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We demonstrate theoretically that the out-of-plane regime of operation of a spin-torque diode (SD) can be
achieved for the frequencies . 250 MHz without any external bias DC magnetic field, if the SD’s free layer
has a perpendicular magnetic anisotropy of the first and second order. We also show that such a device
can operate as a broadband energy harvester capable of converting of an incident RF power to a DC power
with conversion efficiency ∼ 5%. The developed analytical theory can be used for the development and
optimization of high-efficiency RF detectors and energy harvesters based on spintronic diodes.

With the advances of the Internet of Things and RFID
technologies and wide application of micro- and nano-
scale wireless devices that require independent power
supplies, the problems of efficient RF signal detection
and energy harvesting (EH) from ambient sources of ra-
diation become critically important1–5. Both these prob-
lems can be solved with the help of spin-torque diodes
(SDs) based on magnetic tunnel junctions (MTJs)6–15.
In such a diode, input current I(t) = IRF cos(ωt) sub-
jected to an MTJ excites variations of the junction re-
sistance R(t) with angular frequency that is close to the
current angular frequency ω = 2πf . After the mixing
of these resistance variations R(t) with the input cur-
rent I(t) an output DC voltage UDC across an MTJ
is produced, UDC = ⟨I(t)R(t)⟩ (here we used ansatz

⟨x⟩ = T−1
∫ T

0
x dt, T = 2π/ω = 1/f is the period of

the current oscillations)6–8.
There are several possible regimes of operation of a

SD7,8. Among them the most well known regime is the
resonance regime, which is thoroughly studied in6–12.
Another regime, the out-of-plane (OOP) regime (OOP-
regime), where the SD works as a non-resonant thresh-
old detector of low-frequency signals, is more suitable for
broadband RF signal detection and EH7,8,13–15. In the
OOP-regime, input RF current excites large-angle OOP
magnetization precession in the free layer (FL) of an
MTJ. In this case the diode’s output DC voltage UDC is
negligibly small for input current magnitudes IRF below
some threshold Ith . And the voltage UDC is rather large
and virtually does not depend on IRF , if IRF exceeds
the threshold Ith . It was shown in7,8,14 that the OOP-
regime is observable at low signal frequencies f smaller
than some threshold frequency fth.
In previous papers7,8,14, the OOP-regime in a SD was

studied, when a weak perpendicular bias DC magnetic
field was applied to the diode having isotropic FL. In
this article, however, we theoretically consider a more
interesting type of a SD, where the FL has a perpendic-
ular magnetic anisotropy (PMA) of the first and second
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FIG. 1. (Color online) Model of the considered spin-torque
diode (SD): circular nano-pillar of radius r consists of the free
layer of thickness l, a spacer, and the pinned layer. Under the
action of RF current I(t) the unit magnetization vector m
(solid blue arrow) is precessing along out-of-plane (OOP) tra-
jectory (dashed blue curve) about the direction (dashed blue
arrow) corresponded to the equilibrium cone state (CS) of the
magnetization. The direction of magnetization for other two
possible equilibrium states, the OOP and the in-plane (IP)
states, are shown by red dashed arrows, respectively. p = x̂
is the unit vector in the direction of the magnetization of the
pinned layer, x̂ is the unit vector of x-axis.

order. It will be shown below that such a device can oper-
ate in the absence of bias DC magnetic field and provide
rather large RF/DC power conversion efficiency in a wide
frequency range.

We consider a SD formed by a circular MTJ nano-pillar
(Fig. 1). We assume that the magnetization of the FL
M = mMs is spatially uniform and depends on time
t only (the macrospin approximation16), m ≡ m(t) is
the unit vector, and Ms is the saturation magnetization
of the FL. The magnetization of the pinned layer is as-
sumed to be completely fixed and its direction is defined
by the unit vector p = x̂, where x̂ is the unit vector of
x -axis. The FL of an MTJ has a strong PMA of the
first and second order15, characterized by the anisotropy
coefficients K1 and K2, respectively, and no in-plane
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anisotropy. There is no bias magnetic field applied to the
structure, thus the effective magnetic field Beff acting on
the FL’s magnetization M has contributions only from
the demagnetization field17 −ẑµ0Msmz and the PMA15

ẑ
[
B1mz + s2B2mz

(
1−m2

z

)]
, where ẑ is the unit vec-

tor of z -axis, mz = m · ẑ, µ0 is the vacuum permeabil-
ity, B1 = 2K1/Ms > 0 and B2 = 4K2/Ms > 0 are the
first- and second-order anisotropy fields, respectively, and
s2 = ±1 is the sign factor.

