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Operation of a spin-torque microwave detector (STMD) in a weak perpendicular bias magnetic
ﬁeld has been studied theoretically. It is shown that in this geometry a novel dynamical regime
of STMD operation, characterized by large-angle out-of-plane magnetization precession, can be
realized. The excitation of the large-angle precession has threshold character and is possible only
for input microwave currents exceeding a certain frequency-dependent critical value. The output
voltage of an STMD increases with the frequency of the input signal, but is virtually independent of
its power. An STMD operating in the out-of-plane regime can be used as a non-resonant threshold
detector of low frequency microwave signals and for applications in microwave energy harvesting.
PACS numbers: 85.75.-d, 07.57.Kp, 84.40.-x

I.

INTRODUCTION

The spin-transfer torque (STT) carried by a spinpolarized electric current1,2 can give rise to several
types of magnetization dynamics (magnetization autooscillations and reversal) and, therefore, allows one
to manipulate magnetization of a nano-scale magnetic
object3–7 . One of possible applications of the STT is the
spin-torque microwave detector (STMD) based on the
so-called spin-torque diode eﬀect8–11 . In an STMD, a
microwave current IRF (t) = IRF sin(ωt) is supplied to a
magnetic tunnel junction (MTJ) structure and excites
magnetization precession in the “free” magnetic layer
(FL). The resistance oscillations R(t) resulting from this
precession mix with the driving current IRF (t) to produce
the output DC voltage UDC = ⟨IRF (t)R(t)⟩ (here ⟨. . .⟩
denotes averaging over the period of oscillations 2π/ω of
the external microwave signal).
In the traditional regime of operation of an STMD8–10
STT excites a small-angle in-plane (IP) magnetization
precession about the equilibrium direction of magnetization in the FL of an MTJ (see the red dashed curve in
Fig. 1). Below we shall refer to this regime of STMD
operation as the IP-regime.
In contrast to the well-known IP-regime of STMD operation, in this paper we consider a diﬀerent regime of
operation of an STMD, based on the excitation of largeangle out-of-plane (OOP) magnetization precession under the action of an input microwave current IRF (t)
(see the blue dashed curve in Fig. 1). Using analytical
and numerical calculations, we show that all the major

STMD characteristics in the OOP-regime qualitatively
diﬀer from the ones in the traditional IP-regime. In particular, excitations in the OOP-regime do not have a resonance character and exist in a wide range of driving
frequencies. Also, the output DC voltage of an STMD
in the OOP regime is almost independent of the input
microwave power, provided it exceeds a certain threshold value. We believe that these properties of an STMD
in the OOP-regime will be useful for the development
of nano-sized threshold detectors with a large output DC
voltage and also for the applications in microwave energy
harvesting in the low-frequency region of the microwave
band.

II.
A.

THEORY
Model

We consider a simple model of an STMD, formed by
a circular MTJ nano-pillar (see Fig. 1). The magnetization of the pinned layer (PL) of the MTJ is assumed
to be completely ﬁxed and lie in the plane of the layer.
The direction of the PL magnetization p = x̂ determines
the spin-polarization axis. The radius r of the MTJ
nano-pillar is assumed to be suﬃciently small, so that
the magnetization of the free layer (FL) M ≡ M (t) is
spatially-uniform and can be treated in the macrospin
approximation.
In contrast with the traditional IP-regime we assume
that the STMD is biased by the perpendicular magnetic
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where R⊥ is the junction resistance in the perpendicular
magnetic state (β = π/2). The output DC voltage of the
STMD is equal to
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UDC = ⟨IRF (t)R(β(t))⟩ ,
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r
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where the angular brackets denote averaging over the period 2π/ω of the microwave current.
Equations (1)-(3) will be used below in analytical and
numerical calculations of the STMD performance in the
OOP-regime.
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PL
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FIG. 1. Model of the considered system: circular nanopillar of radius r consists of the “free” magnetic layer (FL)
of thickness d and the “pinned” magnetic layer (PL). Under
the action of microwave current IRF (t) = IRF sin(ωt) magnetization vector M (shown by a blue arrow) is precessing
along large-angle out-of-plane (OOP) trajectory (shown by
blue dashed curve) about the direction of the bias magnetic
ﬁeld B0 = ẑB0 (B0 < µ0 Ms ), µ0 is the vacuum permeability,
Ms is the saturation magnetization of the FL, p = x̂ is the
unit vector in the direction of the magnetization of the PL,
x̂ and ẑ are the unit vectors of x- and z-axis, respectively.
The red dashed curve is the trajectory of small-angle in-plane
(IP) magnetization precession about equilibrium direction of
magnetization in the FL (shown by a red dashed line), which
exists in the traditional IP-regime of STMD operation.

