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Spin-transfer-torque nano-oscillators are potential candidates for replacing the traditional inductor-based
voltage-controlled oscillators in modern communication devices. Typical oscillator designs are based on
trilayer magnetic tunnel junctions, which have the disadvantages of low power outputs and poor conversion
efficiencies. We theoretically propose using resonant spin filtering in pentalayer magnetic tunnel junctions
as a possible route to alleviate these issues and present viable device designs geared toward a high
microwave output power and an efficient conversion of the dc input power. We attribute these robust
qualities to the resulting nontrivial spin-current profiles and the ultrahigh tunnel magnetoresistance, both of
which arise from resonant spin filtering. The device designs are based on the nonequilibrium Green’s-
function spin-transport formalism self-consistently coupled with the stochastic Landau-Lifshitz-Gilbert-
Slonczewski equation and Poisson’s equation. We demonstrate that the proposed structures facilitate
oscillator designs featuring a large enhancement in microwave power of around 1150% and an efficiency
enhancement of over 1100% compared to typical trilayer designs. We rationalize the optimum operating
regions via an analysis of the dynamic and static device resistances. We also demonstrate the robustness of
our structures against device design fluctuations and elastic dephasing. This work sets the stage for
pentalyer spin-transfer-torque nano-oscillator device designs that ameliorate major issues associated with
typical trilayer designs.

DOI: 10.1103/PhysRevApplied.8.064014

I. INTRODUCTION

Spin-transfer-torque nano-oscillators (STNOs) are a
class of nonlinear nanoscale oscillators which have
attracted a lot of interest from the physics as well as the
applications perspective. The interest from the physics
perspective stems from the need to advance the under-
standing of magnetization dynamics in nonlinear systems
[1–5]. From the application perspective, these devices are
suitable for modern communication electronics [6–8].
STNOs have better built-in features over traditionally used
voltage-controlled oscillators (VCOs), such as smaller size,
lower cost, and easier integrability to silicon technology. In
order to technologically replace VCOs, STNOs should be
able to deliver high microwave power outputs and must
possess higher conversion efficiencies with a good quality
factor. There have been consistent efforts [9–11] to improve
the performance of STNOs based on typical trilayer
magnetic tunnel junctions (MTJs). Various proposed
improvements have been centered around modifying the
magnetic properties of the ferromagnet. However, they
have not been able to deliver microwave power outputs in
excess of 0.3 μW [11]. In this work, we propose pentalayer
device designs that make use of resonant spin filtering,
termed as resonant-tunneling magnetic-tunnel-junction
(RTMTJ) structures, to circumvent the issues faced by
typical trilayer-based STNO designs. We demonstrate that,
owing to the spin-filtering physics in the proposed struc-
tures [12,13], the resulting nontrivial spin-current profiles

and the high tunnel magnetoresistance (TMR) translate to a
significant improvement in STNO performance.
Spin-transfer torque [14,15] involves the transfer of spin

angular momentum from spin-polarized charge carriers to
the magnetization of the ferromagnetic layer. Spin torque
can either enhance the magnetic damping inherent in
magnetic systems or can compensate for the damping
processes, based on the state of the ferromagnet and the
direction of the spin-polarized current. When the spin-
torque magnitude is large enough to compensate for mag-
netic damping, an instability in the magnetization dynamics
results. In MTJs, the magnetic state of the free ferromagnet
can be switched either parallel or antiparallel with respect to
the pinned ferromagnetic layer [see Fig. 1(a)] due to spin
torque under a sufficient voltage bias. The state of the free
ferromagnet can be toggled back to the initial state by
applying a static magnetic field, resulting in self-sustained
oscillations of the magnetization in the free ferromagnetic
layer. The nature of the self-sustained oscillations is gov-
erned by the magnetization dynamics incited by the spin-
current profile. These self-sustained oscillations in the
magnetization translate to high-frequency electrical signals
due to the magnetoresistance (MR) effect. The microwave
power output thus translated is directly associated with the
electrical readout (i.e., theMR) and the ratio I=IC [4], where
I is the bias current and IC is the critical current required for
magnetization switching.
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One may anticipate an increase in the power output by
ramping up the ratio I=IC, which can be achieved at a
higher voltage bias. However, a higher bias reduces, in turn,
the MR of the device, as evidenced in experiments as well
as through our simulation results [see Fig. 3(b)], ultimately
resulting in a reduction in the microwave output power.
Therefore, high microwave power outputs through STNOs
can be achieved by designing a device that combines high
MR and low switching bias. Various studies have focused
on lowering IC by tailoring the magnetic properties of the
ferromagnetic layer while preserving the higher MR. They
have estimated that the maximum power delivered to a
matched load is around 1 μW, while the maximum
achieved power in experiments to date is still around
0.3 μW [11]. In this work, we thus propose harvesting
the higher MR and the lower switching bias emerging from
resonant spin-filtering physics [12,13,16] to increase the
microwave power and the conversion efficiency of STNOs.