The magnetization dynamics in the FL is governed by
the Landau-Lifshits-Gilbert-Slonczewski equation7,8,18:

dm

dt
= γ [Beff ×m] + α

[
m× dm

dt

]
+

σI(t) [m× [m× p ]] , (1)

where γ ≈ 2π · 28 GHz/T is the modulus of the gy-
romagnetic ratio, α is the Gilbert damping constant,
σ = σ⊥/(1 + η2 cosβ) is the current-torque proportion-
ality coefficient, σ⊥ = (γ~/2e)η/(MsV ), ~ is the reduced
Planck constant, e is the modulus of the electron charge,
η is the spin-polarization of current, V = πr2l is the vol-
ume of the FL (r is its radius and l is its thickness), and
β = arccos(m·p) is the angle between the magnetizations
of the free and pinned layers.

Using the expression Beff = −(1/V )∂E/∂M from
Ref.17, one can analyze the dependence of the magne-
tization energy E on mz . It can be shown that there
are three possible equilibrium magnetization states in the
considered SD (see Fig. 1): the OOP state (m = ±ẑ,
mz = ±1), the in-plane (IP) state (m lies in the x -y
plane, mz = 0), and the cone state (CS) that corresponds
to the case 0 < |mz| < 1.

Among these three possible equilibrium magnetization
states, the CS can be the most suitable state for broad-
band RF signal detection and EH due to the existence of
optimal excitation conditions for the current-driven mag-
netization precession. This state can exist only when
B1 < µ0Ms and the sign factor s2 = +1, thus, the
effective magnetic field Beff has its final form Beff =
ẑ
[
−b0 +B2

(
1−m2

z

)]
mz, where b0 = µ0Ms − B1 > 0

is the “effective” first-order field that contributes from
the first-order PMA field and the demagnetization field.
A value of mz that corresponds to the equilibrium CS
of magnetization can be found as mz,CS = ±

√
1− ν,

where we introduced the field ratio ν = b0/B2 . Taking
into account that mz depends on the polar angle θ only
(mz = cos θ, see Fig. 1), one can estimate the equilibrium
angle θCS that corresponds to the CS of magnetization:
θCS = arccos(±

√
1− ν). It can be seen that the equi-

librium CS of magnetization is possible only when the
second-order PMA field B2 is stronger than the “effec-
tive” first-order field b0. When b0 → 0 the CS transforms
to the OOP state (mz → ±1), while at b0 → B2 the CS
turns into the IP state (mz → 0). Also it should be noted
that due to the symmetry of the problem (states with
mz > 0 and mz < 0 having the same absolute values of
mz are characterized by the same energy E), further we

can consider only magnetization dynamics m(t) on the
upper half of the unit sphere, hence, assuming mz > 0.

We present the unit vector m in (1) in the form m =
x̂ sin θ cosϕ+ ŷ sin θ sinϕ+ ẑ cos θ (ŷ is the unit vector of
y-axis) that allows one to write the equations for dθ/dt
and dϕ/dt :

dθ

dt
= −αωp sin θ + σI(t) (α sinϕ+ cos θ cosϕ)

1 + α2
, (2a)

dϕ

dt
=
ωp − σI(t) (α cot θ cosϕ− csc θ sinϕ)

1 + α2
. (2b)

Here θ ≡ θ(t) and ϕ ≡ ϕ(t) are the precession (po-
lar) and azimuthal (in-plane) angles, respectively (see
Fig. 1), ωp ≡ ωp(θ) = (ω2 sin

2 θ − ω0) cos θ is the fre-
quency of the OOP precession, ω0 = γb0 , ω2 = γB2 ,
so ν = ω0/ω2. Assuming that both the Gilbert damp-
ing constant α and input RF current magnitude IRF are
rather small, we can substantially simplify (2) by neglect-
ing terms proportional to α2 and αIRF. However, this
approach should not be used for the case of large-power
input signals (IRF ≫ Ith)

19.