ﬁeld B0 = ẑB0 , which is smaller than the saturation
magnetic ﬁeld of the FL , i.e., B0 < µ0 Ms (µ0 is the vacuum permeability, Ms = |M | is the saturation magnetization of the FL). For simplicity, we neglect any in-plane
anisotropy of the FL.
The dynamics of the unit magnetization vector m(t) =
M (t)/Ms in the FL under the action of a microwave
current IRF (t) = IRF sin(ωt) is governed by the LandauLifshits-Gilbert-Slonczewski (LLGS) equation:
[
]
dm
dm
= γ [Beﬀ × m] + α m ×
dt
dt
+σIRF (t) [m × [m × p ]] ,
(1)
where γ ≈ 2π · 28 GHz/T is the modulus of the gyromagnetic ratio, Beﬀ = (B0 − µ0 Mz )ẑ is the eﬀective
magnetic ﬁeld, Mz is the z-component of vector M , α
is the Gilbert damping constant, σ = σ⊥ /(1 + P 2 cos β)
is the current-torque proportionality coeﬃcient, σ⊥ =
(γh̄/2e)P/(Ms V ), h̄ is the reduced Planck constant, e
is the modulus of the electron charge, P is the spinpolarization of current, β is the angle between the directions of magnetization in the FL and the PL (cos β =
m · p), V = πr2 d is the volume of the FL (r is its radius
and d is its thickness), and p = x̂ is the unit vector in
the direction of magnetization of the PL.
The angular dependence of the MTJ magnetoresitance
can be written as
R(β) =

R⊥
,
1 + P 2 cos β

(3)

(2)

B.

Analytical description of the OOP-regime

Using the spherical coordinate system for the magnetization vector m = x̂ sin θ cos ϕ+ ŷ sin θ sin ϕ+ ẑ cos θ, one
can obtain the equations for the polar θ and azimuthal ϕ
angles:
dθ
= −αωP sin θ − σIRF sin(ωt) cos θ cos ϕ , (4a)
dt
dϕ
= ωP + σIRF sin(ωt) csc θ sin ϕ .
(4b)
dt
Here ωP ≡ ωP (θ) = ωH − ωM cos θ is the frequency of
magnetization precession in the OOP-regime, ωH = γB0 ,
ωM = γµ0 Ms . For simplicity, we neglected in Eqs. (4)
second-order non-conservative terms (∝ α2 and ∝ αIRF ),
which have a negligible eﬀect on the magnetization dynamics.
In the OOP precessional regime, the magnetization
precesses around ẑ axis along approximately circular orbit, θ ≈ const, ϕ ≈ ωt + ψ, where ψ is the phase shift between the magnetization precession and the driving current. To analyze the conditions, under which the OOP
regime is possible, one can average Eqs. (4) over the period of precession 2π/ω and obtain the following equations for the slow variables θ and ψ:
⟨ ⟩
dθ
σ⊥ IRF
= −αωP sin θ + v(a)
cos θ sin ψ , (5a)
dt
2
⟨ ⟩
dψ
σ⊥ IRF 1
= ωP − ω + u(a)
cos ψ .
(5b)
dt
2 sin θ
Here a = P 2 sin θ and

⟩
sin(ωt) cos ϕ
1 + P 2 sin θ cos ϕ

(√
)2 
2−1
1
1
−
a
1 +

=√
a
1 − a2
⟨
⟩
sin(ωt) sin ϕ
2
u(a) =
cos ψ 1 + P 2 sin θ cos ϕ

)2 
(√
2−1
1
1
−
a
1 −
 .
=√
a
1 − a2
2
v(a) = −
sin ψ

⟨

(6a)

(6b)

3
Note, that for typical spin-polarization values P <
∼ 0.7
both dimensionless functions u(a) and v(a) are very close
to 1 for all angles θ.
The OOP regime of magnetization precession corresponds to a stationary solution of Eqs. (5) θ = θs =
const , ψ = ψs = const. Solving Eqs. (5) in this case one
can ﬁnd the stationary value of the phase shift ψs :
α ωP
sin ψs = 2
tan θs ,
v σ⊥ IRF
1 ω − ωP
cos ψs = 2
sin θs .
u σ⊥ IRF

where

⟩
sin(ωt)
1 + P 2 sin θ cos ϕ
(
)
√
1 − 1 − a2
1
=√
.
a
1 − a2

w(a) =

(7b)

