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SPECIAL TOPIC — Spin manipulation in solids

Spin torque nano-oscillators with a perpendicular spin polarizer∗
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Zongzhi Zhang(张宗芝)2, and Yaowen Liu(刘要稳)1,†

1Shanghai Key Laboratory for Special Artificial Microstructure Materials and Technology,
School of Physics Science and Engineering, Tongji University, Shanghai 200092, China

2Department of Optical Science and Engineering, Fudan University, Shanghai 200433, China

(Received 8 January 2019; revised manuscript received 25 January 2019; published online 26 February 2019)

We present an overview in the understanding of spin-transfer torque (STT) induced magnetization dynamics in spin-
torque nano-oscillator (STNO) devices. The STNO contains an in-plane (IP) magnetized free layer and an out-of-plane
(OP) magnetized spin polarizing layer. After a brief introduction, we first use mesoscopic micromagnetic simulations,
which are based on the Landau–Lifshitz–Gilbert equation including the STT effect, to specify how a spin-torque term
may tune the magnetization precession orbits of the free layer, showing that the oscillator frequency is proportional to the
current density and the z-component of the free layer magnetization. Next, we propose a pendulum-like model within
the macrospin approximation to describe the dynamic properties in such type of STNOs. After that, we further show
the procession dynamics of the STNOs excited by IP and OP dual spin-polarizers. Both the numerical simulations and
analytical theory indicate that the precession frequency is linearly proportional to the spin-torque of the OP polarizer only
and is irrelevant to the spin-torque of the IP polarizer. Finally, a promising approach of coordinate transformation from the
laboratory frame to the rotation frame is introduced, by which the nonstationary OP magnetization precession process is
therefore transformed into the stationary process in the rotation frame. Through this method, a promising digital frequency
shift-key modulation technique is presented, in which the magnetization precession can be well controlled at a given orbit
as well as its precession frequency can be tuned with the co-action of spin polarized current and magnetic field (or electric
field) pulses.

Keywords: spin torque nano-oscillators (STNOs), spin-transfer torque effect, magnetic simulation
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1. Introduction
Since the discovery of the spin-transfer torque (STT) ef-

fect by Slonczewski[1] and Berger,[2] an efficient manipula-
tion of magnetization orientation has been achieved by apply-
ing a DC current perpendicularly to a sandwiched magnetic
structure that consists of two magnetic layers separated by a
nonmagnetic spacer.[3,4] The current first is polarized by the
fixed magnetic layer and subsequently transfers the spin an-
gular momentum to the free magnetic layer. The STT can act
as negative damping, which can be used to switch the mag-
netization state of magnetic tunnel junctions (MTJs) and de-
velop the so-called STT-MARM.[5,6] Another particularly im-
portant application of STT effect is to develop a new type
of nanoscale microwave oscillators, called spin torque nano-
oscillators (STNOs),[7,8] in which a persistent magnetization
precession is required by controlling the STT strength to com-
pensate the intrinsic Gilbert damping. Experimentally, the
STNOs can be fabricated in the form of ∼ 100 nm diame-
ter nanopillars[9] or in the form of a nanocontact on the top
of a free layer, where the active magnetic layers are later-
ally extended over several micrometers.[10] The magnetization

precession of STNOs can be uniform,[9] vortex mode,[11] or
droplet mode.[12–15]

One of the qualities of STNOs is that they are tunable
over a wide frequency range by varying the applied DC current
or magnetic field. However, STNOs with a large microwave
emission power and a narrow linewidth are of the most chal-
lenging issues to move the STNOs to the practical applica-
tions. The output power is typically in several to tens of pico-
Watts or nano-Watt,[9,16,17] which is too weak for any practi-
cal applications. In order to improve the output power, several
methods have been proposed, for example, using synchroniza-
tion technique through the phase-locking mode of an array of
STNOs[18–29] or using MgO-based MTJs to replace the spin
valves,[30–32] which could increase the output power to several
µW level because of an increased magnetoresistance signal.

However, most practical applications require these de-
vices to operate in either zero or weak applied magnetic fields.
For that, one particularly promising STNO device has been
proposed by using a spin-torque nanopillar that consists of an
out-of-plane (OP) magnetized spin polarizer and an in-plane
(IP) magnetized free layer.[33–35] Another type of STNOs uses
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CoFeB-MgO based MTJ that consists of an OP free layer and
an IP spin polarizer, which shows large-power microwave os-
cillations in the absence of any external magnetic fields.[36,37]

The resonance modes of the free layer and reference layer
have been recently identified by spin-torque ferromagnetic res-
onance (ST-FMR) technique.[38] In these two types of STNO
geometries, since the spin-polarizing layer is perpendicular to
the free layer in an ∼ 90◦ magnetization configuration, a large
spin-torque can be initially generated,[1] which would result
in a lower threshold current to drive the OP precession and a
larger amplitude of the microwave signals.

