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Ultrawide broadband rectification effect in an in-plane magnetic tunnel junction
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Broadband voltage rectification is an interesting effect that was recently discovered in magnetic tunnel
junction (MTJ) structures. Usually, this effect occurs for certain types of MTJ structures and for special
configurations of the external magnetic field (namely, perpendicular to the plane component of magneti-
zation). We report on an alternative type of broadband rectification effect with a frequency range up to 6
GHz that is observed in MTJ samples with in-plane magnetization and without an external out-of-plane
magnetic field. We compare the experimental study with numerical calculations and theoretical analysis to
explain the results. Furthermore, we demonstrated that for the appearance of broadband rectification, it is
sufficient to create a nonzero equilibrium angle between the polarizer and the free layer. Our work paves
the way for improved energy efficiency in wireless microwave energy-harvesting applications.
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I. INTRODUCTION

The widespread use of automation and Internet of
Things (IoT) systems is based on the extensive use of wire-
less sensor nodes, which requires alternative approaches
to ensure autonomous power supply. An issue here is the
efficiency of the power supply of low-power edge nanode-
vices. One way to solve this problem is to use systems
capable of collecting and harvesting energy from elec-
tromagnetic background radiation from artificial sources,
such as WiFi or cellular networks. A potential solution
can be offered by spintronic devices based on magnetic
tunnel junction (MTJ) [1]. MTJs have shown their poten-
tial for use as memory cells [2,3], nano-oscillators [4–6],
spectrum-analyzing [7] and communication devices [8],
nodes for neuromorphic systems [9–11], and random-bit
generators [12–14]. Recent research has revealed that these
devices can convert high-frequency currents into dc volt-
age via the spin-torque diode (STD) rectification effect
[15]. An overview of recent research in this area can be
found in Refs. [16,17].

Experiments have shown that the rectification effect in
MTJ has a resonant behavior and is highly efficient only
near the ferromagnetic resonance (FMR). This fact cre-
ates limitations for spin-torque diode-based rf detectors.
Indeed, their performance may degrade or become imprac-
tical at frequencies distant from the resonant one. This
limited frequency range of efficient rectification restricts
its applicability in high-frequency applications.

*g.kichin@nst.tech

The first possible way to solve the problem is through
frequency engineering [16] aimed at certain application. It
was demonstrated that the resonant frequency can be tuned
by the magnetic field [18], additional coupling [19–24], the
appearance of exotic magnetic state (for example, vortex
[25–27]), or/and additional bias currents [28–30].

The main pros of this approach are high sensitivity
at low powers and frequency selectivity in the case of
resonant rectification. State-of-the-art MTJs significantly
outperform conventional Schottky diodes in terms of
microwave sensitivity in a power range below 1 µW [28–
30]. The record-breaking results on microwave sensitivity
have been achieved due to the presence of perpendicu-
lar magnetic anisotropy, additional bias current, and even
injection locking between the dc driven self-oscillation and
microwave input signal that provides a high-amplitude out-
of-plane precession [28–30]. Even without dc bias, the
presence of perpendicular magnetic anisotropy can cause
a high-amplitude out-of-plane precession with record-
breaking passive microwave sensitivity [29–32].

The frequency-engineering approach, however, also has
some cons. For many applications, frequency selectivity
is a weakness. Moreover, the precise technological control
of MTJ’s parameters required for frequency engineering is
rather difficult or sometimes even not possible.

Recently, another type of rectification regime has been
reported in a theoretical paper [33]. The rectified volt-
age was observed in a very wide frequency range and did
not have a resonant character. This broadband rectification
was attributed to a large-angle out-of-plane (OOP) preces-
sion of the free-layer magnetization. A necessary condition
for this regime is a significant OOP component of the
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magnetization at the equilibrium state (so-called easy-cone
state). The OOP component was originally proposed to
be created using perpendicular magnetic field bias [33].
However, recent findings have shown that it is possible to
create an OOP magnetization component using interfacial
PMA [34–36]. For example, Fang et al. [34] have used
the MTJ samples designed to have a free-layer thickness
near, but below, this critical value, so that the PMA field
almost compensates for the out-of-plane demagnetizing
field. Tarequzzaman et al. [35] have studied the emergence
of broadband rectification in MTJ with the perpendicular
magnetic anisotropy (PMA) component of the magnetiza-
tion by tailoring the thickness of the free layer during the
manufacturing process. Up until today, through free-layer
proper interface PMA engineering, the maximum band-
width of the broadband STD detection was reported to be
up to 3 GHz [37]. Also, it has been shown that the oper-
ation of the MTJs as rf detector in a broadband regime is
observed only when a certain power threshold is exceeded
[34,37]. The broadband mode shown in Ref. [35] has a
nearly zero-power threshold because of a smooth linear
resistance dependency in the MTJs used in measurements,
however this STD design suffers from the much narrower
frequency band. Later, it has been shown theoretically
[38] that the devices with wider frequency bands have
a larger threshold power value. Although the mentioned
results on broadband rectification are very promising from
the applied point of view, the required fine tuning of the
perpendicular magnetic anisotropy increases the technical
complexity of their implementation.