II. DEVICE DESIGN

Device schematics for both the trilayer and the pentalayer
structures are depicted in Figs. 1(a) and 1(b), respectively.
The equivalent circuit is schematized in Fig. 1(c). These
designs have been simulated by employing the non-
equilibrium Green’s function (NEGF) [17] spin-transport

formalism coupled with Poisson’s equation and the Landau-
Lifshitz-Gilbert-Slonczewski (LLGS) [15] equation.Details
of the calculations are given inAppendixA. In this work, we
also take into account the thermal noise in the form of
magnetic-field fluctuations h⃗r in theLLGSequationwith the
following statistical properties [18]:

hhfl;iðtÞi ¼ 0; hhfl;ihfl;jðsÞi ¼ 2Dδijδðt − sÞ; ð1Þ
where i and j are Cartesian indices and h� � �i represents the
ensemble average. The strength of the fluctuationD is given
by

D ¼ α

1þ α2
kBT

γμ0MSV
; ð2Þ

where α is the Gilbert-damping parameter, γ is the gyro-
magnetic ratio of the electron, μ0 is the free-space per-
meability constant, kB is the Boltzmann constant, T is the
temperature of the magnetic layer, and MS and V are the
saturation magnetization and the volume of the free layer,
respectively.
In the results that follow, the parameters chosen for the

magnetization dynamics are α ¼ 0.01, the saturation mag-
netization MS ¼ 1200 emu=cm3, γ ¼ 17.6 MHz=Oe, and
the anisotropy field Hk ¼ 75 Oe along the ẑ axis, which
have all been extracted from Zeng et al. [11] after removing
the zero-bias field and the demagnetization field of Hd ¼
1500 Oe [11] along the ŷ axis. The cross-section area of all
of the devices considered is 70 × 160 nm2, with the
thickness of the free ferromagnetic layer taken to be
1.6 nm. All of the simulations are done at room temper-
ature. The RTMTJ structure shown in Fig. 1(b) may be
realized via a heterostructure of MgO and a stoichiomet-
rically substituted ZnO ðZn1−xMgxOÞ, whose band gap and
work function may be tuned [19], particularly for the
presented device design, has a stoichiometric fraction of
Mg, x ¼ 0.43 (see Appendix A 2).

III. RESULTS AND ANALYSIS

We show in Fig. 2(a), the current-voltage (I-V) charac-
teristics of a trilayer device in a parallel configuration (PC)
and in an antiparallel configuration (APC). The charge
current is smaller in magnitude in the APC than in the PC
due to spin-dependent tunneling in a trilayer device. The
TMR is defined as TMR ¼ ðRAP − RPÞ=ðRPÞ, where RP
and RAP are the resistances in the parallel and antiparallel
configurations, respectively. The TMR variation with
the voltage for a trilayer device is shown in Fig. 2(b).
Figure 2(c) shows the variation of the Slonczewski term
[20] (IS∥) of the spin current (see Appendix A) with bias
voltage. The Slonczewski term can either enhance the
damping in the magnetization dynamics or compensate for
the damping processes in the magnetic system, regulated by
the direction of current. It can be seen from Fig. 2(d) that
the fieldlike term [20] (IS⊥) of the spin current is nonzero at

FIG. 1. Oscillator design schematics. (a) Trilayer device with an
insulating MgO layer between the free and fixed ferromagnetic
(FM) layers. (b) The RTMTJ-based device comprises a
MgO-Zn1−xMgxO-MgO heterostructure between the free and
fixed ferromagnetic layers. An external-field magnetic field
(Hext) is applied along the x̂ direction. (c) Circuit diagram of
a STNO biased by a voltage source with the microwave power
delivered to a load resistor RL.
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zero bias. This zero-bias component is a dissipationless
spin current and represents the exchange coupling between
the ferromagnets due to the tunnel barrier [15]. This
exchange coupling can be either ferromagnetic or anti-
ferromagnetic in nature depending upon the relative posi-
tioning of the conduction bands in the ferromagnets and the
insulator. The exchange coupling is of an antiferromagnetic
nature in MgO-based trilayer devices. The fieldlike term
serves as the effective magnetic field in the magnetization
dynamics.
The RTMTJ device has an ultrahigh TMR, as shown in