Another concern of the STNOs is to improve their
linewidth.[39] Most of the oscillator linewidth comes from
phase noise, which can be reduced by phase-locking[40] or
non-conservative current-induced coupling between magnetic
layers.[41] It also has been reported that the linewidth shows
nonmonotonic temperature dependence as well as the non-
linearity of the devices.[38,42] Recently, a scheme for STNO-
based modulation utilizing frequency shift keying (FSK)[43,44]

or amplitude shift keying (ASK)[45] provides a new way to cir-
cumvent the issue of large linewidth. Digital data signals are
employed by this modulation scheme without the requirement
of radio-frequency (RF) mixer in demodulation. The data can
be encoded by two distinct frequencies or two distinct oscil-
lation amplitudes. In this paper, we will introduce an FSK
modulation method by using the STNO with a perpendicular
spin polarizer. By applying properly cooperative current and
magnetic field pulses, we show that magnetization oscillation
can be tuned at an OP precession orbit with a fixed tilted angle
of magnetization (i.e., a fixed mz) but with tunable frequencies.

The paper is organized as follows: In Section 2, the fun-
damental properties of the STNO with an OP spin polarizer
are introduced. Then we show a pendulum-like theory model
to describe such type of STNOs in Section 3. After that, the
dynamics of STNOs with OP and IP dual spin-polarizers are
further investigated in Section 4. In Section 5, a digital FSK
technique is proposed. Finally, we give a brief summary in the
end of the paper.

2. The STNOs with perpendicular spin polarizer
We consider a STNO device with a fixed OP polarizer and

an in-plane magnetized free layer, as illustrated in Fig. 1(a).
The separate nonmagnetic layer (NM1) between them can be
a Cu metal for spin valves or a MgO insulating layer for MTJs
in experiments. The magnetization dynamics of the free layer
is governed by the Landau–Lifshitz–Gilbert (LLG) equation
with additional spin-transfer torque terms[46]

d𝑀
dt

= −γ(𝑀 ×𝐻eff)+
α

Ms

(
𝑀 × d𝑀

dt

)
+

γaJ

Ms
𝑀 × (𝑀 ×𝑝)− γbJ𝑀 ×𝑝, (1)

where 𝑀 = 𝑚Ms is the magnetization vector of the free
layer, 𝑚 is the unit magnetization vector, Ms is the sat-
uration magnetization, 𝐻eff is the effective field that in-
cludes the external magnetic field, anisotropy field, demag-
netizing field, exchange field, and dipolar field generated
by the OP magnetic polarizer, and γ is the gyromagnetic
constant. The first term of the LLG equation describes
the Larmor precession of magnetization, the second term is
the Gilbert damping term, α is the damping factor. The
third and fourth terms are the in-plane Slonczewiski’s spin
torque[1] and field-like spin torque,[47–49] respectively. 𝑝 is
the unit magnetization vector of the polarizer layer, and aJ

and bJ are the torque factors, aJ = }Jg(P,θ)/(2eµ0Msd),
bJ = ξ aJ . Here } is the Planck constant, J is the electric
current density, d is the free layer thickness, e is the elec-
tron charge, P is the spin polarization, and g(P,θ) is the
spin-torque efficiency factor from Slonczewski,[1] g(P,θ) =