In this paper, we report an alternative type of nonreso-
nant, broadband RF rectification mechanism in MTJs with
in-plane magnetization of the free layer. We analyze how

the rectification effect depends on the direction of the in-
plane external magnetic field and the input radio frequency
power. Using the spin-torque FMR (ST FMR) method,
we show that spin-torque driven responses exhibit rf rec-
tification over a very wide frequency range, reaching a
record-breaking 6 GHz. We propose the analytical model
and perform micromagnetic simulations to get a theoretical
insight into the magnetization dynamics behind the experi-
mentally observed wide-range rectification effect. We have
found that the deviation of the in-plane magnetization ori-
entation in the free layer regarding the direction of the
magnetization of the polarizer, caused by the in-plane
external magnetic field, plays the key role in the observed
effect.

II. EXPERIMENT

We consider the magnetic tunnel junction (MTJ)
with the following structure (from bottom to top):
Ta(3 nm)/PtMn(15 nm)/Co70Fe30(2.5 nm)/Ru(0.85 nm)/
Co60Fe20B20(2.9 nm)/Co70Fe30(0.4 nm)/MgO(1 nm)/Co70
Fe30(0.4 nm)/Co60Fe20B20(1.6 nm)/Ta(5 nm)/Ru(7 nm)
which is similar to structures from Ref. [18,39]. The MTJ
stack is patterned into an elliptical shape with axes of
250 × 50 nm2 [see Fig. 1(a)]. The sample was annealed
at 360◦C in a 1-T magnetic field for 1 h. The bilayer
Co70Fe30/Co60Fe20B20 above the MgO layer acts as a free
layer in which the magnetization dynamics can be exerted.
The top ferromagnetic layer of the synthetic antiferromag-
netic (SAF) structure Co70Fe30/Ru/Co60Fe20B20/Co70Fe30
below MgO acts as a pinned layer (or polarizer) with fixed
in-plane oriented magnetization (along the large ellipse
axis).

(a) (b) (c)

FIG. 1. (a) Cross-section view and lateral dimensions of the MTJ sample with Cartesian coordinate system. (b) Sketch of the ST
FMR setup with an external magnetic field applied along the easy axis from the pinned-layer magnetization. (c) Magnetoresistance as
a function of the in-plane magnetic field for elliptical MTJ nanopillar (250 × 50 nm2). The black curve is for a magnetic field oriented
parallel to the easy axis of the pinned layer. The black arrows indicate the magnetic field sweep direction. The blue and green curves
relate to the cases of the magnetic field perpendicular to the easy axis of the pinned layer. The blue curve is for the sample initially set
to AP state. Blue arrows show a drop of magnetoresistance from high value to low value because of the AP to P transition. The red
curve is for the field applied at 80◦ degrees to the easy axis of the pinned layer.
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Initially, we characterized the resistance of the sample
as a function of the magnetic field. The external magnetic
field is oriented toward the easy axis of the pinned layer.
The sign of the field is chosen to set the sample into a par-
allel (P) state for high positive field values. In the P state,
the sample has resistance RP = 173 �. For large negative
field values, the sample is in the antiparallel (AP) state with
RAP = 407 �. TMR value is about 135%. The magneti-
zation switching from the AP state to the P state occurs
at a field value of 160 Oe, and from the P state to the
AP state at −285 Oe. A steplike switching shows a high-
quality manufacturing process of the pinned and free layers
and high uniformity of the magnetization in these layers
near the switching point. In large negative fields (below
−1100 Oe), the SAF starts switching. The SAF switching
has also a hysteresis behavior with a loop width of about
209 Oe.