Fig. 3(b), which can be tuned via appropriate positioning of
the transmission peaks with respect to the Fermi level and
the ferromagnetic exchange splitting Δ [13]. The resonant
conduction in the PC and the off-resonant conduction in the
APC [Fig. 3(a)] are responsible for the ultrahigh TMR [13].
The larger Slonczewski term IS∥ in the RTMTJ device, as
shown in Fig. 3(c), can be attributed to the resonant
conduction and enhanced spin filtering [13]. We show in
Fig. 3(d) the variation of IS⊥ (the fieldlike term) with
voltage. Here, it is interesting to note that, at zero bias, the
exchange coupling is ferromagnetic in nature for the
RTMTJ structure, and an applied bias tries to change this
exchange coupling to antiferromagnetic. Thus, at some
applied bias it is possible to decimate the exchange
coupling in the RTMTJ structure.
In the case of STNOs, the nonlinearity parameters can be

varied over a wide range by changing the orientation and

magnitude of the applied magnetic field [4]. When the
orientation and magnitude of the external field in the plane
of magnetization [see Fig. 1(a)] is varied, we notice that the
external magnetic field perpendicular to the easy axis leads
to high microwave power outputs and narrow linewidths,
consistent with the results in an earlier theoretical work [4].
Based on the circuit diagram shown in Fig. 1(c), we

model the STNO as a source of time-varying resistance
connected with a 50-Ω load resistance. The power delivered
to the load resistance constitutes the useful microwave
power that can be extracted from the STNO and is given by

Pac ¼ RLVar

�
RSðtÞISðtÞ
RSðtÞ þ RL

�
; ð3Þ

where RL ¼ 50 Ω and RSðtÞ ¼ V=ISðtÞ is the source
resistance and “Var” is the variance of the time-dependent
term. We show in Fig. 4(a) the microwave power as a
function of voltage in the trilayer device when an in-plane
field is applied perpendicular to the easy axis of the free
ferromagnetic layer. It is noted that the microwave power
increases with applied bias due to the large spin current
[Fig. 2(c)], which results in large amplitude peak-to-peak
magnetization dynamics translating to a large microwave
power output. However, with a further increase in bias
voltage, the microwave power starts to fall off due to the
reduction in the TMR at higher voltages [Fig. 2(b)]. We
show in Fig. 4(b) the variation of central frequency (fC) of

FIG. 2. Trilayer device characteristics. (a) Current variation
with bias voltage in the parallel configuration (PC) and the
antiparallel configuration (APC), (b) TMR variation with bias
voltage, (c) IS∥ (Slonczewski term), and (d) IS⊥ (fieldlike term)
variation with voltage at the perpendicular configuration of free
and fixed ferromagnets.

FIG. 3. Pentalayer device (RTMTJ) characteristics. (a) Current
variation with bias voltage in the PC and the APC. (b) TMR
variation with bias voltage. (c) IS∥ (Slonczewski term). (d) IS⊥
(fieldlike term) variation with voltage at the perpendicular
configuration of free and fixed ferromagnets. We also show
the angular dependence of the spin current in Appendix A 3
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microwave oscillations with bias for a trilayer device.
These trends in the power output and fC can be understood
by analyzing how the dynamic resistance (ΔRdynamic), the
static resistance (ΔRstatic) and the average resistance (Ravg)
vary with voltage, as shown in Fig. 4(d). The dynamic
resistance is the maximum change in the resistance of the
device as the current oscillates, i.e., ΔRdynamic ¼ V=Imin −
V=Imax [21]. The static resistance is the change in the
resistance due to the MR effect, i.e., ΔRstatic ¼ RAPðVÞ −
RPðVÞ [21]. With an increase in bias, ΔRdynamic approaches
ΔRstatic, as can be seen in Fig. 4(d), signifying large peak-
to-peak magnetization dynamics and out-of-plane oscilla-
tions of the free ferromagnetic layer [21] (see Fig. 15). The
point of peak microwave power [Fig. 4(a)] is shifted by a
small amount from the point where ΔRdynamic approaches
ΔRstatic due to the loading effect of RL. As the microwave
power delivered to the load increases when the load and the
source have the same resistances, any reduction in Ravg

increases the microwave power. However, with a further
increase in the bias, ΔRdynamic starts to deviate from
ΔRstatic, as seen in Fig. 4, resulting in a reduction of
microwave output power. It can be seen that the central
frequency [Fig. 4(b)] also peaks at around the same voltage
point where ΔRdynamic approaches ΔRstatic. The frequency
of oscillations (fC) is determined by the demagnetization
field with fC ∝ my, where my is the out-of-plane compo-
nent of the magnetization unit vector. Therefore, fC
increases as ΔRdynamic approaches ΔRstatic, associated with
a higher component of the out-of-plane magnetization (see