[−4+(1+P)3 (3+ cosθ)/(4P3/2)]
−1

. ξ = lex/lsf, which de-
notes the ratio of spin decoherence length and spin-flip relax-
ation length.[47] Here the thermal and multiple refection effect
of STT[50] is ignored.
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Fig. 1. (a) Schematic of a STNO with an in-plane magnetized free layer 𝑀F
and a perpendicular spin polarizer 𝑀P. The positive current J supports the
parallel configuration of 𝑀F and 𝑀P, which is defined as the current flow-
ing from the free layer to the polarizer layer. (b) Schematic of STT-driven
OP magnetization precession orbit, which is dependent of the applied cur-
rent direction and amplitude. The blue arrow and black arrow indicate the
Slonczewisk’s torque (𝑇STT) and field-like spin torque (𝑇FL), respectively.
The purple arrow denotes the damping torque. Panels (c) and (d) show the
simulated typical magnetization precession and the corresponding oscillation
frequency, respectively.
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The free layer magnetization precession around z-axis
stems from the current induced STT with the OP polarizer:
the flow of incoming spin-polarized electrons tends to drag
the free layer magnetization slightly out-of-plane. This yields
the onset of a large perpendicular demagnetizing field around
which the magnetization of the soft layer precesses. Depend-
ing on the current direction, the in-plane Slonczewiski’s STT
term in Eq. (1) can generate a torque either being parallel to the
Gilbert damping torque or antiparallel to the damping torque
(i.e., anti-damping torque), which can increase or decreases
the Gilbert damping. In the anti-damping case, when the STT
is smaller than the Gilbert damping, the magnetization pre-
cession is quickly damped and the magnet settles into static
equilibrium.[51] In contrast, when the spin torque is larger than
the damping torque, the precession increases until the magne-
tization completely reverses direction, which is usually used as
the writing process for STT-MRAM. In the middle case, when
the spin torque and the damping torque are effectively equal
and opposite over a precession orbit, as shown in Fig. 1(b), a
persistent magnetization precession will be observed. The pre-
cession orbit position (i.e., θ in the unit sphere phase plane)
depends on the current direction and strength.

Figure 1(c) shows a typical time-dependent magnetiza-
tion precession of the free layer excited by STT, and fig-
ure 1(d) shows the corresponding frequency calculated from
the evolution of 〈mx〉 with the fast Fourier transform (FFT)
technique. In this simulation, the typical material parame-
ters of permalloy (Ni80Fe20) are used for the free layer: Ms =

800 emu/cm3 (saturation magnetization), K = 5000 erg/cm3

(magnetic anisotropy), A= 10−6 erg/cm2 (exchange stiffness),
α = 0.01 (damping factor), and P = 0.35 (spin polarization).
The lateral dimension of the free layer is 80 nm ×80 nm and
the thickness d = 4.5 nm. The sample is descritized into a
two-dimensional array of mesh cells in our simulations and
each cell is 4 nm×4 nm×4.5 nm.

The critical current density for magnetic excitations can
be derived from an instability condition of the OP component
magnetization (Mz) within a single domain assumption[52,53]

Jc =
2e
}

Ms ·d
g(θ = π/2)

HK

2
, (2)

where HK is the magnetic anisotropy field. The precession
frequency ( f ) for a given current is given by

f =
γaJ

2πα
=

γ

2πα

}
2e

g(θ)
Ms ·d

J. (3)

Equation (2) indicates a linear dependency of the critical cur-
rent density on the anisotropy field of the free layer. For our
sample, the theoretically predicated Jc by Eq. (2) is 3.35×
106 A/cm2. The critical current could be reduced by optimiz-
ing the device geometry and parameters. For example, by de-
creasing the free layer thickness or increasing the spin polar-
ization, we have Jc = 1.19× 106 A/cm2 for d = 1.6 nm and

P = 0.35 and Jc = 6.79×105 A/cm2 for further increased P =

0.56. These Jc values are close to that reported in Ref. [36].
Figure 2 shows the simulated oscillation frequency (solid

triangles) as a function of the applied current. When the cur-
rent density increases from 2×107 A/cm2 to 1× 108 A/cm2,
the frequency varies from 2 GHz to 13 GHz. We find that
the frequency behavior strongly depends on the variation of
the z-component of the averaged magnetization (open-circles),
showing that the frequency is related to the effective demag-
netization field of the free layer[53,54]

f=
γ

2π
4πMs〈mz〉. (4)

Since the maximum demagnetizing field occurs when the
magnetization of the free layer is driven fully perpendicular,
the maximum precession frequency is fmax= 2γMs= 28 GHz.
Simulations shown in Fig. 2 indicate that a flat plate at fre-
quency of 6.8 GHz is observed for current density ranging
from (0.5–0.7)×108 A/cm2, we infer that this comes from the
competition between the demagnetization field (prefer to in-
plane magnetization) and spin-transfer torque (prefer to −z
magnetization direction at positive current).
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Fig. 2. Simulated OP precession frequency (left axis) and z-component
of magnetization (right axis) as a function of the applied current density.

3. A pendulum-like theory model
In order to gain insight into the mechanism of STNOs

with the perpendicular spin polarizer, Ebels et al. have pre-
sented a quite comprehensive description by using a gener-
alized FMR formalism.[53] The work focuses on the in-plane
bias field and the current-field phase diagram is well estab-
lished through the theoretical model. Slavin et al. haves de-
veloped a general theoretical model for the STNOs via the
nonlinear transformation of variables,[42] in which the LLG
equation with STT effect has been exactly transformed into
so-called universal model of an auto-oscillator with negative
damping. However, the model becomes very complicated for
the magnetization precession near the film in-plane, especially
in the asymmetric case where the in-plane uniaxial anisotropy
is taken into account to destroy the axial symmetry around z-
axis.