To analyze the influence of field angle we also mea-
sured MTJ resistance dependencies on the field for two
additional angles: 80◦ and 90◦ to the polarizer direc-
tion. All hystereses for 0◦, 80◦, and 90◦ are presented in
Fig. 1(c). All results are obtained with a probing current
Idc = 50 µA.

To study the possibility of broadband rectification in
the sample with in-plane magnetization, the sample was
placed in a planar magnetic field. The rectified voltage for
different field orientations is measured using the ST FMR

technique [40–42]. The experimental setup scheme is pre-
sented in Fig. 1(b). Rectified dc voltage was detected using
the high-precision source-measurement unit NI 4137. A
Keysight 5173B generator was used as the rf source.
rf signal power was 0.1 mW (−10 dBm). Rectified dc
and rf signals were separated using a bias tee (Mini-
Circuits ZFBT-6GW). The bottom contact of the MTJ was
grounded. The rotation of the external in-plane field was
carried out by using an electromagnet positioned on the
PC-controlled rotating platform. The experiment was per-
formed at room temperature. The colormaps of rectified
voltage dependence on frequency and field value U(f , H)

for different field angles (0◦, 80◦, and 180◦) are presented
in Figs. 2(a), 2(b), 2(c). The spectra of rectified voltage for
several field values and different field angles (0◦, 80◦, and
180◦) are presented in Figs. 2(d), 2(e), 2(f). For the mag-
netic field value of −1000 Oe, the MTJ sample is in the
AP state for 0◦ and in the P state for 180◦.

For a field direction 180◦ and for a field magnitude range
−1000 Oe to 0 Oe, there is a minor change in the rectified
voltage. There is a light blue area in Fig. 2(c). There are
no features on the colormap we can observe. For a detailed
view, we plot several individual spectra for this case [see
Fig. 2(f)]. The rectified voltage value reaches |V| = 0.2
mV at the 0.5 GHz end of the spectrum and 0.04 mV at the
6 GHz end of the spectrum. The average value is estimated
as 0.05 mV.

(a) (b) (c)

(c) (d) (e)

FIG. 2. Rectified voltage for different magnetic field directions: (a) field is applied along the polarizer direction (0◦), (b) field is
applied at an 80◦ degree to the polarizer direction, (c) field is applied opposite to the polarizer direction (180◦). Set of spectra for
different field values from the range −1000 to 0 Oe and for different directions: (d) 0◦, (e) 80◦, and (f) 180◦. The orientations of the
electromagnet, polarizer, and sample are presented in insets.

044078-3



KICHIN, SKIRDKOV, and ZVEZDIN PHYS. REV. APPLIED 20, 044078 (2023)

For the field direction 0◦ and field range from −1000 Oe
to 0 Oe the magnitude of the rectified voltage also does not
change significantly. However, now there are some weak
resonant-like modes in the map [see Fig. 2(a)]. The observ-
able part of one mode starts at 0-Oe field at 5 GHz and ends
at −200 Oe at 6.5 GHz, the other mode starts at −1000 Oe
at 4 GHz and ends at −700 Oe at 6.5 GHz. For a better
view of the amplitude of the modes, the individual spectra
of rectified voltage are plotted separately in Fig. 2(d). As
in the previous case, the average value of the rectified volt-
age does not change a lot for MTJ in AP state. The average
value of rectified voltage is |V| = 0.15 mV (0.3 mV at 0.5
GHz and 0.12 mV at 6.5 GHz).

A different situation occurs when the magnetic field is
oriented at some angle with respect to the easy axis. The
rectified voltage value increases significantly. Figure 2(b)
shows the case when the field is applied at 80◦ to the
polarizer direction. There is a pair of bright resonantlike
modes in the colormap. Both modes start at −500 Oe and
0.5 GHz and one ends at −1000 Oe and 6.5 GHz while
the second ends at 0 Oe, 6.5 GHz. There is also an addi-
tional second pair of modes that start at −150 Oe and
0.5 GHz. However, the rectification effect associated with
them is quite weak. The analysis of the individual spectra
[see Fig. 2(e)] shows a significant increase in the rectified
voltage value up to 0.3–1 mV. The value of the rectified
voltage increases significantly not only near resonances
but over the entire frequency range, including an increase
in the low-frequency region. Experimental results demon-
strate that rectification occurs in a wide frequency range
up to 6 GHz [see Figs. 2(b), 2(e)], which is much more
than previously reported. Since a significant value of the
rectified voltage is observed in the entire frequency range
from low frequencies up to the FMR peak, this allows us
to speak about the broadband rectification character of the
MTJ.