π ωH − ω
≈ −
2
ωM

(9)

and determine the threshold microwave current Ith (ω)
needed for the excitation of the OOP precession:
α ωM
ω
Ith (ω) = 2
.
v σ⊥ ω H − ω

(10)

In the last expression we used the approximation
sin(θth ) ≈ 1, which is valid for moderate magnetic ﬁelds
and frequencies ωH , ω ≪ ωM .
In order to analyze the stability of the magnetization
precession in the OOP-regime we consider small deviations δθ, δψ of variables θ, ψ near their stationary
values θs , ψs , respectively. Speciﬁcally, one can substitute θ = θs + δθ and ψ = ψs + δψ in Eqs. (5),
expand the equations in Taylor series and keep in the
newly obtained equations only the terms that are linearly dependent on δθ, δψ. Taking into account that
⟨dθs /dt⟩ = ⟨dψs /dt⟩ = 0, one can obtain that the magnetization precession in the OOP-regime will be stable if
the following approximate conditions are fulﬁlled:
0 < cos θs <
ω < ωH

ωH
,
ωM
.

(11a)
(11b)

The ﬁrst condition given by Eq. (11a) means that the
precession angle θs must be suﬃciently large, because
ωH ≪ ωM (we consider the case of a weak DC magnetic
ﬁeld) and cos θs ≪ 1. The condition Eq. (11b) restricts
the region of existence of the OOP-regime to suﬃciently
low driving frequencies, determined by the bias magnetic
ﬁeld B0 .

1
sin ψ

(12)

⟨

(13)

Using Eq. (7a) for sin ψs allows one to get the DC voltage
as a function of θs only:

α 2 u2 2
u2 2 2
ωP tan2 θs =
σ I . (8)
2
v
4 ⊥ RF

This equation for θs is a nonlinear equation, which, in a
general case, can be only solved numerically.
One can see that Eq. (8) has solutions only for RF
currents IRF larger than a certain critical current Ith . At
the threshold, ωP (θs ) ≈ ω, which allows one to obtain
approximate expression for the threhold precession angle
θth

UDC = ⟨IRF R(β) sin(ωt)⟩ = w(a)IRF R⊥ sin ψs ,

(7a)

Eliminating ψs from the above equations, one obtains
characteristic equation for θs :
(ω − ωP )2 sin2 θs +

The output STMD voltage in the OOP-regime can be
found using Eqs. (2) and (3) and noting that cos(β(t)) =
sin θs cos ϕ(t):

UDC = 2α

w ωP
R⊥ tan θs .
v σ⊥

(14)

This equation for UDC can be simpliﬁed further by using
the approximation sin θs ≈ 1, cos θs ≈ cos θth ≈ (ωH −
ω)/ωM , valid for not very large driving currents:
UDC ≈ 2α

ω
w ωM
R⊥
.
v σ⊥
ωH − ω

(15)

Comparing Eq. (15) with Eq. (10) for threshold current
Ith (ω), one can re-write the output DC voltage of the
STMD as the function of threshold current Ith (ω):
UDC ≈ wIth (ω)R⊥ .

(16)

It follows from Eqs. (15), (16) that the output DC
voltage of the STMD practically does not depend on the
amplitude of RF current, provided that it is larger than
the threshold current Ith .
III.

A.

PERFORMANCE OF A STMD IN
OOP-REGIME
Typical parameters of a STMD

Below we shall analyze an analytical solution for the
STMD in the OOP-regime of operation, compare this
solution with the results of numerical calculations and
then also compare the performance of the STMD in IPand OOP-regimes.
We shall consider the case of the STMD with the following typical parameters (see e.g.9,10 ): radius of the
STMD FL r = 50 nm, thickness of the STMD FL
d = 1 nm, spin-polarization eﬃciency of current P =
0.7, resistance of STMD in perpendicular magnetic state
(β = π/2) R⊥ = RA/(πr2 ) = 1 kΩ (giving resistancearea product of MTJ RA = 7.854 Ω µm2 ), Gilbert damping constant α = 0.01, saturation magnetization of the
FL µ0 Ms = 800 mT.
We choose the magnitude of the external out-of-plane
DC magnetic ﬁeld as B0 = 200 mT for the STMD in
OOP-regime, which corresponds to the maximum OOP
frequency ωH = 2π × 5.6 GHz.
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FIG. 2. The dependence of the OOP precession angle θs on
the magnitude of RF current IRF for diﬀerent frequencies of
RF signal f = ω/2π for an STMD with typical parameters
(see Sec. III A). Solid lines correspond to the stable OOPprecession modes, while dashed lines correspond to the unstable trajectories. The minimum value of IRF for any particular
curve is the Ith (ω) of the OOP-precession mode.