Recently, we have developed an analytical pendulum-like
model to describe the dynamics of STNO that contains an OP
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polarizer combined with an IP free layer.[55] First, let us re-
view a simple gravity pendulum model in classical mechan-
ics, as shown in Fig. 3(a). When the pendulum is displaced
sideways from its equilibrium position, it is subject to a restor-
ing force due to gravity that will accelerate it back toward the
equilibrium position. Consequently, the pendulum will oscil-
late about the equilibrium position, swinging back and forth.
The potential energy for this harmonic oscillator is given by
V (ψ) = −mgl cosψ , where m is the pendulum mass, l is the
rod length, g is the gravitational acceleration, and ψ is the an-
gle deviated from the equilibrium position. If an additional
driving force Fdri is applied to the gravity pendulum along the
tangential direction, the differential equation governing this
gravity pendulum reads

d2ψ

dt2 +
g
l

sinψ =
1

ml
Fdri. (5)

In the presence of driving force Fdri, the pendulum could
form a circling motion by tuning the driving force (bottom
panel in Fig. 3(a)). In this case, the pendulum system is non-
conservative and it could gain energy from the driving force.

We introduce this idea into the LLG equation to describe
the oscillation dynamics of STNOs driven by the current-
induced STT effect. In the absence of the field-like STT effect,
the LLG equation is given by[56]

d𝑚
dτ

= −(∇𝑚ET)×𝑚+α

(
𝑚× d𝑚

dτ

)
+aJ [𝑚× (𝑚×𝑝)] . (6)

Here aJ = AJ(𝑚)(4πMsγ)
−1 is the scaled STT strength

with AJ(𝑚) = (γ}J/2eMsd) f (𝑚 ·𝑝) and f (𝑚 ·𝑝) = [−4+
C(P)(3+𝑚 ·𝑝)]−1, C(P) = (1+P)3/4P3/2. The total energy
density scaled by ET(𝑚)≡ E(𝑚)(4πM2

s )
−1 can be rewritten

in the two spherical angles of (θ , φ ) as

ET(θ ,φ) =
1
2

cos2
θ +

k
2

sin2
θ sin2

φ −hz cosθ , (7)

where the first term is the demagnetization energy density, the
second term is the uniaxial anisotropic energy density, and the
third one is the Zeeman energy density with a scaled mag-
netic field hz ≡ Hz/(4πMs). The magnetic field is along +z
direction, which can comes from the stray field of the OP po-
larizer or the applied magnetic field. Consider that the order of
the uniaxial anisotropy field is much smaller than that of the
demagnetization field strength, e.g., k = 0.008� 1, one can
obtain a non-conservative Newton-like motion equation in the
appearance of the damping and STT effect as (for details, see
Appendixes A and B in Ref. [55])

φ̈ + sin2
θ0αφ̇

= − sin2
θ0aJ0

−4+C(P)(3+ cosθ0)
− k

2
sin2

θ0 sin2φ . (8)

The precession inclination angle satisfies cosθ0 = hz.
Equation (8) is a typical damped nonlinear oscillator with

a driving force by the action of STT effect. In the theory
framework, the total effective force can be separated as the
conservative (Fcon) and non-conservative terms (Fnon)

Feff = Fcon +Fnon. (9)

For the local oscillations of the pendulum, the STT can be
treated as a conservative-like force

Fcon =−(k/2)sin2φ sin2
θ0−

aJ0 sin2
θ0

(−4+C (P)(3+ cosθ0))
, (9a)

Fnon =−sin2
θ0αφ̇ . (9b)

In this case, the energy for the conservative system reads

E =
1
2

φ̇
2 +V (φ)

=
1
2

φ̇
2 +

k
2

sin2
θ0 cos2

φ +
aJ0 sin2

θ0φ

(−4+C (P)(3+ cosθ0))
. (10)

As for the rotation of the pendulum around the pivot, the STT
can be treated as a non-conservative-like force

Fcon =−(k/2)sin2φ sin2
θ0, (11a)

Fnon =−sin2
θ0

[
αφ̇ +

aJ0

(−4+C (P)(3+ cosθ0))

]
. (11b)

Accordingly, the energy law becomes

E =
1
2

φ̇
2 +V (φ)=

1
2

φ̇
2 +

k
2

sin2
θ0 cos2

φ . (12)