Fig. 15). As the bias is further increased, the reduction in
ΔRdynamic is more in comparison to ΔRstatic, resulting in a
smaller out-of-plane magnetization component which addi-
tionally causes the central frequency to fall at a higher
voltage. Figure 4(c) shows the linewidth of the microwave
signal as a function of bias voltage for the trilayer device. It
is observed that the linewidth falls to 11 MHz at V ¼ 0.16,
delivering 0.51 μW power to the 50-Ω load at a central
frequency of 860 MHz.
The microwave power for the RTMTJ-based oscillator

follows a similar trend as a trilayer-based oscillator, as can
be seen in Fig. 5(a). The frequency of oscillations is higher
in the RTMTJ-based oscillator due to the larger spin
currents [see Fig. 5(b)] compared to the trilayer device.
The linewidth is also larger in this device, as shown in
Fig. 5(c), but has nearly the same quality factor as that of
the trilayer device. The central frequency for the RTMTJ
device increases monotonically with voltage as ΔRdynamic

steadily approaches ΔRstatic [Fig. 5(d)], making the device
more suitable for the high-frequency applications.
Furthermore, it can be seen from Fig. 6(a) that the

microwave power delivered to the load by the trilayer
device has two operating regimes, designated as the “usual
regime” and the “high-power regime.” The maximum
power delivered to the load in the usual regime is around
0.5 μW. In the high-power regime, the microwave output
power is nearly 1 μW under a bias of V ¼ 0.34 and an
external field of Hext ¼ 605 Oe. The conversion efficiency,

FIG. 4. Voltage-induced precession of the trilayer-MTJ device.
(a) Voltage dependence of microwave power delivered to the
50-Ω load. (b) Peak frequency. (c) Full width at half maximum
(FWHM) Δf. (d) Resistance variation (ΔRstatic, ΔRdynamic, Ravg)
as a function of the bias voltage.

FIG. 5. Voltage-induced precession of the RTMTJ device.
(a) Voltage dependence of microwave power delivered to the
50-Ω load. (b) Peak frequency. (c) FWHM Δf. (d) Resistance
variation (ΔRstatic, ΔRdynamic, Ravg) as a function of the applied
bias voltage.
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i.e., η ¼ Pac=Pinput, of the trilayer-based oscillator at the
maximum microwave output power point is 0.23%. The
high power outputs in this regime can be associated with
comparable dynamic and static resistances (ΔRdynamic ¼
132 Ω, ΔRstatic ¼ 132.1 Ω), along with a small average
resistance (Ravg ¼ 299 Ω). Because of the high spin current
in the high-power regime, the frequency of oscillations is
higher than in the usual regime. At the maximum power
point in the high-power regime, the frequency of oscil-
lations is fC ¼ 2.45 GHz. It can seen from Fig. 6(b) that
the efficiency of a trilayer-based oscillator is higher in the
usual regime than in the high-power regime due to the small
input voltage bias.
Figure 7(a) shows the microwave power delivered to the

50-Ω load by a RTMTJ-based oscillator. The RTMTJ-based
oscillator has two major features—namely, the high output
power [see Fig. 7(a)] and the ultrahigh conversion efficiency
[see Fig. 7(b)]—compared to the trilayer-based oscillator
device [see Figs. 6(a) and 6(b)]. The power regimewith large
efficiency for the RTMTJ-based oscillator lies between
0.16 < voltageðVÞ < 0.32 and field of 60 < HðOeÞ <
400. The maximum power delivered in the high-efficiency
power regime to the 50-Ω load is 6.33 μW, which occurs at
V ¼ 0.02 V and an external field Hext ¼ 390 Oe. The
efficiency of the RTMTJ device at maximum power is
2.82%. Hence, the RTMTJ-based oscillator delivers nearly
500% higher power and is 1100% more efficient than the

trilayer-based oscillator operating in the high-power regime.
Furthermore, the RTMTJ-based device oscillator delivers
nearly 1150%more power than the trilayer device operating
in the usual regime.

A. Robustness of the design

We now evaluate the robustness of the RTMTJ-based
oscillator by considering a small fluctuation in the width of
the middle layer (the quantum well) of the heterostructure
and including the effect of dephasing. First, we will discuss
the effect of the thickness fluctuation on the STNO
performance. The superior functionality of the RTMTJ
device as a STNO relies on an ultrahigh TMR and the large
spin current, which in turn depends on the appropriate
positioning of the transmission peak [13]. The transmis-
sion-peak position in the pentalayer structure is highly
sensitive to the quantum-well-region thickness. The
RTMTJ design which we have analyzed has a well region
1 nm thick (Appendix A 2). We show in Fig. 8(a) the power
spectrum for a STNO based on a RTMTJ having a 0.9-nm
quantum-well thickness. The reduction in the well thick-
ness reduces the TMR of the device from 2500% to 1800%,
which in turn decreases the microwave power output. One
the other hand, for a well thickness of 1.2 nm, the
microwave output power, as shown in Fig. 8(a), increases
up to 8 μW due to an enhancement in the TMR (3300%). It
is worth noting here that the thickness fluctuation of the
well region does not drastically change the TMR and the
spin current due to the feedback or restoring effect of
Poisson charging in the middle region of the RTMTJ
structure. The RTMTJ structure with a semiconductor layer
[22] as a quantum well are robust to thickness fluctuations
relative to a RTMTJ with a normal metal as the middle layer
[23,24]. The restoring effect of the Poisson charging makes
the design of the RTMTJ-based STNOs robust to small
fluctuations in the width of the middle region.
We show in Fig. 9 the effect of elastic dephasing, which

