy and delay of this work
with existing memory technologies [15]: embedded static ran-
dom access memory (eSRAM), embedded dynamic random
access memory (eDRAM), ferroelectric random access memory
and field-effect transistor (FeRAM, FeFET), resistive random
access memory (RRAM), spin-transfer-torque random access
memory (STT MRAM), phase-change random access mem-
ory (PCRAM), and embedded FLASH memory (eFLASH).
**crossbar-RRAM. ***vertical-RRAM.

and the characteristics time τ1 is given by

1
τ1

= 2αgγ Hk

1 + α2
g

(
−1 + |Jex|S

E1

)
. (B11)

Since, we assume that the free magnet settles down to a
parallel configuration (required by Jex < 0) starting from
an antiparallel configuration, there is a sign difference in
the rate of change in Eqs. (B8) and (B10). The total char-
acteristic time to settle down from one magnetic state to
the other due to a sign change in Jex is given by

1
tsw

= 1
τ1

+ 1
τ2

= 2αgγ Hk

1 + α2
g

( |Jex|S
E1

+ |Jex|S
E2

)
,

which yields the expression in Eq. (6), as given by

tsw = 1 + α2
g

4αgγ Hk

Jex0

|Jex| ,

where Jex0 is the switching threshold give by Eq. (5).
We compare Eq. (6) with numerical simulations using

the full LLG model in Eqs. (B1a) and (B1b) assuming
perpendicular anisotropies and comparable Hk, as shown
in Fig. 9. In the simulations, magnets are antiparallel ini-
tially. We change the sign of Jex at t = t1 and calculate
the time t2 at which the free magnetization is 90% of its
expected final value. We define the numerical switching
time tsw = t2 − t1. We observe that the switching time from
LLG simulations scales inversely with both the Gilbert
damping and the applied exchange coupling strength [see
Figs. 9(a)–(b)], in agreement with Eq. (6). The dependence
of the numerical tsw on the initial angle is negligible as
shown in Fig. 9(c).

4. Switching energy and delay

The write energy and delay are important figure of mer-
its for memory applications. For the device discussed here,
we calculate the write delay and speed of our free magnet
with in-plane anisotropy using the coupled LLG equa-
tions in Eqs. (B1a) and (B1b). The switching speed of the
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device is τ =∼ 1 ns (see Fig. 3). The switching voltages to
have ferromagnetic and antiferromagnetic configurations
are Vin = 1.3 V and 1.6 V, respectively. The current den-
sity in the structure is approximately 104 A/cm2 at 1.6 V
[see Fig. 6(a)]. For a device with a diameter of 150 nm,
the current flowing in the structure is I =∼ 1.8 μA, which
corresponds to a structure resistance of R =∼ 889 k	.
The power consumed by a write operation to an anti-
ferromagnetic configuration is calculated as P = I 2R =∼
2.88 μW. If we apply a voltage pulse of width 2τ , the
energy consumed during the write operation is 2Pτ = ∼
5.76 fJ. We compare the estimated switching energy and
delay of this work with various existing memory tech-
nologies, as shown in Fig. 10: embedded static random
access memory (eSRAM), embedded dynamic random
access memory (eDRAM), ferroelectric random access
memory and field-effect transistor (FeRAM, FeFET), resis-
tive random access memory (RRAM), spin-transfer-torque
random access memory (STT MRAM), phase-change ran-
dom access memory (PCRAM), and embedded FLASH
memory (eFLASH). The data used for the comparison are
taken from Ref. [15]. The estimated delay is similar to that
observed in eSRAM, and the estimated energy is lower
than that observed in eDRAM.

APPENDIX C: CONSERVATIVE AND
NONCONSERVATIVE TORQUES

In this appendix, we discuss the nature of the torques
applied by the spin current and the interlayer exchange
coupling.

As mentioned in Eq. (7) that Gn in Eq. (A13) can be
written as

Gn = A
f1 + f2

2
+ (A1 − A2)

f1 − f2
2

.

According to Eqs. (1) and (2), the IEC energy depends on
�σGn. We have an equilibrium value of IEC (i.e., f1 = f2)
due to the first term in Eq. (7), given that the transmission
coefficient between the two magnets is sufficiently high.
That term corresponds to occupied electronic states, which
in turn, determines the strength of the IEC. However, the
spin-torque devices largely rely on the second term in Eq.
(7), determined by the A1 − A2 and proportional to the
current flowing in the structure.

Individually A1,2 are Hermitian but not symmetric, but
A = A1 + A2 = i

(
GR − GA

)
is symmetric.

AT
1,2 �= A1,2 and AT = A.

This means that A is purely real and we can express A and
A1 − A2 as

A = Pσz + Qσx, (C1a)

A1 − A2 = P′σz + Q′σx + R′σy . (C1b)

The torque determined by A can be expressed as

�τ = �m1 × (a �m1 + b�m2) = �m1 × b�m2. (C2)

Here, b�m2 is the applied force on the free magnetiza-
tion �m1. On the other hand, A1 − A2 component has an
additional component along �m1 × �m2, given by

�τ = �m1 × [
a′ �m1 + b′ �m2 + c′(�m1 × �m2)

]
= �m1 × [

b′ �m2 + c′(�m1 × �m2)
]

, (C3)

where F̄ = b′ �m2 + c′(�m1 × �m2) is the applied force on the
free magnetization �m1.

For simplicity, we assume �m1 is along ẑ direction and �m2
is defined in a spherical co-ordinate system, hence, we can
write

F̄ = Fmm̂ + Fφφ̂ + Fθ θ̂ , (C4)

with

m̂ ≡ (sin θ cos φ, sin θ sin φ, cos θ) ,

θ̂ ≡ (cos θ cos φ, cos θ sin φ, − sin θ) ,

φ̂ ≡ (− sin φ, cos φ, 0) .

Here, φ̂ direction is the out-of-plane direction given by
�m1 × �m2 in Eq. (C3).

We assume | �m| = 1 and φ = 0 and write the curl of F̄
as

�∇m × F̄ = m̂
sin θ

∂

∂θ

(
sin θ Fφ

)− φ̂
∂

∂θ
Fm. (C5)

Note that the component along m̂ do not contribute to
total torque and hence we can assume Fm to be arbitrarily
constant. Thus Eq. (C5) becomes

�∇m × F̄ = m̂
sin θ

∂

∂θ

(
sin θ Fφ

)
, (C6)

which is nonzero indicating that F̄ is nonconservative due
to the out-of-plane component Fφ , which occurs due to the
second component in Eq. (7). It is easy to see that first term
in Eq. (7) corresponds to a conservative torque.
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