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Spin-torque oscillator (STO) is a promising new technology for the future RF oscillators, which is based on the spin-transfer
torque (STT) effect in magnetic multilayered nanostructure. It is expected to provide a larger tunability, smaller size, lower power
consumption, and higher level of integration than the semiconductor-based oscillators. In our previous work, a circuit-level model
of the giant magnetoresistance (GMR) STO was proposed. In this paper, we present a physics-based circuit-level model of the
magnetic tunnel junction (MTJ)-based STO. MTJ-STOmodel includes the effect of perpendicular torque that has been ignored in
the GMR-STO model. The variations of three major characteristics, generation frequency, mean oscillation power, and generation
linewidth of an MTJ-STO with respect to the amount of perpendicular torque, are investigated, and the results are applied to
our model. The operation of the model was verified by HSPICE simulation, and the results show an excellent agreement with the
experimental data.The results also prove that a full circuit-level simulation with MJT-STO devices can be made with our proposed
model.

1. Introduction

Spin-torque oscillator (STO) is a promising new device which
is based on the spin-transfer torque (STT) effect in mag-
netic multilayered nanostructure. According to the theory
presented by Slonczewski [1] and Berger [2], spin-polarized
current may produce precessing magnetization in the ferro-
magnetic material. Many experiments and researches have
been carried out to support the theory about STO. Recently,
interest in the magnetic tunnel junction (MTJ) which uses a
thin dielectric spacer (e.g., MgO) as is shown in Figure 1(a)
is rapidly growing because it may overcome the limitation of
small power in giant magnetoresistance (GMR) devices.

The effect of STT in MTJ-STO can be explained by
Landau-Lifshitz-Gilbert (LLG) equation that represents the
movement of the magnetization. LLG equation has been
proved very useful in describing the precessional motion
of magnetization in the ferromagnetic material. In this
equation, spin torque consists of two components: in-plane
torque (𝑎𝐽) and perpendicular torque (𝑏𝐽). In a metallic GMR
device, the perpendicular torque is very small compared
with the in-plane torque such that it can be safely ignored.

In MTJ devices, however, the perpendicular torque has a
magnitude of about 30% of the in-plane torque. Thus, when
anMTJ device is modeled, the perpendicular torque has to be
considered.

Researches on STOs have been mostly focused on physi-
cal characteristics of the device with respect to the composing
material and the structure whereas study on the application
of STO devices to CMOS circuits is still very immature.
One of the major obstacles to the integration of STO devices
with CMOS circuits is the lack of circuit-level model of STO
devices. Therefore, the model that represents accurate phys-
ical characteristics of STO has to be developed to accelerate
the convergence of STO devices with CMOS technology.

In our previous work, physics-based GMR-STO circuit
model was proposed [3, 4]. In this paper, a new circuit model
for MTJ-STO is proposed including the effect of perpen-
dicular torque. The model is fully compatible with circuit-
level simulators such as SPICE. A current mirror circuit
that contains an STO element and a multistage wideband
amplifier was designed to verify the correctness and usability
of our model in real-world circuit design.



2 Advances in Condensed Matter Physics

I

Free layer

Fixed layer

MgO tunnel barrier

z

x

y

H

(a) (b)
H0

H0

Hy

𝜃

bJ, Hint , HA

Hx

Hz

𝜙

Figure 1: Simple schematic diagrams of (a) MTJ-STO device, (b) three axis components of the external and internal magnetic fields. The
perpendicular torque 𝑏𝐽 acts like a magnetic field and is added to the direction of the fixed layer magnetization.

2. Analytic Model of STO

LLG equation consists of three torqueswhich are precessional
torque, damping torque, and STT as shown in the following
[5]:

𝑑�̂�𝐹

𝑑𝑡

= −𝛾 [�̂�𝐹 × �̂�eff] +
𝛼𝐺

𝑀𝑆

[�̂�𝐹 ×
𝑑�̂�𝐹

𝑑𝑡

] − 𝛾𝜏STT, (1a)

𝜏STT = 𝑎𝐽�̂�𝐹 × (�̂�𝑃 × �̂�𝐹) + 𝑏𝐽 (�̂�𝐹 × �̂�𝑝) . (1b)

In this equation, �̂�𝐹 is the magnetization of the free
layer, �̂�𝑃 is the magnetization of the fixed layer, 𝛾 is
the gyromagnetic ratio, �̂�eff is the effective magnetic field,
𝛼𝐺 is the Gilbert damping constant, 𝑀𝑆 is the saturation
magnetization, and 𝜏STT is STT.