The next step in our analysis is to estimate the av-
erage influence of an input RF current on the magneti-
zation dynamics. We assume that in the OOP-regime
the magnetization precesses around some equilibrium in-
clined axis (corresponded to the equilibrium CS with the
polar angle θCS) along approximately circular orbit (see
Fig. 1). First, we let θ ≈ const, ϕ ≈ sωt + ψ in the CS,
where ψ is the phase shift between the magnetization os-
cillations and the driving current, and the factor s = ±1
defines the direction of magnetization rotation. Second,
we average the simplified equations for θ and ϕ over the
period of oscillation T = 2π/ω of the driving current and
obtain the following equations for the slow variables θ
and ψ:⟨

dθ

dt

⟩
= −αωp sin θ − v

σ⊥IRF

2
cos θ cosψ , (3a)⟨

dψ

dt

⟩
= ωp − sω + u

σ⊥IRF

2

1

sin θ
sinψ . (3b)

Here u ≡ u(aη) = (1 − a2η)
−1/2

[
1− (

√
1− a2η − 1)2/a2η

]
and v ≡ v(aη) = (1 − a2η)

−1/2
[
1 + (

√
1− a2η − 1)2/a2η

]
are the dimensionless functions of parameter aη =
η2 sin θ. In typical experimental situation (η ≤ 0.7) the
values of u and v are close to 1 for all angles θ.

The OOP-regime of magnetization precession corre-
sponds to a stationary solution of (3): θ = θs = const,
ψ = ψs = const. In this case one can find the station-
ary value of the phase shift ψs : sinψs = (2/u)(sω −
ωp) sin θs/σ⊥IRF , cosψs = (−2α/v)ωp tan θs/σ⊥IRF ,
and then obtain the characteristic equation for the sta-
tionary precession angle θs:

(ωp − sω)
2
sin2 θs +

u2

v2
α2ω2

p tan
2 θs =

u2

2
σ2
⊥
PRF

R0
. (4)
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Here PRF = 0.5I2RFR0 is the input RF power acting on
the magnetization, and R0 = ⟨R(t)⟩ is the equilibrium
MTJ resistance.

Eq. (4) has solutions only for RF powers PRF larger
than a certain threshold power Pth = 0.5I2thR0. Numer-
ical analysis of (4) shows that the threshold power Pth

mainly contributes from the second term in the left-hand
side of the equation due to the quasi-resonant excitation
of magnetization precession (ωp ≈ sω). Taking this into
account one can obtain an expression for the threshold
power:

Pth ≈ 2
(α
v

)2
(
ω

σ⊥

)2

R0 tan
2 θth , (5a)

where the threshold angle θth is a real-value solution of
equation ωp(θth) = sω. Note, if one consider small oscil-
lations of magnetization around its equilibrium state20,
one can obtain from (4) an analytical expression for Pth:

Pth ≈ 2α2

(
ω

σ⊥

)2

R0
ν

v2 (1− ν) + α2u2
, (5b)

which is accurate at sufficiently low frequencies. Note
that the threshold powers Pth defined from (5) do not
depend on the direction of magnetization rotation (de-
termined by the sign factor s = ±1) and vanish in the
case ω → 0.

In order to analyze the stability of the magnetization
precession in the OOP-regime around the CS of mag-
netization, we consider small deviations δθ, δψ of vari-
ables θ, ψ near their stationary values θs and ψs , respec-
tively. Using standard stability analysis technique for
linearized equations with δθ, δψ, we found the two con-
ditions of stability: (i) dθ/dIRF > 0, and (ii) 6 sin2 θ >

4 + ν −
√
4(2− ν)2 − 3ν2. The condition (i) determines

the stable branch of solutions for θ, i.e. the branch for
which the angle θ increases with current magnitude IRF .
The condition (ii) is the condition on damping; it demon-
strates that damping should increase with θ, so the pre-
cession orbit should remain stable, and hence, the OOP
magnetization precession can be observable only for pre-
cession angles θ smaller than some critical angle defined
by condition (ii).

Output DC voltage generated by a SD can be evaluated
as UDC = ⟨I(t)R(t)⟩ = IRFR⊥ ⟨cos(ωt)/[1 + τ cosβ(t)]⟩,
where R(t) = R⊥/ [1 + τ cosβ(t)] is the MTJ
resistance11,15, R⊥ is the junction resistance for β =
π/2, τ = TMR/(2 + TMR), TMR is the tunnel-
ing magnetoresistance ratio of an MTJ, cosβ(t) =
m(t) · p = sin θs cos(sωt + ψs). Calculating analyti-
cally ⟨cos(ωt)/[1 + τ sin θs cos(sωt+ ψs)]⟩ and using ex-
pression for cosψs, an output DC voltage can be written
in a form

UDC = 2α
w

v
R⊥

ωp

σ⊥
tan θs ≈ wR⊥

√
2Pth

R0
. (6)

Here R0 = ⟨R(t)⟩ = w0R⊥, w ≡ w(aτ ) = (1−a2τ )−1/2(1−√
1− a2τ )/aτ and w0 ≡ w0(aτ ) = (1−a2τ )−1/2 are the di-

mensionless functions of parameter aτ = τ sin θs. Also
note that in the last expression for UDC we used assump-
tion ωp ≈ sω.