Performance of an STMD in the IP and OOP
regimes

The precession motion of magnetization in the IPregime determines the following typical properties of a
traditional STMD8–10 :
(a) The STMD operates as a frequency-selective microwave detector with a resonance frequency that is close
to the frequency of ferromagnetic resonance (FMR) ω0 of
the FL;
(b) The frequency operation range of the detector has
an order of the FMR linewidth Γ;
(c) The output DC voltage UDC of the STMD is pro2
portional to the input microwave power PRF = IRF
R0 /2
(R0 is the equilibrium MTJ resistance), so the spintorque diode operates as a resonance-type quadratic microwave detector:
UDC = εres PRF

In the IP-regime of operation, the STMD will be characterized by the equilibrium angle β0 = π/2 between
the equilibrium magnetization of the FL and the magnetization of the PL. Hence the equilibrium resistance
of the STMD in the IP-regime is R0 = R⊥ = 1 kΩ.
We choose the magnitude of the external DC in-plane
magnetic ﬁeld as B0 = 14.1 mT for the STMD in IPregime, that in accordance with the
√ expression for FMR
frequency f0 = ω0 /2π = (γ/2π) B0 (B0 + µ0 Ms ) gives
f0 = 3 GHz. The resonance STMD sensitivity in the passive regime for such parameters is εres ≈ 2700 V/W (see
e.g.9 ), which is greater or comparable to the sensitivity
of a typical unbiased Schottky diode10 .

B.

Precession angle and threshold current in the
OOP-regime

Numerical solutions of Eq. (8) for the OOP precession
angle θs as a function of the microwave current IRF for
several driving frequencies f = ω/2π are shown in Fig. 2.
As one can see, the stable OOP-precession mode exists
only for trajectories of magnetization motion with suﬃciently large precession angles θs (see Eq. (11a)). With
the increase of the driving current IRF the precession angle θs monotonically increases up to the maximum value
θ = π/2.
Fig. 2 can also be used for the determination of the
threshold current Ith (ω) needed for excitation of the
OOP-precession regime. One can see that with the increase of the microwave frequency ω the threshold current Ith (ω) also increases. Our calculations show that
the diﬀerence of Ith (ω) calculated from Eq. (8) and from
approximate Eq. (10) is about several percent and, there-

Γ2
2

Γ2 + (ω − ω0 )

,

(17)

where εres is the resonance (at ω = ω0 ) diode volt-watt
sensitivity (see9 );
(d) the diode resonance sensitivity εres strongly depends on the angle β between magnetization directions
of the FL and PL. The resonance sensitivity of traditional STMD εres = UDC /PRF is predicted to be about
εres ∼ 104 V/W (see9 ), while the best achieved to date
experimental result is εres ≈ 300 V/W10 .
We shall use the Eq. (17) for the calculation of the
output DC voltage of an STMD in the IP-regime as a
function of the input microwave current IRF and current
frequency ω. These curves are indicated below in Figs. 4
and 3 by red dashed lines.
In order to verify the conclusions of the analytical
theory of an STMD in the OOP-regime we solved numerically the LLGS Eq. (1) and then numerically calculated the output DC voltage of the detector as UDC =
⟨IRF (t)R(β)⟩. The results of our calculations are presented in Figs. 3, 4. Here solid blue lines and red dashed
lines present the analytical dependencies of UDC in the
OOP- and IP-regimes (see Eq. (16) and Eq. (17)), respectively. Dots are the results of our numerical calculations.
Black crosses and green circles correspond to the cases
of increasing and decreasing of the parameter (frequency
ω or magnitude IRF of the RF current), respectively. As
one can see, the results of analytical theory are in reasonable agreement with the results of our numerical calculations.
As one can see from Fig. 3, in the OOP-regime the
STMD works as a broadband low-frequency non-resonant
microwave detector in contrast to the traditional resonance IP-regime. The response of the STMD to an input
microwave current with magnitude IRF is also substantially diﬀerent in the cases of OOP- and IP-regimes of
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UDC ≈ const for IRF > Ith (ω). Thus, in the OOP-regime,
the STMD operates as a non-resonant broadband threshold microwave detector of low frequency RF signals.
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FIG. 3. The dependence of the output DC voltage UDC of a
STMD on frequency of input RF signal f = ω/2π in OOP(solid line and points) and IP-regime (dashed line), respectively. Blue solid line is the analytical dependence given
by Eq. (16), red dashed line is the analytical dependence
given by Eq. (17). Points are the results of numerical simulations. Black crosses and green circles corresponded to the
case when frequency is increased and decreased, respectively.
IRF = 0.2 mA, all other parameters are the same as indicated
in Sec. III A.
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It is important to note, that the results of our numerical simulations showed the existence of a hysteresis
in the curves UDC (f ) and UDC (IRF ) in the OOP-regime
(see Figs. 3, 4). The origin of this hysteresis lies in the
“hard”, or subcritical, scenario of excitation of the OOP
precession: the precession angle θth that corresponds to
the threshold current Ith (see Fig. 2) does not coincide
with the equilibrium magnetization angle and, therefore,
for currents close to the threshold one the OOP regime
may or may not be realized, depending on the history
of the system. In experiments, the hysteresis may be
“blurred” or may not be visible at all due to the inﬂuence of thermal ﬂuctuations and other noises existing in
real systems.
The results presented above correspond to the case of
no DC bias current applied to the MTJ (IDC = 0). If
this is not the case and IDC ̸= 0, this current will partly
compensate the damping in the FL MTJ, thus decreasing
the threshold current Ith (ω). On the other hand, the
in-plane anisotropy and/or the in-plane bias ﬁeld in the
FL may create an energy barrier between the regions of
small-angle IP- and large-angle OOP-trajectories, which
may result in increase of IRF .
We also suggest that the OOP-regime of operation
of a STMD might be responsible for an extremely
large diode volt-watt sensitivity ε ∼ 105 V/W observed
in recent experiments with thermally-activated “nonadiabatic stochastic resonance”11,12 .