It is well known that broadband rectification mode
should have some power threshold [33,34]. To check its

existence, we performed additional experiments with dif-
ferent input radiofrequency signal powers. We focused on
the case of an 80◦ field angle and chose two field val-
ues: −900 and −600 Oe [see two black dashed lines on
Fig. 2(b)]. Sensitivity dependencies on frequency for these
two field values and different input powers from −10
down to −35 dBm are presented in Fig. 3. As one can
see, the sensitivity, which can be defined as rectified volt-
age divided by input signal power, remains the same with
power variations from 0.1 mW down to 316 nW. Therefore,
there is no threshold in the considered power range, and
rectified voltage both in resonance and far away from it just
linearly decreases with power decrease. It contrasts with
previously reported broadband mode behavior [33,34] and
is similar to conventional ST FMR resonance properties.

III. ANALYTICAL MODEL

For an analytical insight into reported experimental
results, let us consider MTJ in macrospin approximation.
We will take into account only free-layer dynamics with
assumption that its magnetization distribution is always
uniform. In this case, we can reduce the situation to con-
sidering the free layer as a single magnetic moment vector.
To describe its dynamics let us consider Landau-Lifshitz-
Gilbert-Slonczewski equation (LLGS) [43,44] in spherical
coordinates (θ and ϕ are the azimuth and polar angles,
respectively):

sin θ
∂ϕ

∂t
− α

∂θ

∂t
= γ

MS

δε

δθ
+ (p, Tθ ) , (1)

sin θ
∂θ

∂t
+ α sin2 θ

∂ϕ

∂t
= − γ

MS

δε

δϕ
+ (

p, Tϕ

)
, (2)

where where m = (sin θ cos ϕ, sin θ sin ϕ, cos θ)T is the
unit vector of free-layer magnetization, γ is the gyro-
magnetic ratio, α is the Gilbert-damping parameter,
and ε is the sum of demagnetization (magnetostatic)

(a) (b)

FIG. 3. Sensitivity dependencies on frequency for an 80◦ field angle, (a) −600 Oe and (b) −900 Oe magnetic field value and different
input power from −10 dBm down to −35 dBm.
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εdemag and Zeeman εH energy density. The first
one can be written in the form εdemag = 1

2 NxM 2
S m2

x +
1
2 NyM 2

S m2
y + 1

2 NzM 2
S m2

z , where MS is saturation mag-
netization and Ni is demagnetization factors. How-
ever, for thin ferromagnetic layers usually Nz � Nx, Ny ,
and energy can be reduced to εdemag ≈ 2πM 2

S cos2 θ +
1
2

(
Nx − Ny

)
M 2

S sin2 θ cos2 ϕ. Zeeman energy in the case
of external magnetic field H = (H cos ϕH , H sin ϕH , 0)

can be represented as εH = −HMS cos ϕH sin θ cos ϕ −
HMS sin ϕH sin θ sin ϕ. Here we consider y-axis polar-
izer direction, i.e., p = (0, 1, 0)T. In this case torques
will have the following forms: (p, Tθ ) = γ aJ cos ϕ −
γ bJ cos θ sin ϕ and

(
p, Tϕ

) = γ aJ sin θ cos θ sin ϕ + γ bJ

sin θ cos ϕ, where aJ = a0
J j0 sin (ωt), bJ = b0

J j0 sin (ωt),
a0

J = �P/(2ceMS), where P is spin polarization of elec-
trical current, j = j0 sin (ωt) is current density, c is the
thickness of the free layer, e is the charge of the elec-
tron. The amplitude of the fieldlike torque is given by
b0

J = ξCPPa0
J , where ξCPP was chosen to be 0.4.

First, let us consider the equilibrium position (ϕ0, θ0) of
the system. The form of ε leads to the following implicit
solution:

θ0 = π/2, (3)

sin (ϕ0 − ϕH ) =
(
Nx − Ny

)
MS

2H
sin 2ϕ0. (4)

This solution corresponds to the case of magnetization in
a plane (θ0 = π/2) directed at some angle ϕ0 − ϕH to the
external magnetic field. In the case of the round sample
Nx = Ny and ϕ0 = ϕH .