includes momentum and phase relaxation on the power
spectrum of the RTMTJ-based oscillators. Elastic dephasing
in the system can arise via scattering due to the ionized

FIG. 6. Voltage-field diagram of the trilayer-MTJ device for
(a) microwave power delivered to a 50-Ω load and (b) conversion
efficiency η (%).

FIG. 7. Voltage-field diagram of the RTMTJ device for (a) mi-
crowave power delivered to a 50-Ω load and (b) a conversion
efficiency η (%).

FIG. 8. Voltage-field diagram of the RTMTJ devices, with the
microwave power delivered to a 50-Ω load by RTMTJs having
the well widths (a) 0.9 nm and (b) 1.2 nm.
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impurities, alloy disorder, and/or surface roughness. The
dephasing strength is quantified by the parameter D0. We
include the effect of dephasing in a phenomenological
manner by varying the dephasing strength D0

(Appendix A 1). It can be inferred from Fig. 9 that the
microwave power output remains nearly the same, while the
power spectrum deteriorates with increasing dephasing
strength. This phenomenon can be understood by noticing
a small increase in the charge current in the noncollinear
configuration of ferromagnets due to partial off resonance
[17] and a reduction in the spin current (Fig. 13).We show in
Fig. 10(a) the frequency of oscillation in the presence of
dephasing. The frequency of oscillation also decreases in the
presence of dephasing due to a reduction in the spin current.
Figure 10(b) shows the variation of the FWHMwith voltage
in the presence of dephasing.

IV. CONCLUSIONS

In this work, we propose and explore designs of STNOs
based on resonant tunneling to harvest two of its special
features, i.e., its ultrahigh TMR and its capability of
exhibiting large spin currents at small bias voltages. We
demonstrate that resonant spin filtering of the RTMTJ
makes it the most suitable candidate for next-generation
STNOs from a device perspective. We estimate that STNOs
based on the RTMTJ devices deliver 1150% higher micro-
wave power with 1100% higher efficiency than trilayer-
MTJ-based oscillators. We also analyze the robustness of
our STNO designs with respect to small thickness fluctua-
tions of the quantum-well region as well as the dephasing
process. We believe that the viable device designs presented
here will open up alternative frontiers for experimental
considerations of pentalayer structures and theoretical
investigations of spin feedback oscillators [25,26] based
on such structures. The RTMTJ based oscillators can pave
the way for next-generation STNOs for modern commu-
nications [8].
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APPENDIX A: THEORETICAL FORMULATION

We sketch the essential details of the NEGF simulation
procedure [20,27–30] that was used to analyze the nano-
oscillator device designs, based on the device structures
detailed in Fig. 11. The trilayer MTJ has a layer of MgO
between the magnets, while the RTMTJ has a heterostruc-
ture of MgO-Zn1−xMgxO-MgO sandwiched between the
fixed and free magnets, leading to resonant peaks in the
transmission spectrum. The magnetization of the fixed
layer is along the ẑ axis, and that of the free layer changes
with an applied bias and magnetic field.
The NEGF spin-transport formalism self-consistently

coupled with the stochastic LLGS and Poisson’s equations
within the effective-mass framework is employed to
calculate the charge and spin currents in the devices
[20,27,29–31], as shown in Fig. 12. We start with an
energy-resolved, spin-dependent, single-particle Green’s-
function matrix ½GðEÞ� evaluated from the device
Hamiltonian matrix [H] given by

½GðEÞ� ¼ ½EI −H − Σ�−1; ðA1Þ

½Σ� ¼ ½ΣT � þ ½ΣB�; ðA2Þ

where the device Hamiltonian matrix, ½H� ¼ ½H0� þ ½U�,
comprises the device tight-binding matrix, ½H0�, and the

FIG. 9. Effect of elastic dephasing on a voltage-field diagram of
the RTMTJ devices, with the microwave power delivered
to a 50-Ω load by RTMTJ-based STNOs with the dephasing
strengths (a) D0 ¼ 0.0012 eV2, (b) D0 ¼ 0.0025 eV2, (c) D0 ¼
0.005 eV2, and (d) D0 ¼ 0.02 eV2.