In the first case, the STT effect is considered as a conservative-
like driving force. The threshold of the STT strength to trigger
an OP precession state can be derived,[55] which is indepen-
dent of the damping constant

|aJ0c|= (k/2)(−4+C (P)(3+ cosθ0)) , (13)

and the critical driving current is accordingly derived as

|Ic|=
(

8πeM2
s V

}

)(
k
2

)
(−4+C (P)(3+hz)) . (14)

In the second case that the STT effect is considered as a non-
conservative driving force, one will obtain another critical cur-
rent Ib, which corresponds to the lower boundary for OP pre-
cessions

|Ib| =
(

8πeM2
s eV

}

)(
4α

2π

)√
k (1−h2

z)

× [−4+C(P)(3+hz)] . (15)

Note that Ib in Eq. (15) is proportional to the Gilbert damping
constant α , which definitely implies that for a larger damp-
ing the more driving current is required to compensate the
energy loss to maintain an OP precession trajectory. Fig-
ure 3(b) shows the phase diagram of these two critical currents
of Ib and Ic with three stable coexisting states containing the
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quasi-static parallel (P), antiparallel (AP), and OP precessions.
The two stable P and AP states appear for the current smaller
than Ib. Theoretically predicted Ic and Ib are calculated from
Eqs. (14) and (15), respectively, as a function of magnetic field
hz. Meanwhile, the critical currents obtained by the macrospin
simulation are also given by the blue-squares and open-circles.
Note that the critical currents linearly increase with the in-
crease of hz, showing a good agreement between the theory

and simulations. Figure 3(c) shows that two typical clockwise

OP precession states appear for any initial magnetization state

when the applied current is taken the values a little above Ic

(the stars in Fig. 3(b)). These results clearly indicate that the

STNOs with the perpendicular polarizer can be well treated as

a pendulum-like oscillator, in which the non-conservative STT

effect behaves for the out-of-plane magnetization precessions.
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Fig. 3. (a) Schematic pendulum models in the uniform gravity and driven by a tangential force. (b) The phase diagrams of the static and
oscillation free layer magnetization states as functions of current and field. The theory predications of the critical currents Ic and Ib for OP
precession are indicated by red and olive curves, respectively. The corresponding simulation results are indicated by the blue and black squares.
P and AP denote the parallel state and antiparallel state with respective to the IP analyzer, respectively. (c) Simulated OP magnetization
precession of the free layer on the unit sphere phase plane for two combinations of currents I and applied fields hz.

4. STNO with dual spin polarizers

One of the key attractions in the STNO with perpendicu-
lar polarizer and in-plane free layer is that the orthogonal mag-
netization configuration could generate a large STT in the ini-
tial stage. This can be used to solve the unavoidable intrinsic
drawback in such devices that spin-toque is almost zero at the
initial stage when the two layer magnetizations are collinearly
aligned, which usually results in the relatively long incuba-
tion period of switching time. For that, STT nanopillars with
dual spin-polarizing layers have attracted much attention.[57]

As illustrated in Fig. 4(a), one spin-polarizing layer is mag-
netized in-plane (referred to as IP polarizer) and the other is
magnetized out-of-plane (referred to as OP polarizer). Recent
experiments have demonstrated that the combined IP and OP
dual polarizers could significantly enhance the spin-torque ef-
fect, increase the magnetization switching speed, and lower
the pulse width by a factor of 10, as compared with the de-
vices with a single IP polarizer.[58–61] Our previous simula-

tions show that ultrashort current pulses down to 150 ps even
can drive the free layer magnetization switching.[62]

The magnetization dynamics of the free layer can be de-
scribed by the LLG equation including the two spin-torque
terms generated from OP and IP dual polarizers, respectively

d𝑀
dt

= −γ(𝑀 ×𝐻eff)+
α

Ms

(
𝑀 × d𝑀

dt

)
+

γaJ
OP

Ms
𝑀

× (𝑀 ×𝑝OP)−
γaJ

IP
Ms

𝑀 × (𝑀 ×𝑝IP) , (16)

where the STT factor aJ
OP(IP) = (}/2)(1/µ0Ms)(1/t)(J/|e|)×

POP(IP)g(𝑀 ·𝑝OP(IP)). In this study, the STT efficiency factor
is taken as g(𝑀 ·𝑝) = [cos2(ϕ/2)+ 1/(1+ χ)sin2(ϕ/2)]−1,
with φ as the angle between 𝑀 and 𝑝, and χ is an asymmetric
parameter.[63] For simplicity, here we ignore the asymmetric
effect of STT and set χ = 0.