Now let us consider low-amplitude dynamics in the
vicinity of the found equilibrium position (ϕ0, θ0). To
do this, we write ϕ = ϕ0 + ϕ1 and θ = π/2 − θ1, where
ϕ1, θ1 � 1. Then, neglecting small quantities, Eqs. (1)
and (2) lead to

∂ϕ1

∂t
= αγ

((
Nx − Ny

)
MS cos 2ϕ0 − H cos (ϕ0 − ϕH )

)
ϕ1

+ γ
((

Nx − Ny
)

MS cos2 ϕ0 − H cos (ϕ0 − ϕH )

− 4πMS
)
θ1 + γ

(
a0

J + αb0
J

)
j cos ϕ0, (5)

∂θ1

∂t
= γ

(
H cos (ϕ0 − ϕH ) − (

Nx − Ny
)

MS cos 2ϕ0
)
ϕ1

+ αγ
((

Nx − Ny
)

MS cos2 ϕ0 − H cos (ϕ0 − ϕH )
)
θ1

+ γ
(
αa0

J − b0
J

)
j cos ϕ0. (6)

Let us first consider a homogeneous system. For it, the
dependence of the resonant frequency after expanding with
respect to a small parameter

(
Nx − Ny

)
MS/H � 1 and

neglecting small values can be written in the form:

ω2
0 = γ

[
H

(
H + 4πMS

(
1 − Nx − Ny

8π
(1 + 3 cos 2ϕ0)

))

− 4πM 2
S

(
Nx − Ny

)
cos 2ϕ0

]
. (7)

As one can see, this equation takes the form of a typical
Kittel dependence ω2

0 = γ 2H (H + 4πMS) in the case of
Nx = Ny .

Now we will consider the inhomogeneous system of
Eqs. (5) and (6). Let us pass to the Fourier space and look
for a solution in the form of harmonic functions ϕ1(t) =
ϕ̃1(ω)e−iωt and θ(t) = θ̃1(ω)e−iωt. To get rid of cumber-
some calculations, consider the case of a round sample
Nx = Ny . In this case, in what follows, to take into account
the effect of ellipticity, we will use solutions for a round
disk, in which, however, instead of the true field angle
ϕH , the equilibrium angle ϕ0 obtained from Eq. (4) will be
used as a field angle. In the approximation of small oscil-
lations and for high field values (

(
Nx − Ny

)
MS/H � 1),

this approach will allow us to accurately take into account
the ellipticity, since for such a case, the presence of ellip-
ticity will only slightly change the equilibrium direction of
magnetization. Then the system of Eqs. (5) and (6) can be
rewritten as

−iωϕ̃1 = −αγ H ϕ̃1 − (γ H + 4πγ MS) θ̃1

+ γ
(
a0

J + αb0
J

)
j0 cos ϕ0, (8)

−iωθ̃1 = γ H ϕ̃1 − αγ H θ̃1 + γ
(
αa0

J − b0
J

)
j0 cos ϕ0. (9)

From this system of equations one can derive

ϕ̃1 = −
(
γ (iω − 
)(a0

J + αb0
J ) + ω2

0(αa0
J − b0

J )/H
) (

ω2
0 − ω2 + 
2 + 2iω


)

(
ω2

0 − ω2 + 
2
)2 + 4ω2
2

j0 cos ϕ0, (10)

where 
 = αγ H . It is well known that the macrospin
model tends to overestimate the resonance peaks [45].
Foremost, this is due to the fact that this model only

describes the dynamics of uniform magnetization. At the
same time, in reality, at resonance, the excitation efficiency
becomes very high, which also leads to the excitation of
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non-uniform oscillations. Often this effect is called inho-
mogeneous broadening, and in many models (for example,
for the FMR experiment), an empirical inhomogeneous
broadening �H0 is added, which is equivalent to addi-
tional damping. Similarly, to limit the peak values in the
macrospin model, we add an additional inhomogeneous
damping in the form α = α0 + αinh.

Now, to calculate the rectified voltage, we write the MTJ
resistance in the form R = RP + �R(1 − m · p)/2 = RP +
�R(1 − sin (ϕ0 + ϕ1))/2 ≈ RP + �R(1 − sin ϕ0 − ϕ1 cos
ϕ0)/2, where �R = RAP − RP. The mean voltage can
be calculated as 〈U〉 = 1/T

∫
T Re{IR}dt = −�RI0/(4) cos

ϕ0 × Re{ϕ̃1}, where I0 = j0S and S is the MTJ area.
Neglecting small values (α � 1) one can write down the
final expression of rectified voltage:

〈U〉 = − I 2
0 �Rγ

4S

cos2 ϕ0

×
(

2a0

J − αω2
0b0

J

)
ω2 + 
4a0

J + αω4
0b0

J
(
ω2

0 − ω2 + 
2
)2 + 4ω2
2

. (11)

We will use the following system parameters corre-
sponding to our experimental data and typical material
properties: S = πab, a = 125 nm, b = 25 nm, j0 = 4 ×
106 A/cm2 (which corresponds to −10 dBm), �R =
225 �, α = 0.3 (already with additional inhomogeneous
damping), H = 420 Oe, a0

J = 5.5 × 10−6 Oe/(A/cm2),
b0

J = 2.2 × 10−6 Oe/(A/cm2), MS = 950 emu/cm3, Nx =
0.066 × 4π , and Ny = 0.011 × 4π . The dependence of the
rectified voltage on the frequency, obtained by Eq. (11), for
the cases of field angles 0◦, 80◦, 90◦, and 100◦ is shown in
Fig. 4. As can be seen from these results, the macrospin

FIG. 4. Rectified voltage dependence on the frequency,
obtained by Eq. (11), for the cases of field angles 0◦, 80◦, 90◦,
and 100◦. The frequency range from 0 to 3 GHz with increase is
shown in the inset.

model reproduces broadband rectification from zero to fer-
romagnetic resonance frequencies at nonzero field angles.
At the same time, its value is similar to the value in the
experiment. This fact confirms the magnetic nature of the
effect observed in the experiment, which, however, can be
amplified by 1/f noise at low frequencies. Also, Eq. (11)
clearly shows that the observed broadband rectification is
not separable from the FMR peak, and appears due to
its deformation. Another interesting fact is that the recti-
fied voltage in Eq. (11) clearly depends (〈U〉 ∼ cos2 ϕ0)
on the angle ϕ0, which is related to the angle φ between
the free layer and the polarizer by the expression φ =
π/2 − ϕ0. This fact indicates that a nonzero angle between
the free layer and the polarizer is a necessary condition for
the occurrence of broadband rectification (〈U〉 ∼ sin2 φ).
However, to accurately test this hypothesis, it is also nec-
essary to take into account all the nonuniformities and
the dynamics of the polarizer, which is possible only in
micromagnetic modeling.

IV. MICROMAGNETIC MODELING

For macrospin model results verification we performed
micromagnetic simulations of the considered system.
In general, the magnetization dynamics in ferromag-
netic layers is described by the Landau-Lifshitz-Gilbert-
Slonczewski equation (LLGS) [43,44]:

dmi

dt
= −γ mi × Heff

i + αmi × dmi

dt
+ Ti

STT, (12)

i is the index of the ferromagnetic layer (1 is for free
layer, 2 is for polarizer, and 3 is for fixed layer), mi is
the unit vector of magnetization of the ith layer, Heff

i is
the effective magnetic field of the ith layer. In Eq. (12),
the effective magnetic field can be calculated as Heff

i =
−δE/δMi, where E is the sum of magnetostatic energy,
exchange energy, anisotropy energy, and effective antifer-
romagnetic interlayer exchange energy. The spin-transfer
torque in Eq. (12) is represented by the sum of two compo-
nents Ti

STT = Ti
ST + Ti

FLT, where Ti
ST = −γ ai

j mi × (pi ×
mi) is Slonczewski torque, Ti

FLT = −γ bi
j pi × mi is field-

like torque, pi is the unit vector of magnetization in the
layer, which creates polarization. For the free layer pi is
defined by polarizer layer, for the polarizer by the free
layer. The Slonczewski torque has an amplitude ai

j =
�P/(2cieM i

s), where P is spin polarization of electrical cur-
rent, ci is the thickness of the corresponding layer, M i

s is the
corresponding magnetization saturation, e is the charge of
the electron. The amplitude of the fieldlike torque is given
by bi

j = ξCPPai
j , where ξCPP was chosen to be 0.4 similarly

to the macrospin case.
For the numerical integration of the LLGS equation,

we use our micromagnetic finite-difference code SpinPM,
which is based on the fourth-order Runge-Kutta method
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with an adaptive timestep control for the time integration
and a mesh size of 2 × 2 × ci nm3. Using it, we perform
a series of simulations of the full MTJ structure, includ-
ing free layer and SAF (consisting of polarizer and fixed
layer), with dynamic calculation of full magnetostatic and
STT in both free and polarizer layers.