FIG. 10. (a) Voltage dependence of peak frequency. (b) FWHM
Δf as a function of the bias voltage in the presence of dephasing
with a strength D0 ¼ 0.02 eV2.
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Coulomb charging matrix, [U], in real space, and [I] is the
identity matrix with the dimensionality of the device
Hamiltonian. The quantities ½ΣT � and ½ΣB� represent the
self-energy matrices [31] of the top and bottom magnetic
layers evaluated within the tight-binding framework [27,28].
A typical matrix representation of any quantity [A]
defined above entails the use of the matrix element
Aðy; y0; kz; k0z; kx; k0x; EÞ, indexed on the real space y and
the transverse-mode space kz, kx. To account for the finite
cross section, we follow the uncoupled-transverse-mode
approach, with each transverse mode indexed as kz, kx
evaluated by solving the subband eigenvalue problem
[28,29,32].
The charging matrix, [U], is obtained via a self-con-

sistent calculation with Poisson’s equation along the trans-
port direction ŷ given by

d
dy

�
ϵrðyÞ

d
dy

UðyÞ
�

¼ −q2

ϵ0
nðyÞ; ðA3Þ

nðyÞ ¼ 1

Aa0

X
kz;kx

Gnðy; kz; kxÞ; ðA4Þ

with Gnðy; kz; kxÞ ¼ Gnðy; y; kz; kz; kx; kxÞ being a diago-
nal element of the energy-resolved electron-correlation
matrix ½GnðEÞ� given by

½Gn� ¼
Z

dE½GðEÞ�½ΣinðEÞ�½GðEÞ�†; ðA5Þ

½ΣinðEÞ� ¼ ½ΓTðEÞ�fTðEÞ þ ½ΓBðEÞ�fBðEÞ; ðA6Þ
Here, ½ΓTðEÞ� ¼ ið½ΣTðEÞ� − ½ΣTðEÞ�†Þ and ½ΓBðEÞ� ¼
ið½ΣBðEÞ� − ½ΣBðEÞ�†Þ are the spin-dependent broadening
matrices [31] of the top and bottom contacts. The Fermi-
Dirac distributions of the top and bottom contacts are given
by fTðEÞ and fBðEÞ, respectively. Here, UðzÞ is the
potential profile inside the device subject to the boundary
conditions; Ufixed FM ¼ −qV=2 and Ufree FM ¼ qV=2, with
V being the applied voltage; A is the cross-section area of
the device; a0 is the interatomic spacing in effective-mass
framework; and ℏ is the reduced Planck’s constant.
The summit of the calculation is the evaluation of charge

currents following the self-consistent convergence of
Eqs. (A3) and (A4). The matrix element of the charge
current operator Îop representing the charge current
between two lattice points i and iþ 1 is given by [17]

Iop;i;iþ1 ¼
i
ℏ
ðHi;iþ1Gn

iþ1;i −Gn†
i;iþ1H

†
iþ1;iÞ; ðA7Þ

following which the charge current I and spin current IS are
given by I ¼ q

R
dEReal½TraceðÎopÞ�, ISσ ¼ q

R
dEReal ×

½TraceðσS · ÎopÞ�, respectively, where the current operator
Îop is a 2 × 2 matrix in spin space, H is the Hamiltonian
matrix of the system, and q is the electronic charge.
We resolve the spin current as I⃗S ¼ IS;mm̂þ IS;∥M̂ þ

IS;⊥M̂ × m̂. The IS∥ value along M̂ is known as the
Slonczewski spin-transfer-torque term and the IS⊥ value
along M̂ × m̂ is known as the fieldlike term. We use the
LLGS equation to calculate the magnetization dynamics of
the free layer in the presence of an applied magnetic field
and spin current [15,33]:

ð1þ α2Þ ∂m̂∂t ¼ −γm̂ × ðH⃗eff þ h⃗flÞ

− γαfm̂ × ½m̂ × ðH⃗eff þ h⃗flÞ�g

−
γℏ

2qMSV
f½m̂ × ðm̂ × I⃗SÞ� − αðm̂ × I⃗SÞg;

where m̂ is the unit vector along the direction of magneti-
zation of the free magnet, γ is the gyromagnetic ratio of the
electron, and α is the Gilbert-damping parameter. H⃗eff ¼
H⃗app þHkmzẑ −Hdmxx̂ is the effectivemagnetic field,with

H⃗app being the applied external field, Hk ¼ ð2Ku∥=MSÞ
being the anisotropy field, and Hd ¼ 4πNxMs −
ð2Ku⊥=MSÞ being the effective demagnetization field. Nx

FIG. 11. Energy band schematic. (a) A trilayer MTJ device at
equilibrium along the ŷ direction. The ferromagnetic contacts
have an exchange energy of Δ, with Ef being the Fermi energy
and UB the barrier height in MgO above the Fermi energy. (b) A
RTMTJ device at equilibrium along the ŷ direction. Here, UBW is
the difference between the bottom of the conduction band of the
ferromagnet and the normal metal or semiconductor.