As shown in (1b), STT consists of the in-plane torque
component 𝑎𝐽 and the perpendicular torque component 𝑏𝐽.
In particular, the perpendicular torque is known as the
field-like torque because of its characteristics inferred from
the LLG equation. The perpendicular torque acts like a
magnetic field that may be added to the effective field to
the direction of the fixed layer magnetization. Therefore,
the effective field in the MTJ devices can be increased or
decreased depending on the magnitude and the direction of
the perpendicular torque. If the magnitude and the direction
of the effective field are changed, the precessional motion
will be changed, and the characteristics of the STO (the
generation frequency, the mean oscillation power, and full-
width-at-half-maximum (FWHM) generation linewidth) are
also changed, accordingly.

The objective of our model is to precisely replicate the
three characteristics of MTJ-STOs. Governing equations for
those three characteristics are primarily based on Slavin’s
analytic model [6] which states that mean oscillation power
𝑃exp, generation frequency 𝜔𝑔, and generation linewidth 2Δ𝜔
are expressed as the following equations:

𝑃exp = 𝑅rf𝐼
2
𝑝, (2a)

𝜔𝑔 = 𝜔0 + 𝑁𝑝, (2b)

2Δ𝜔 = (1 + ]2) Γ+ (𝑝0)
𝑘𝐵𝑇

𝐸 (𝑝)

. (2c)

In (2a), (2b), and (2c), 𝑅rf is the magnetoresistance and
defined as 𝑅rf = (𝑅𝐿/2[𝑅(𝜃0) + 𝑅𝐿]

2
)(𝑑𝑅/𝑑𝜃)

2
⋅ 4(1 + 𝜀). 𝑅𝐿 is

load resistance, and 𝜀 is defined as 4𝜋𝑀0/(𝐻0 + 4𝜋𝑀0). 𝑝 =

(𝑄𝜂/(𝑄+𝜁))[1+ exp(−(𝜁+𝑄)/𝑄2𝜂)/𝐸𝛽((𝜁+𝑄)/𝑄
2
𝜂)]+ ((𝜁−

1)/(𝜁 + 𝑄)) is the dimensionless power, 𝑄 is the nonlinear
damping coefficient, 𝜂 is the effective noise power, and 𝜁 is the
supercriticality parameter defined as (𝐼/𝐼th). Moreover, 𝛽 =

−(1 +𝑄)𝜁/𝑄
2
𝜂 and 𝐸𝑛(𝑥) = ∫

∞

1
𝑒
−𝑥𝑡
/𝑡
𝑛
𝑑𝑡 are the exponential

integral functions. 𝜔0 is the ferromagnetic resonance (FMR)
frequency;𝑁 is the nonlinear frequency shift coefficient; ] is
the normalized dimensionless nonlinear frequency shift; Γ+
(𝑝0) is the positive damping rate,𝑇 is the temperature,𝐸(𝑝) =
𝜆𝜔0𝑝 is the oscillator energy, 𝜆 is𝑉eff𝑀0/𝛾,𝑉eff is the effective
volume of the oscillator, and 𝛾 is the gyromagnetic ratio. A
more detailed explanation of the parameters in (2a), (2b), and
(2c) can be found in [6].

Three characteristics of an STOare determined by the bias
current and external magnetic field. The field intensity, in-
plane angle, and out-of-plane angle of the external magnetic
field affect the behavior of the STO separately. In addition,
anisotropy field and coupling field (interaction field) also
affect the characteristics of STO. The strength and the
direction of the internalmagnetic field can be calculated from
themagnitude and the direction of the externalmagnetic field
and the anisotropy field using the following equations:

𝐻 sin 𝜃 = 𝐻0 sin 𝜃0 − 4𝜋𝑀0 sin 𝜃, (3a)

𝐻 cos 𝜃 cos𝜙 = 𝐻0 cos 𝜃0 cos𝜙0 + 𝐻𝐴 cos 𝜃 cos𝜙, (3b)

𝐻 cos 𝜃 sin𝜙 = 𝐻0 cos 𝜃0 sin𝜙0. (3c)