We consider MTJ with similar to experimental geomet-
rical parameters and layer thicknesses and materials. All
the resistance parameters were chosen due to experimental
data: �R = 225 �, RP = 173 �, and RAP = 407 �. We
consider ruthenium interlayer exchange constant J Ru

ex =
−0.13(erg/cm2), ferromagnetic layer exchange constants
Aex = 1.6 × 10−6(erg/cm), and Gilbert damping α =
0.01. Magnetic crystalline anisotropy was assumed to be
zero K = 0. Spin polarization P = 0.4. Magnetization sat-
uration was M free

S = M pol
S = 1100 emu/cm3 for free layer

and polarizer and M fix
S = 1200 emu/cm3 for the second

(CoFe) ferromagnetic layer of the SAF. The fixed layer
also experienced pinning field 20 kOe, which models the
exchange interaction with PtMn layer.

ac density flowing through the spin-torque diode is equal
to j (t) = j0 × sin(2π ft), j0 is the amplitude of the ac den-
sity, which was selected to match -10 dBm input power, f
is the frequency of the ac. We assume that the spin-torque
diodes are connected to the power source via Z0 = 50 �

transmission line, which results in a reflection of part of
the incident incoming power Pin. Power consumed by the
diode Pdiode can be estimated with the telegraph equation
as Pdiode ≈ 4RZ0Pin/(R + Z0)

2, where R = 2/(R−1
AP + R−1

P )

is the average diode resistance. Taking into account mag-
netoresistance of magnetic tunnel junction R(t) = RP +
�R/2(1 − mfree(t) · mpol(t)), one can calculate rectified
voltage Vdiode = 〈j (t)SR(t)〉 and power consumed by STD
Pdiode = 4RZ0/(R + Z0)

2
〈
j 2(t)S2R(t)

〉
.

First, we perform static analysis by considering −100,
−300, and −500 Oe external fields with different direc-
tions and analyzing the magnetization directions of free
and polarizer layers. The results are presented in Fig. 5.
We start with the AP configuration and then, with increas-
ing field angles, the magnetization directions of both layers
change. The value sin2 φ (which is proportional to recti-
fied voltage 〈U〉 according to the analytical model) is zero
in parallel and antiparallel orientations and has a maxi-
mum when the external field is almost perpendicular (see
inset in Fig. 5). It is also worth noting that the effect of
nonuniformity of magnetization can be neglected since
in all simulations it occurs to be less than 0.2%, which
additionally substantiates the analytical model constructed
above.

After that, we perform simulations for several cur-
rent frequencies in the case of −500 Oe external field
directed at the angles 0◦, 80◦, 90◦, and 100◦. The rec-
tified voltage is presented on Fig. 6. Modeling shows
that the polarizer oscillation amplitude is about 5–6% of
free layer’s magnetization amplitude dynamics, therefore

FIG. 5. Magnetization angle of the free layer and polarizer in
the case of different external field value and direction obtained
by micromagnetic modeling. Inset: the dependence of sin2 φ on
external field angle for different field values.

the major effect is caused by the free-layer dynamics.
This fact once again confirms the correctness of the con-
structed macrospin model. As one can see, the resulting
voltage is nonzero in the area from zero up to the FMR
resonant frequency. The existence of a rectified voltage
comparable both to the experimental one and to the ana-
lytical macrospin model in the similar frequency range
proves our explanation of the mechanism of the reported
broadband mode. Since our micromagnetic simulations
do not consider noises and measuring device features,
modeling results also prove the magnetic nature of the

FIG. 6. Rectified voltage dependence on the frequency,
obtained by micromagnetic modeling, for the cases of field
angles 0◦, 80◦, 90◦, and 100◦. The frequency range from 0 to
3 GHz with increase is shown in the inset.
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reported effect, which, however, can be supplemented by
an electrical 1/f noise effect at low frequencies.

V. DISCUSSION

To better describe the reported effect, it is first worth try-
ing to discuss the general meaning of the term broadband
rectification mode. Intuitively, one would like to define this
regime as the one with an approximately constant recti-
fied voltage as a function of frequency, what implicitly
implies no resonant dependence. However, according to
the original work [33] in the broadband mode, “the out-
put voltage of an spin-torque microwave detector increases
with the frequency of the input signal.” Moreover, the
typical experimental demonstration [34] of broadband rec-
tification in MTJ with perpendicular anisotropy also does
not demonstrate constant voltage, which in reality varies
several times in the frequency range of broadband rectifi-
cation. In this regard, it is more reasonable to look at the
broadband mode as a mode in which there is a nonzero
rectification of a similar order in magnitude over a wide
frequency range.