As one can see, just above the threshold (PRF & Pth )
output DC voltage UDC of a SD virtually does not depend
on the input RF power PRF and linearly increases with
the frequency ω (note that

√
Pth ∼ ω). This regime

of SD operation persists until PRF > Pth(ω), i.e. while
the signal frequency ω is smaller than some threshold
frequency ωth, which is defined from the equation PRF =
Pth(ωth).

The EH efficiency ζ defined as a ratio between output
DC power PDC = U2

DC/R0 and input microwave power
PRF = 0.5I2RFR0 can be written in a form

ζ =
PDC

PRF
≈ 2

(
Pth

PRF

)(
w

w0

)2

. (7)

For PRF ≥ Pth the maximum value of ζ (achieved at the

threshold) should be ζmax ≈ 2(1 −
√
1− a2τ )

2/a2τ that
gives a maximum possible value of ζmax ≈ 40% calcu-
lated for the tunneling magnetoresistance ratio TMR of
600%21. But with a decrease of TMR the maximum value
of EH efficiency ζmax substantially reduces, and, for in-
stance, for TMR = 1 one can obtain only ζmax ≈ 6%.
In real experiments, however, measured values of ζ may
be substantially smaller than the ζmax value due to the
impedance mismatch22 between an input transmission
line with impedance ZTL and a SD with impedance ZSD

connected to the line. To account this effect, one can
use in (7) the effective input power delivered into the
SD, Peff = PRF(1− |Γ|2), instead of incident power PRF,
where Γ = (ZSD − ZTL)/(ZSD + ZTL) is the reflection
coefficient22.

For comparison of the developed theory with ex-
perimental data and results of numerical simulations
we consider the case of the SD based on [PtMn(15)–
Co70Fe30(2.3)–Ru(0.85)–Co40Fe40B20(2.4)]/MgO(0.8)/
Co20Fe60B20(1.65) MTJ (thicknesses in nm) with the
following typical parameters (see15 and supplementary
to it): radius of the FL r = 50 nm, thickness of the
FL l = 1.65 nm, normalized saturation magnetization
of the FL µ0Ms = 1194 mT, first order PMA field
B1 = 1172 mT, second order PMA field B2 = 64 mT,
Gilbert damping constant α = 0.02, spin-polarization
efficiency of current η = 0.6. From the values of
B1 and B2, one can calculate the “effective” first-
order field b0 = 22 mT, the field or frequency ratio
ν = b0/B2 = ω0/ω2 = 0.344, z-component of the unit
magnetization vector m, mz,CS =

√
1− ν = 0.81, and

polar angle θCS = arccosmz,CS ≈ 36◦ that correspond
to the equilibrium CS of magnetization. Also using
the values of MTJ resistance in parallel (RP = 640 Ω)
and antiparallel (RAP = 1236 Ω) states and exper-
imentally found tunneling magnetoresistance ratio
TMR = (RAP − RP )/RP = 0.93, one can calculate

DISTRIBUTION A. Approved for public release; distribution unlimited. 



4

0 2 4 6 8 10 12 14 16 18 20

200

400

600

800

Frequency f = 250 MHz:

 Theory

 Simulations

 Experiment

O
u
tp

u
t 
D

C
 v

o
lt
a
g
e
 (

µV
)

Input RF power (µW)

(a)

50 100 150 200 250

100

200

300

400

500

600

700

800

900

(b)
RF power PRF = 3.2 µW:

 Theory

 Simulations

 Experiment

O
u
tp

u
t 
D

C
 v

o
lt
a
g
e
 (

µV
)

Input signal frequency (MHz)

FIG. 2. (Color online) The dependence of the output DC volt-
age UDC of a SD with chosen typical parameters on: (a) input
signal power PRF for the signal frequency of f = 250 MHz;
(b) input signal frequency f with the power of PRF = 3.2 µW.
Green solid lines are the analytical dependences given by
Eq. (6). Cross points are the results of macrospin numerical
simulations. Hollow violet circles corresponded to the exper-
imental data from15. All other parameters are indicated in
the text.