First, the free layer magnetization switching in the film
plane (from −x to +x switching) is tested by using the IP
and OP dual polarizers. Macrospin simulation results shown

037503-5



Chin. Phys. B Vol. 28, No. 3 (2019) 037503

in Fig. 4(b) indicate that the switching time of the free layer
can be significantly reduced in the spin-torque device with
the IP and OP dual polarizers (red curve), as compared with
that having a single IP polarizer (blue curve). In these two
simulations, the applied current pulse strength is the same,
J = 7.94× 1011 A/m2. The standard material parameters of
CoFeB are used for the free layer: µ0Ms = 1.5 T, d = 5 nm,
K = 1920 J/m3. The electron spin polarizations of the IP
and OP polarizers are assumed to be 0.7 and 0.02, respec-
tively. Note that, although the STT strength generated from
the OP polarizer is very small (aJ

OP/aJ
IP' 0.028), the free layer

switching completes within ∼ 0.7 ns, which is much faster
than that in the single IP polarizer case (∼ 8.7 ns).

Figure 4(c) summarizes the phase diagram of STNOs as
a function of the STT strength from OP and IP dual polariz-
ers. The magnetization behaviors can be categorized into three
regions: (I) no switching, (II) switching, and (III) oscillation.
In region-I, the two torques are not strong enough to switch
the magnetization orientation of the free layer. In region-II,
the two spin-torques could drive the free layer magnetization
to switch from −x to +x direction, showing that the switching
occurs when the STT strength from the OP polarizer aJ

OP is
almost one order smaller than that from the IP polarizer aJ

IP.

The STT effect from the OP polarizer is very helpful in ac-
celerating the speed of the magnetization switching. With the
increase of aJ

OP, the free layer magnetization enters region-III
and displays a periodic OP precession state.

Interestingly, the periodic precession frequency of the
free layer exhibits different feature dependence on the OP and
IP polarizers, as shown in Fig. 4(d). At a fixed OP spin-
torque of aJ

OP = 0.3× 104 A/m, the precession frequency is
∼ 9.8 GHz, which is almost independent of the torque strength
generated by the IP polarizer. In contrast, for a given IP
spin-torque, aJ

IP = 1.125×104 A/m, the frequency linearly in-
creases with the increase of the OP spin-torque. This signifi-
cant difference of frequency dependence on the torques reveals
that the OP spin-torque plays an important role in the magne-
tization OP precessions. With the increase of the tilt angle
of magnetization (and thereby, the z-component of magnetiza-
tion), the precession accelerates and frequency increases. Such
a frequency dependence on the tilt angle of magnetization is in
agreement with Eq. (4).[54] We know that the tilt angle of mag-
netization in the device of Fig. 4(a) is mainly dominated by the
OP spin-torque. Therefore, the frequency is almost unchanged
at a fixed OP spin-torque case and increases with the increased
OP spin-torque.
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Fig. 4. (a) A schematic configuration of a STNO with IP and OP dual polarizers. (b) Comparison of magnetization switching driven by
spin-torques excited by dual polarizers (red-curve) and by a single IP polarizer (blue-curve). (c) Phase diagram of the free layer magnetization
dynamics dependence on the spin-torques strengths generated from the IP and OP polarizers. (d) Oscillation frequency dependence on the
spin-torque strengths at a fixed OP spin-torque (a) and a fixed IP spin-torque.

037503-6



Chin. Phys. B Vol. 28, No. 3 (2019) 037503

To gain deep insights into the frequency characteristics of
the STNO with dual polarizers, an analytical model has been
developed.[62] In this device, the effective field acting on the
free layer reads

𝐻eff =

(
Hk

Mx

Ms
−Hx

)
𝑒x +(Hz−4πMz)𝑒z, (17)

where Hk is the intrinsic in-plane anisotropy field, and Hx and
Hz are the stray fields generated from the IP and OP polarizers,
respectively. The demagnetizing field is −4πMz. By inserting
Eq. (17) into Eq. (16), we obtain the following equation for
the Mz component:

dMz

dt
= γMy

(
Hk

Mx

Ms
−Hx

)
+

α

Ms

(
Mx

dMy

dt
−My

dMx

dt

)
−

γaJ
OP

Ms
(M2

x +M2
y )−

γaJ
IP

Ms
MxMz. (18)

Taking 𝑀 = |𝑀⊥|cos(2π f · t)𝑒x + |𝑀⊥|sin(2π f · t)𝑒y +

Mz𝑒z, here 𝑀⊥ is the in-plane component and f is the os-
cillation frequency, equation (18) can be rewritten as

dMz

dt
=

γHk

Ms
|𝑀⊥|2 cos(2π f · t)sin(2π f · t)

−γHx |𝑀⊥|sin(2π f · t)+ α

Ms
|𝑀⊥|2 2π f

−
γaJ

OP
Ms
|𝑀⊥|2−

γaJ
IP

Ms
|𝑀⊥|cos(2π f · t)Mz. (19)

Consider that the change of Mz is very small in an precession
period and by time-integrating both sides of Eq. (19) in a pe-
riod of 2π , the oscillation frequency can be derived as

f ≈
γaOP

J
2πα

=
γ

2πα

}
2|e|

POP

Ms · t
|J| . (20)

Equation (20) clearly indicates that the precession frequency
in this device is linearly proportional to the spin-torque of the
OP polarizer only and is irrelevant to the spin-torque of the IP
polarizer. This analytical result is in perfect agreement with
the simulation results shown in Fig. 4(d).