In (3a), (3b), and (3c), 𝐻 is the internal magnetic field
magnitude. 𝜃 and 𝜙 are the internal out-of-plane angle
and in-plane angle of the bias field, respectively. 𝐻0 is the
external magnetic field magnitude, and 𝜃0 and 𝜙0 are the
external out-of-plane angle and in-plane angle of the external
magnetic field, respectively. 𝐻𝐴 is the anisotropy field and
𝑀0 represents saturation magnetization. The internal field
is thus obtained from the external magnetic field, and the
anisotropy field is used in our previous model for GMR-STO.
However, as was mentioned in [7], the perpendicular torque
𝑏𝐽 and the coupling field 𝐻int should be considered together
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Figure 2: Characteristics of MTJ-STOs as functions of the perpendicular torque and the in-plane angle 𝜙 at 𝐼 = 1.5mA. (a) Generation
frequency, (b) effective field magnitude, (c) mean oscillation power and (d) generation linewidth.
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Figure 3: Current mirror circuit integrated with the MTJ-STO
elements and the CMOS transistor.

to accurately model the behavior of MTJ-STO devices. In the
proposedmodel, the perpendicular torque and coupling field
are included as is shown in (4a), (4b), (4c), and (4d):

𝐻𝑥 new = 𝐻𝑥 − 𝐻int − 𝑏𝐽, (4a)

𝐻new = √𝐻
2
𝑥 new + 𝐻

2
𝑦
+ 𝐻
2
𝑧
, (4b)

𝜙new = tan−1 (
𝐻𝑦

𝐻𝑥 new
) , (4c)

𝜃new = tan−1(
𝐻𝑧

√𝐻
2
𝑥 new + 𝐻

2
𝑦

). (4d)

The internal magnetic field 𝐻 calculated in (3a), (3b),
and (3c) is composed of three components, 𝐻𝑥, 𝐻𝑦, and
𝐻𝑧, as is shown in Figure 1(b). Both the coupling field and
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Figure 4: Comparison of simulation results for three characteristics
of STOswith experimental data [7] as functions of the perpendicular
torque and the inplane angle 𝜙. (a) Frequency, (b) mean power, and
(c) linewidth.

the perpendicular torque affect the easy axis component
of the internal magnetic field. Therefore, the magnitude
and the direction of the new internal magnetic field 𝐻new,
𝜙new, and 𝜃new become different from the original internal
magnetic field that has been calculated without considering
the coupling field and the perpendicular torque. Oscillation
power, generation frequency, and linewidth can now be
expressed more accurately using the new internal magnetic
field parameters.

The devices are assumed to be in antiparallel (AP) state
as was assumed in [7]. The easy axis is set to positive 𝑥 axis,
and the magnetization of fixed layer is towards −𝑥 direction
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Figure 5: (a) The output voltage signal in the time domain, (b) the
generation frequency in the frequency domain at 62∘ of the in-plane
angle.

whereas the magnetization of the free layer is set to +𝑥

direction.
The perpendicular torque is known to depend on the

applied voltage, but the voltage dependence of the perpendic-
ular torque has not been clearly defined. The perpendicular
torque has quadratic voltage dependence according to Sankey
et al. [8] and Kubota et al. [9]. Petit et al. [10] and Li et al. [11],
however, reported that the perpendicular torque has linear
voltage dependence. Recently, the voltage dependence of the
perpendicular torque can be generally described by the lowest
order Taylor expansion (𝑏𝐽 = 𝐶1𝑉 + 𝐶2𝑉

2) that explain the
main effects of asymmetric and symmetric bias dependence,
simultaneously [5, 12]. Therefore, the perpendicular torque is
assumed to have linear and quadratic voltage dependence in
this paper.

3. Characteristics of STO with
Perpendicular Torque

In this section, the characteristics of an MTJ-STO versus
the in-plane angle of internal magnetic field are observed
while varying the magnitude of the perpendicular torque.
During the simulation, the geometrical parameter and layer
composition of the MTJ device are assumed to be the same
as [7]. The dimension of the device is 140 nm × 85 nm, and
the free layer thickness is 1.8 nm. In this model, the value
of the saturation magnetization and the anisotropy field are
assumed to be 12 kOe and 100Oe, respectively. Also, as the
perpendicular torque cannot be measured directly from the
given experimental data, its proper value can only be found
by fitting the experimental data with our MTJ-STOmodel by
adjusting themagnitude of the perpendicular torque using𝐶1
and𝐶2.Thus, the characteristics ofMTJ-STO are investigated
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Figure 6: Circuit schematic of the current mirror circuit with a 4-stage common source amplifier.

by varying the magnitude of the perpendicular torque as is
shown in Figure 2.