resistance of the SD in the perpendicular magnetic state
(β = π/2) R⊥ = 2RAPRP /(RAP +RP ) = 843 Ω.
To verify the theory we performed macrospin

simulations16 based on the numerical solution of (1) and
then calculated the output DC voltage using a general
expression UDC = ⟨I(t)R(t)⟩. The results obtained from
the developed theory (green solid lines), from our sim-
ulations (cross points), and the experimental data (cir-
cle points) from paper15 are shown in Fig. 2. As one
can see, in the OOP-regime the SD works as a broad-
band non-resonant threshold RF detector. The response
of the SD to an input RF power PRF is non-zero and al-
most constant for RF powers PRF that exceed frequency-
dependent threshold power Pth, thus, the power depen-
dence of the output DC voltage UDC has a step-like shape
(green solid curve and cross points in Fig. 2(a)): UDC ≈ 0
for PRF < Pth and UDC ≈ const for PRF > Pth . The non-
resonant response of the considered device to input RF

signals with different signal frequencies f , demonstrated
by the non-resonance dependence of UDC(f) (Fig. 2(b)),
can be observed only at low frequencies that are smaller
than some threshold frequency fth : UDC increases ap-
proximately linearly with the signal frequency f for
f < fth and UDC ≈ 0 for f > fth . The existence of
the threshold frequency fth follows from Eq. (5) for the
threshold power: with an increase of the signal frequency
f , the threshold power Pth required for proper device op-
eration also increases, and when this threshold power Pth

reaches and then exceeds the input signal RF power PRF,
magnetization oscillations in the device FL start to van-
ish.

The demonstrated behavior of a SD can be explained
by a strong nonlinear frequency shift of the large-
angle OOP magnetization precession14,18,23. During the
change of power PRF or frequency f of an input RF sig-
nal, the magnetization in the device FL “jumps” from one
stable OOP-trajectory to another, but the precession fre-
quency for these trajectories remains practically the same
and is mainly determined by a large nonlinear frequency
shift caused by the large precession amplitude14,18.

It should be noted that although the theoretically and
numerically calculated dependences of the output DC
voltage UDC on input signal power PRF and signal fre-
quency f , presented in Fig. 2, are in reasonable agree-
ment, these dependences only satisfactory correspond to
the experimental data from15.First, in15 almost linear de-
pendence of UDC on the signal frequency f is observed
only at frequencies . 100 MHz that agrees with our the-
oretical and simulation results (see Fig. 2(b)). However,
in the frequency range f > 125 MHz the experimen-
tally measured DC voltage UDC remains rather large and
weakly depends on the frequency f in contrast to the
developed theory that predicts UDC ∼ f for f < fth.
Second, the power dependence of the output DC voltage
UDC(PRF) measured in the experiment15 at the signal
frequency of 250 MHz has a similar, but blurred a step-
like shape as predicted by the theory (see Fig. 2(a)).
Thus, the developed theory is able to qualitatively ex-
plain the experimental results15 only in the range of suf-
ficiently low frequencies. We believe that some discrep-
ancy between the experiment15 and the theory, could be
explained by an influence of in-plane anisotropy in the
experiment and by the transition of the OOP magneti-
zation precession around the equilibrium CS of magne-
tization in the diode’s FL to a different magnetization
precession regime, which requires an additional study.

Also it is important to note, that the efficiency ζ of
RF/DC energy conversion for the SD with chosen typi-
cal parameters, calculated from the data of our numeri-
cal simulations, reaches 5.7% at the threshold that well
agrees with the theoretical dependence (7). If we take
into account the impedance mismatch effect discussed
above, ζ reduces down to 1.5%, but still remains rather
large for some practical applications.

In conclusion, we have shown theoretically that a spin-
torque diode (SD) having a first and second order perpen-
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dicular magnetic anisotropy of the free layer can be used
as an efficient RF signal detector and energy harvester
operating in the absence of a bias DC magnetic field. The
device generates a non-zero output DC voltage, when
the input RF power PRF subjected to the SD exceeds a
frequency-dependent power threshold Pth, and the volt-
age weakly depends on power for powers PRF > Pth.
Such a regime of diode operation is possible at low fre-
quencies below the threshold frequency dependent of RF
signal power and/or device geometry. Finally, it was
demonstrated that the energy harvesting efficiency for
such a harvester could exceed 5% (1.5% with an account
of the impedance mismatch effect) that is sufficient for
some practical applications.
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