5. Digital FSK modulation technique
As mentioned in Fig. 2(a),the magnetization precession

orbit around z-axis in the local spherical coordinate frame can
be controlled by the current strength. The precession fre-
quency can be tuned from several to tens of GHz which is
related to the changing of polar angle θ . As a result, differ-
ent currents will drive the free layer magnetization precessing
in the different orbits with the different frequencies, showing
the increased frequency with the decrease of θ . Consequently,
two distinct precession frequencies have two different magne-
tization oscillation amplitudes (thereby, different θ ).

How to realize two distinct frequencies without any
change of oscillation amplitudes is a key issue for frequency

modulation (FM) application of STNOs in the wireless com-
munications. This requires the free layer magnetization to ro-
tate in a fixed precession orbit but with different precession
frequency. Recently, a scheme for STNO-based modulation
utilizing frequency shift keying (FSK) or amplitude shift key-
ing (ASK) has been introduced,[45] in which the data can be
encoded by two distinct frequencies or two distinct oscillation
amplitudes, namely, the binary FSK or binary ASK technique,
respectively. In this section, we will introduce two possible
techniques of digital FSK modulation.

The first design uses the STT device as shown in Fig. 5(a),
in which the STNO has the IP free layer and OP polarizer. A
current pulse and a perpendicular magnetic field pulse hz are
applied to the nano-pillar. As mentioned before, the magneti-
zation dynamics of the free layer can be described by the LLG
equation with the STT effect given in Eq. (6).

In order to analyze the stability of magnetization dynam-
ics, the model is transformed into a reference frame rotating
at angular frequency ω around the symmetry z-axis. Thus, the
time derivative of m(τ) in the frame transformation is given by[

d𝑚
dτ

]
lab

=

[
d𝑚
dτ

]
rot

+[ωz(mz)𝑧]×𝑚, (21)

where lab and rot denote the laboratory frame and rotating
frame, respectively. The angular frequency ω used here is de-
pendent on the z-component of magnetization (i.e., the frame
transformation is a local transformation). Accordingly, the
LLG equation in the rotating frame reads[

d𝑚
dt

]
rot

= − [∇𝑚E +ωz(mz)𝑧]×𝑚+α𝑚×
[

d𝑚
dt

]
rot

− [aJ(θ)+αω(mz)] [𝑚× (𝑚×𝑧)] . (22)

Interestingly, owing to the coordinate transformation, there
are two additional terms in the LLG equation generated in
the rotating frame: the first one is the field-like torque 𝑇1 =

ωz(mz)𝑧 ×𝑚 = ℎrot ×𝑚, which can be absorbed into the
energy density term in the rotation frame in Eq. (20); the
second term has the anti-STT like torque formula 𝑇rot =

αωz(mz)[𝑚 × (𝑚×𝑧)], whose strength depends on the
damping and angular frequency. The 𝑇rot term can be com-
bined with the STT terms of laboratory frame. Figure 5(b)
illustrates the two newborn torque directions.

It is worth remarking that equation (22) implies that the
original STT can be completely canceled by the anti-STT like
torque when a proper rotation frame with a synchronous rota-
tion frequency ωz is chosen

aJ(𝑚)+αωz(mz) = 0. (23)

In this case, equation (22) in the rotation frame can be rewrit-
ten as[

d𝑚
dt

]
rot

=− [∇𝑚Erot]×𝑚+α𝑚×
[

d𝑚
dt

]
rot
, (24)
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with the effective total energy Erot,

Erot(mz)

=
1
2

m2
z −hzmz−

aJ0

αC(P)
ln [−4+C(P)(3+mz)] . (25)

Thus, the original STT effect of laboratory frame can be ex-
actly transformed into one part of the total energy in Eq. (25).