FIG. 12. Simulation engine for a nonequilibrium Green’s-
function spin-transport formalism self-consistently coupled to
the stochastic Landau-Lifshitz-Gilbert-Slonczewski and Pois-
son’s equations.
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is the demagnetization factor [34,35], Ku∥ and Ku⊥ are in-
plane and perpendicular uniaxial anisotropy constants,
respectively, MS is the saturation magnetization of the free
layer, and V is the volume of the free ferromagnetic layer. In
this work, we also take into account the thermal noise in the
form of magnetic-field fluctuations h⃗r in the LLGS equation
with the following statistical properties [18]:

hhfl;iðtÞi ¼ 0; hhfl;ihfl;jðsÞi ¼ 2Dδijδðt − sÞ; ðA8Þ
where i and j are Cartesian indices and h� � �i represents the
ensemble average. The strength of the fluctuationD is given
by

D ¼ α

1þ α2
kBT

γμ0MSV
; ðA9Þ

where μ0 is the free-space permeability constant, kB is the
Boltzmann constant, and T is the temperature of the mag-
netic layer.

1. Elastic dephasing

In the presence of dephasing, Eqs. (A2) and (A6) are
modified as

½ΣðEÞ� ¼ ½ΣTðEÞ� þ ½ΣBðEÞ� þ ½Σ0ðEÞ�; ðA10Þ
½ΣinðEÞ� ¼ ½ΓTðEÞ�fTðEÞ þ ½ΓBðEÞ�fBðEÞ þ ½Σin

0 ðEÞ�:
ðA11Þ

For dephasing processes, Σ0ðEÞ and Σin
0 ðEÞ are given by

½Σ0ðEÞ� ¼ D × ½GðEÞ�; ðA12Þ
½Σin

0 ðEÞ� ¼ D × ½GnðEÞ�; ðA13Þ
where × denotes element-by-element multiplication. The
matrix elements of [D] denote the correlation function of
the random potential due to impurities [17,36].
In our simulations, we account for the dephasing which

destroys momentum and phase withDij ¼ D0 for i ¼ j and
Dij ¼ 0 for i ≠ j by a self-consistent solution of Eqs. (A1),
(A10), (A5), and (A11). The magnitude of D0 signifies the
strength of the dephasing.
In Figs. 13(a) and 13(b), we show the effect of

dephasing on the transmission peak in the PC of ferro-
magnets and the I-V characteristics of the RTMTJ device
in the perpendicular configuration of ferromagnets,
respectively. We show in Fig. 13(c) the effect of dephas-
ing on the angular dependence of the charge current. In
the noncollinear configuration of the ferromagnets, there
is an increase in the charge current in the presence of
dephasing due to a partial off-resonance conduction. It
can be inferred from Table I that, in the PC, the
percentage reduction in the charge current (0.7%) with
dephasing is smaller than the percentage increase in the
charge current (3.4%), with dephasing in the APC due to

off resonance [17]. Thus, dephasing reduces the TMR of
the RTMTJ device, as shown in Table I. The Slonczewski
(IS∥) spin current also decreases with dephasing due to
phase relaxation, as depicted in Fig. 13(d). It is interesting
to note, from Table I, that the spin current is more
sensitive to dephasing than the TMR of the RTMTJ
device. We also believe that a more detailed study of
elastic and inelastic scattering in the RTMTJ structure
may lead to some interesting physics, especially in the
nonlinear configuration of the ferromagnets, which will
be discussed in an upcoming work.

2. Numerical-simulation details

We now outline the details of the numerical simulation.
We use the effective-mass Hamiltonian to describe the

FIG. 13. (a) Transmission spectrum for up-spin electrons in the
presence of dephasing for the lowest-order transverse mode.
(b) I-V characteristics in the presence of dephasing in the
perpendicular configuration of the ferromagnets. The effect of
dephasing on the angular dependence of (c) the charge current
and (d) IS∥ (the Slonczewski term) at V ¼ 20 mV is shown.

TABLE I. Effect of dephasing on a RTMTJ device at
V ¼ 20 mV.

