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Inductive characteristic of a spintronic nanooscillator
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The inductive characteristic of a spintronic nanooscillator with easy plane magnetization of the free layer is

analyzed based on a small-signal equivalent circuit of the oscillatory system. The dependence of effective inductance

on current strength is determined, and inductive characteristics for different magnitudes of the external magnetic

field are plotted. It is demonstrated that the slope of the inductive characteristic of the spintronic nanooscillator

increases with increasing magnitude of the external magnetic field. The presented results may be used in the design

of radio engineering models of spintronic generators and the development of new hardware components for modern

radio electronics.
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The progress in modern radio electronics is characterized

by a steady trend toward miniaturization of devices, reduc-

tion of their energy consumption, and increase in operating

speed [1]. Research in the field of spintronics aimed

at producing new energy-efficient hardware components

is becoming especially relevant in this context [2–5]. A

nanoscale spintronic oscillator (SO), which combines the

functions of generating microwave oscillations and wide-

range frequency tuning by electric current and magnetic

field, is one of the key elements of spintronics. Engineering

analysis and the development of radio engineering SO

models will help formulate methods for calculating circuits

with spintronic components [6–9]. The implementation of

this approach should enable integrated design of spintronic

devices and facilitate their subsequent commercialization.

An equivalent electrical circuit of a spintronic oscillator in

the form of a nonlinear oscillatory circuit with losses and

current and voltage sources, which characterize the action

of spin torque compensating for inherent damping, was

obtained in [7,8]. At the same time, the oscillatory system

parameters need to depend on voltages and currents of the

corresponding elements (capacitance and inductance coil)
for SO equivalent circuits to be used directly in SPICE

(Simulation Program with Integrated Circuit Emphasis)
modeling. The aim of the present study is to determine

and analyze the current dependence of inductance of an

oscillatory circuit with easy plane magnetization of the free

layer in the small-signal mode.

The SO dynamics is characterized by the Landau–
Lifshitz–Gilbert–Slonczewski equation for the magnetiza-

tion vector of the free layer [7,8], the trajectory of which

corresponds to the precession of a spinning top. The

oscillatory system of the SO free layer may be presented

in the form of an equivalent LC circuit (Fig. 1, a) with a

nonlinear dependence of inductance and capacitance on the

azimuthal angle of precession of the magnetization vector

(Fig. 1, b). The expression relating differential inductance L

of the oscillatory circuit to azimuthal angle ϕ for a free layer

of the easy plane (EP) type takes the following form [7]:

L(ϕ) =
Zs

γ

1

Be,x cosϕ + Be,y sinϕ + Ba cos 2ϕ
, (1)

where γ is the gyromagnetic ratio; Be,x , Be,y are the

projections of the external magnetic field onto directions

x , y ; Ba is the effective anisotropy field along axis

x ; ϕ is the azimuthal angle of magnetization direction;

Zs =
(

~

e

)2 γ

MsVs
is the characteristic quantity (resistance)

associated with conversion of spin units into electrical

ones; Ms is the saturation magnetization; Vs is the free

ferromagnetic layer volume; ~ is the reduced Planck

constant; and e is the elementary charge. Current flowing

through the inductance is also related to the parameters of
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Figure 1. Spintronic nanooscillator (a) and equivalent circuit (b)
of its oscillatory system.
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precession of the magnetization vector:

IL(ϕ) ≈
γ~

eZs

[

Be,x sinϕ − Be,y cosϕ +
1

2
Ba sin 2ϕ

]

. (2)

Expressions (1), (2) are periodic nonlinear functions of

azimuthal angle ϕ. In the EP geometry, the magnetization

vector precesses in the xy plane, the polar angle is θ = π/2,

and the equilibrium magnetization vector (ground state) is

directed along the x axis. The expression for capacitance

of the equivalent SO oscillatory circuit (Fig. 1) in the EP

geometry is virtually independent of angle ϕ and takes the

following form [7]:

C ≈

1

γBdZs

, (3)

where Bd is the anisotropy field along the hard axis. Since

the capacitance of the equivalent SO circuit is related to

the precession of the magnetization vector primarily through

polar angle θ, the capacitance may be considered constant in

the EP case, and the nonlinear SO properties are manifested

in inductance L(ϕ), which is reminiscent of the properties

of a Josephson junction [10].