By this way, an OP precession state at a given orbit of
mz0 (z-component) can be treated as a static state in the rotat-
ing frame designated by mz0 and subjected to (d𝑚/dt)rot = 0.
Thus, the stability of OP magnetization precession orbit at the
fixed mz0 is derived from ∂Er/∂mz = 0 and ∂ 2Er/∂m2

z > 0. It
yields that the applied current and magnetic field should sat-
isfy

I =
(

8πeM2
s V

}

)
(mz0−hz)α [−4+C(P)(3+mz0)] , (26)(

}
8πeM2

s V

)
I
α

C(P)

[−4+C(P)(3+mz0)]
2 >−1. (27)

The precession frequency of the stable OP precession orbit can

be analytically derived as

f (GHz) =
4πMsγ

2π
|hz−mz0| . (28)

Through Eqs. (24)–(26), a stable OP precession orbit with a
controllable frequency can be realized by choosing a proper
cooperation of current and magnetic field (I, hz).

Figure 6 shows the simulation results by using two groups
of current pulses alone (I0 = 0.1 mA and I1 = 2 mA). Clearly,
in the case of current alone shown in Figs. 6(a)–6(c), the STT
drives the free layer into two distinct precession orbits with
different frequencies at 1.2 GHz and 17.8 GHz, respectively.
But the different oscillation amplitudes in mx are observed
(Fig. 6(c)), which will actually generate different GMR sig-
nals.

The ideal digital FSK modulation requires a frequency
modulation between two states but without any changes of
magnetization oscillation amplitude. To achieve this goal, a
proper cooperation scheme is applied by using two combi-
nations of driving pulses (I0, hz0) and (I1, hz1) governed by
Eqs. (26) and (27). The results are shown in Figs. 6(d)–6(f).
As expected, the enhanced current I1 drives the magnetization
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precession orbit out of x–y plane to switch frequency to be f1.
Meanwhile, the negative magnetic field hz1 brings the magne-
tization toward the film plane to keep the magnetization oscil-
lation amplitude, which causes the mz decreasing back to mz0.
Consequently, the OP precession is stabilized on the same or-
bit with a fixed tilt angle (mz = 0, thereby the same oscillation
amplitudes of mx and my) for the two combinations of driv-
ing pulses, (I0, h0) and (I1, h1). Meanwhile, the magnetization
precession possesses two different frequencies, f0 = 0.5 GHz
and f1 = 2.0 GHz, respectively. It can be used to code two
different frequency modulation signals.

The controllable frequency modulation can also be done
in the second design scheme, as illustrated in Fig. 5(b). By
using the perpendicularly magnetized magnetic tunnel junc-
tion (MTJ), we show that the magnetization oscillation fre-
quency can be tuned by the co-action of electric field and spin
polarized current.[44] Both the fixed polarizer layer MP and
the free layer MF are magnetized perpendicularly due to the

strong perpendicular magnetic anisotropy (PMA). In this case,
the positive current J supports the parallel configuration of MF

and MP. The additional oxide layer is used to apply the E-
field and accumulate electric charge on the free layer to tune
its PMA. The OP precession can be stabilized at a given orbit
with a fixed tilted angle of magnetization mz but with a tunable
frequency for the two combinations of driving pulses, (J1,E1)

and (J2,E2). The frequency of precession satisfies

f =
4πMsγ

2π

∣∣∣−aJ

α

∣∣∣= ∣∣2KSi,eff (E)mz
∣∣ 2Msγ

1+αξ

1
2
. (29)

Finally, we would like to point out that the FSK modulation
can be done not only in a single device to switch the STNO
into two frequency bands, but also can be realized in two and
even more STNOs with the synchronized precession frequen-
cies. The phase locking of multiple STNOs can be realized
by an electrical circuit design[27] or magnetic dipolar coupling
effect.[29,64]
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6. Conclusion
In summary, we have studied the dynamic properties of

the STNOs with a perpendicular spin polarizer. A persistent
OP magnetization precession appears when the spin torque
and the damping torque are effectively equal and opposite over
a precession orbit. The position of the precession orbit (i.e.,
θ in the unit sphere phase plane) depends on the current di-
rection and strength, and the precession frequency is a func-
tion of the current strength as well as the θ angle. We show
that the OP precession can be described as a pendulum-like
oscillation model, in which the STT effect can be treated as
the conservative and non-conservative terms. We also discuss
the dynamics of STNOs with OP and IP dual spin polarizers
and find that the OP precession frequency is mainly dominated
by the OP polarizer. In the last part we show that the STNO
with perpendicular polarizer can be used as a good candidate
for the digital frequency shift-key modulation technique. The
magnetization precession at a given orbit but with a tunable
frequency can be realized by the co-action of magnetic field
(or electric field) and spin polarized current. We expect this
controllable frequency modulation can be used in the BFSK
technique of wireless communication.
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