D0 (eV2)
T-peak %
reduction IPC (mA) IAPC (mA) TMR (%)

Is∥ (mA)
θ ¼ π=2

0 0 0.2296 0.0088 2509 0.1297
0.0025 25 0.2293 0.0089 2482 0.0103
0.0050 40 0.2280 0.0089 2453 0.0888
0.0200 60 0.2280 0.0091 2416 0.0612

SHARMA, TULAPURKAR, and MURALIDHARAN PHYS. REV. APPLIED 8, 064014 (2017)

064014-8



RTMTJ heterostructure within the tight-binding formalism
along the direction of transport. The well region consists of
stoichiometrically substituted ZnO with Mg ðZn1−xMgxOÞ,
whose band gap and work function may be tuned; the
presented device design has a stoichiometric fraction of
Mg, x ¼ 0.43. The effective mass and band offset of the
well region (UBW) is obtained by linear interpolation
between the effective masses and the band offsets of
MgO and ZnO, weighted appropriately by a stoichiometric
fraction of Mg. The effective mass of MgO is mOX ¼
0.16me [28] and of ZnO is mZnO ¼ 0.29me [19], with me
being the free-electron mass [28,37,38]. The band offset
between MgO and ZnO is UBW ¼ −0.51 eV [19]. We use
(Co,Fe)B as a ferromagnet, with the Fermi energy
Ef ¼ 2.25 eV, exchange splitting Δ ¼ 2.15 eV, and effec-
tive mass mFM ¼ 0.38me [28,38]. The barrier height of the
(Co,Fe)B-MgO interface is UB ¼ 0.76 eV above the Fermi
energy [28,37]. The thickness of the barrier region and the
well region isWB ¼ 0.8 nm andWW ¼ 1 nm, respectively.
The RTMTJ may also be realized by a heterostructure of
MgO either with Ge [39] or with a stoichiometrically
substituted MgO ðMgxZn1−xOÞ with Zn, whose band gap
and work function may be tailored [40]. We discretize the
effective-mass Hamiltonian with a lattice constant of a ¼
0.25 Å such that a further reduction in the lattice constant
does not affect the results significantly. This approach to
discretizing the effective-mass Hamiltonian and recasting it
in the tight-binding formalism was used extensively in
many previous works [12,20,27–30,38].
We show in Fig. 12 the simulation engine to solve the

coupled dynamics of the ferromagnet and spin transport.
Although the simulation engine seems to be computation-
ally very heavy, the simulation time can be significantly
reduced by making an observation that the self-consistent
solution of the NEGF with Poisson’s equation needs to be
done only once at a particular voltage for different relative
orientations between the fixed and free ferromagnets. The
Poisson potential across the structure remains nearly the
same for different angles between the fixed and free
ferromagnets at a particular bias voltage, which reduces
the simulation time by a considerable amount.
We recast the LLGS equation in the Langevin form to

take into account Gaussian stochastic processes to solve the
Fokker-Planck equation. We use the numerical Heun
scheme to correctly solve the stochastic magnetization
dynamics as pointed by García-Palacios and Lázaro [18].
We take the integration step of the stochastic LLGS
equation as 1 psec. To determine the central frequency
of oscillation and the FWHM, we simulate the magneti-
zation dynamics for 0.1 μ sec and take the ensemble
average of the signal’s fast Fourier transform over 1000
samples. On the other hand, the microwave power is
calculated using Eq. (3), which eliminates the need for
longtime magnetization-dynamics simulations.

3. Angular dependence of the current

Figure 14(a) shows the variation of the charge current
with azimuthal angle between fixed and free ferromagnets.
We show in Fig. 14(b) the angular dependence of IS∥ (the
Slonczewski term) at different voltages. The angular
dependence of the spin current varies with voltage and
significantly deviates from that of the trilayer-MTJ device
[32] and a double-barrier structure with a ferromagnet in
the quantum-well region [41].

APPENDIX B: MAGNETIZATION DYNAMICS

We show in Fig. 15 the magnetization dynamics of the
trilayer device under different applied biases. It can be seen
in Fig. 15 that, as the bias voltage increases, the out-of-
plane component of the magnetization increases (my) due
to the large spin current, which results in a high frequency
of oscillations. Also, it can be seen from Fig. 15 that the

FIG. 14. Angular dependence of (a) charge current and (b) IS∥
(the Slonczewski term). The currents at the two different voltages
are normalized to their values at perpendicular configurations of
the fixed and free ferromagnetic layers.

FIG. 15. Magnetization dynamics of the trilayer-MTJ device
with (a) an applied bias of V ¼ 0.10 V, (b) V ¼ 0.14 V, and
(c) V ¼ 0.16 V, and an applied magnetic field of 100 Oe.
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spread in the magnetization dynamics due to thermal noise
reduces with the bias voltage, resulting in small linewidths
of oscillations.
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