OOP
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Energy harvesting applications of an STMD in
OOP-regime

0,8
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FIG. 4. The dependence of the output DC voltage UDC of a
STMD on input microwave current IRF in OOP- (solid line
and points) and IP-regime (dashed line), respectively. Blue
solid line is the analytical dependence given by Eq. (16), red
dashed line is the analytical dependence given by Eq. (17).
Points are the results of numerical simulations. Black crosses
and green circles corresponded to the case when the current
is increased and decreased, respectively. f = ω/2π = 3 GHz,
all other parameters are the same as indicated in Sec. III A.

operation of an STMD (see Fig. 4). In the IP-regime,
the output DC voltage UDC of the detector is propor2
tional to the input microwave power PRF = (1/2)IRF
R0
(red dashed curve in Fig. 4, see also Eq. (17)). In contrast, the output DC voltage UDC of the detector in the
OOP-regime has a step-like dependence (blue solid curve
and points in Fig. 4): UDC ≈ 0 for IRF < Ith (ω) and

The STMD in the OOP-regime could be used as a
base element for new energy harvesting devices, inasmuch as it has no resonance frequency, and, therefore,
could accumulate energy from all the low-frequency region (ω < ωH ) of the microwave spectrum.
The energy conversion rate ζ of an STMD in the OOPregime may be estimated as

ζ=

PDC
1
≈
PRF
2

(

Ith (ω)
IRF

)2 (

w
w0

)2
,

(18)

where PDC is the output DC power of an STMD under
the action of input microwave power PRF , w0 ≡ w0 (as ) =
(1 − a2s )−1/2 , as ≈ P 2 . The maximum possible conversion rate ζmax ≈ 0.5w2 /w02 ≈ 3.5 % is reached in the case
IRF = Ith (ω). We believe that his ratio is suﬃciently
large for practical applications in microwave energy harvesting.
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IV.

SUMMARY

In conclusion, it has been demonstrated that there is
a novel regime of operation of an STMD, based on the
excitation of large-angle out-of-plane (OOP) magnetization precession. In this regime STMD has the following
features:
(a) it operates as a non-resonant broadband microwave
detector for input RF currents IRF larger than the critical current Ith , IRF > Ith . Thus, STMD operates as
threshold detector of RF signals;
(b) a stable OOP-regime exists for low frequency input
signals with frequencies ω < ωH ;
(c) the output DC voltage UDC in the OOP-regime has
a step-like form and weakly depends on the magnitude
of input RF current IRF for currents IRF > Ith .
We believe that the OOP regime of STMD operation can be used for the development of novel types of
threshold microwave detectors and might be responsible
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for extremely large diode volt-watt sensitivity observed
in recent experiments with “non-adiabatic stochastic
resonance”11,12 . This regime of operation of an STMD
might also be useful for the creation of energy harvesting devices based on STMD, which operate in the lowfrequency region of the microwave spectrum.
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