Let us consider the small-signal model of the oscillatory

SO characteristic with azimuthal angle ϕ varying near

zero. This is fitting for a wide range of scenarios: natural

oscillations of the SO magnetization near the equilibrium

position in the problem of detection of microwave oscil-

lations, nonlinear ferromagnetic resonance, etc. In this

approximation, the trigonometric functions in (1), (2) may

be expanded in a Taylor series about ϕ ≈ 0. Expressions (1)
and (2) then take the form

L(ϕ) =
Zs

γ

1

Be,x + Be,yϕ + Ba

, (4)

IL(ϕ) ≈
γ~

eZs

[

Be,xϕ − Be,y + Baϕ

]

. (5)

Dependence L(ϕ) in the general case (1) is represented

by the solid curve in Fig. 2, a, while small-signal approxima-

tion (4) is represented by the dashed line. It can be seen that

the inductance in the general case increases with ϕ; as the

external magnetic field grows stronger, both the inductance

and the slope of the characteristic decrease. Dependence

IL is presented in Fig. 2, b both in the general case (2)
(solid curve) and in small-signal approximation (5) (dashed
line). It is evident that the current through the inductance

increases with ϕ and that the inductive current decreases as

the external magnetic field grows stronger. As was expected,

the small-signal approximation matches the general case at

small ϕ angles for both the L(ϕ) dependence (Fig. 2, a) and
the IL(ϕ) dependence (Fig. 2, b).

Thus, the inductance in the approximation linear in ϕ (in
the small-signal mode) may be presented as a function of

current flowing through it:

L(IL)=
Zs

γ

1

Be,x +Be,y

[

IL+ γ~

eZs
Be,y

/

γ~

eZs

(

Be,x +Ba

)

]

+Ba

.

(6)
Expression (6) makes it clear that L(IL) has a hyperbolic

character and decreases with increasing current through in-

ductance L. It is evident from Fig. 3 that the coil inductance

decreases with increasing current, which corresponds to

an increase in frequency of natural oscillations of the coil

with an increase in current through it. With an increase in

magnitude of the constant magnetic field, the slope of the

inductive characteristic increases, and the required value of

inductance of the coil is reached due to a weaker current

flow through it.

Thus, a model of the equivalent oscillatory circuit of

a spintronic oscillator was studied. Expressions for the

inductance and current through it as functions of the
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Figure 2. Dependences of the coil inductance (a) and the current

through it (b) on the azimuthal angle in the general case (solid
curves) and linearizations (dashed curves) at different external field
magnitudes. 1 — Be,x = 0.1 T, Be,y = 0.1 T; 2 — Be,x = 0.5 T,

Be,y = 0.5 T; 3 — Be,x = 0.8 T, Be,y = 0.8 T.
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Figure 3. Dependence of the coil inductance on current passing

through it at different external field magnitudes. 1 — Be,x = 0.1 T,

Be,y = 0.1 T; 2 — Be,x = 0.5 T, Be,y = 0.5 T; 3 — Be,x = 0.8 T,

Be,y = 0.8 T.

azimuthal angle of precession of the magnetization vector

were obtained in the small-signal approximation in the easy

plane geometry. Inductive characteristics were plotted for

different magnitudes of the external magnetic field. It was

demonstrated that the slope of the inductive characteristic of

the spintronic oscillator increases with increasing magnitude

of the external magnetic field. This research opens up

opportunities for SPICE investigation of spintronic oscil-

lators in the small-signal mode, which should enable the

development of electronic devices with spintronic elements

in the form of integrated units for further analysis.
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