Another issue is the difference between broadband and
resonant FMR modes. From the point of view of practi-
cal application, these modes are certainly fundamentally
different. However, from the point of view of the physics
behind them, they are largely of a similar nature and can
continuously transform into each other. For example, the
application of a bias current in work [30] causes the res-
onance to broaden up to 0.5 GHz, effectively driving the
system continuously from resonant to broadband recti-
fication. At the same time, in work [34], in almost all
rectification spectra, the broadband mode is limited from
above in frequency by the resonant peak, which cannot be
clearly separated from the broadband rectification region.
As a result, both the resonant mode and broadband mode
are special cases of the general solution of an oscilla-
tory system, and are present simultaneously. In support
of this, our analytical model and our micromagnetic sim-
ulation both exhibit both a resonant peak and broadband
rectification.

At the same time, it should be noted that in most works,
broadband rectification mode is understood as broadband
rectification mode with large-amplitude out-of-plane pre-
cession. This mode typically requires overcoming some
power threshold to drive the mentioned large-amplitude
out-of-plane precession [34,37]. However, this require-
ment is necessary primarily to achieve high-amplitude
precession, and not for the appearance of broadband recti-
fication. In our work, we show that broadband STD rectifi-
cation is a more general effect than the previously reported
one, and is possible without excitation of large-amplitude
out-of-plane precession. This explains the absence of a
power threshold in our experiments.

However, if the amplitude of the oscillations of the mag-
netization is small, the broadband rectification may be
lower in magnitude than the measurement device detec-
tivity. As a result, in such an experiment, a conventional
FMR peak of in-plane MTJ will be obtained without any
broadband mode. For example, our rectification experi-
mental results in the case of 0◦ and 180◦ field angles [see
Figs. 2(d) and 2(f)] are similar to conventional ST FMR
resonance properties of in-plane MTJ. All nonzero rectifi-
cation in this case can be attributed to 1/f noise, which
switch its sign with transition from AP state to P state.
At the same time, for broadband rectification with large-
amplitude out-of-plane precession, the nonzero angle of
magnetization exit from the plane [33] plays a critical role
in increasing the voltage values. In fact, the out-of-plane
angle in that system is the angle between the magnetization
of the free layer and the polarizer. In our work, we show
both experimentally and theoretically that the presence of
a nonzero angle between the magnetizations of the free
layer and the polarizer, even in the plane, also leads to the
appearance of broadband rectification [see Fig. 2(e)]. And
although its value (and therefore power conversion) turned
out to be several times lower (peak rf-to-dc conversion effi-
ciency in our case is about 4.5 × 10−3% at 0.1 mW) than
previously reported in the case of large-amplitude out-of-
plane precession [34], this result shows the possibility of
an alternative approach to the broadband mode that does
not require perpendicular magnetic anisotropy. Moreover,
in terms of power-conversion efficiency per area our results
comparable to the Schottky diodes (SMS7630), due to area
difference. The area of Schottky diodes and MTJs are 10
and 9.8 × 10−3 µm2, respectively. It is worthwhile to note,
a similar mechanism can be implemented without an exter-
nal field, which, like PMA, is a technological limitation. It
is sufficient to create a nonzero equilibrium angle between
the polarizer and the free layer, which, for example, can
be achieved by annealing of the polarizer in the field at an
angle to the major axis of the ellipse.

VI. SUMMARY AND CONCLUSIONS

In this work we report an alternative spin-torque broad-
band rectification effect, the mechanism of which is based
on the appearance of an in-plane angle between the mag-
netizations of the free layer and the polarizer. We show
that an external in-plane magnetic field oriented at some
angle to the easy axis of the free layer of MTJ signifi-
cantly improves the rectified voltage output. We use the ST
FMR method to measure the rectified voltage as a func-
tion of the frequency of the input signal and the applied
magnetic field. A strong increase in rectified dc voltage
can be observed over a wide frequency range, from frac-
tions of a GHz to a record 6 GHz, which is much more
than previously reported. In addition, we present analytical
marcospin model and micromagnetic simulations, which
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provide insight into the dynamics of the system’s mag-
netization, reveal the role played by turned magnetic field
and proves the magnetic nature of the reported effect. Our
work paves the way towards improved energy efficiency of
wireless microwave energy-harvesting applications.
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