First, the generation frequency of STO as a function of
the perpendicular torque is observed through the simulation.
Figure 2(a) shows that the generation frequency decreases
when the magnitude of the perpendicular torque increases.
In particular, the frequency variation due to the perpendic-
ular torque becomes large when the in-plane angle of the
internal magnetic field is small. From the LLG equation, the
perpendicular torque is added to the effective field with the
direction of the magnetization of the fixed layer, so that the
perpendicular torque affects the 𝑥 axis component of the
internal effective field. Also, the 𝑥 axis component of the
internal effective field is dominant when the in-plane angle
is small. Consequently, the generation frequency decreases
with increasing the perpendicular torque. In other words, the
perpendicular torque tends to push the effective field to the
hard axis so that the magnitude of the effective field becomes
smaller at the small in-plane angle, and this phenomenon is
illustrated in Figure 2(b).

Second, the mean power and the generation linewidth
of the STO with perpendicular torque are observed and
shown in Figures 2(c) and 2(d). Both the mean power
and the generation linewidth increase with increasing the
magnitude of the perpendicular torque. It is worth noting
that the mean power gradually increases with increasing
in-plane angle and has a maximum value at around 60∘
while the generation linewidth decreases and has aminimum
value at the point where the power has the maximum. As
previously explained, the reason that the maximum power
and minimum linewidth occur at a certain in-plane angle
rather than the hard axis direction is the perpendicular torque
which affects the effective field.

4. Simulation Results

Verification of our model is performed using HSPICE circuit
simulator. A current mirror CMOS circuit is integrated with
an MTJ-STO element as shown in Figure 3.

Proposed STO model is written in Verilog-A, which is
a hardware description language for mixed-mode circuit
design such that it is fully compatible with circuit-level simu-
lators such as HSPICE.The correctness of ourmodel was ver-
ified by comparing the simulation results with the previously
reported experimental data [7]. The simulation results at
𝐼 = 1.5mA are shown in Figure 4. As the magnitude of

the perpendicular torque is not given with the experimental
data, the different values of the perpendicular torque are
tried in our simulation to find the best match. In this case,
the simulation results show that the perpendicular torque of
180Oe gives the best fit with the experimental data (𝐶1 =
29Oe/V, 𝐶2 = 160Oe/V2). The generation frequency is
shown in Figure 4(a), and the simulation results show good
agreement with the experimental data. In Figure 4(b), the
mean power increases with increasing in-plane angle. It has
the maximum value at 60∘ both in the simulation results
and the experimental data. The experimental data of the
generation linewidth in Figure 4(c) shows a rapid growth at
large in-plane angle. That phenomenon is due to the thermal
fluctuation which is not considered in our model.The output
voltage signal in the time domain and the generation fre-
quency in the frequency domain at 62∘ of the in-plane angle
are shown in Figure 5.There are some researches that present
the method for the measurement of the STT experimentally
[8, 12]; however, our model is focused on the practicality
of the circuit model that expresses the characteristics of the
MTJ-STO. Simply adjust the coefficient of the perpendicular
torque so that the accurate representation of the MJT-STO
characteristics can be possible.

Even when an MTJ-STO gives out more power than a
GMR-STO, the output signal needs more amplification to
be used as a high frequency microwave source to CMOS
circuits. A four-stage common source wideband amplifier is
designed and added to the current mirror circuit as shown in
Figure 6. The bandwidth of the amplifier is about 8GHz, and
the gain is 40 dB. Figure 7 shows the simulation results of the
amplifier with our MTJ-STO model. The output spectrum of
the amplifier has a same generation frequency, and the power
gain is about 35 dB.

5. Conclusion

In this paper, we propose a circuit-level model of MTJ-STOs.
The perpendicular torque and coupling field which have
been ignored in GMR-STO model are included in our new
model forMTJ-STO. As the perpendicular torquemagnitude
increases, the force that pushes the effective magnetic field
toward the hard axis becomes stronger so that the magnitude
of the effective magnetic field and the generation frequency
decreases accordingly. In addition, power and the linewidth
increases as the perpendicular torque increases. As the
perpendicular torque cannot be measured directly from the
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Figure 7:The frequency spectrum of the output signal from current
mirror stage and the amplifier stage.

given experimental data, it needs to be derived frommultiple
simulation data with different values of the torque by best-
fitting technique. In order to verify the MTJ-STO model,
the current mirror CMOS circuit was composed with an
MTJ-STO and simulated with HSPICE circuit simulator. The
simulation results are compared with the experimental data,
and they show good agreement with existing experimental
data when the perpendicular torque is properly determined.
Also, multistage wideband CMOS amplifier is designed
and simulated with the current mirror circuit to prove the
usability of our model in real circuit design environment.

As this model is based on the basic theory of microwave
generation in magnetic nanostructures, it can be applied to
various types of STO elements for broad application area.
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