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Theory of magnetization dynamics in a
dual-free-layer spin-torque nano-oscillator
with isotropic free layers
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The analytical theory of magnetization dynamics in a dual-free-layer spin-torque nano-
oscillator (DFL STNO) operating in the absence of a bias magnetic field is developed. The
theory is based on a system of simplified dynamic equations written in collective variables
and yields an analytic expression for the upper de¢ current density threshold of stable
magnetization dynamics (generation) in the DFL STNO. This threshold is caused by a
dipolar coupling between the free layers and can be controlled by choosing an appropriate
geometry of the DFL STNO structure.

Paspaborana amajguTuuecKas TeOPUS IMHAMUKY HAMATHHYEHHOCTH, IIPOUCXOMAIILEH B OT-
CYTCTBUE BHEIIHEro IIOCTOAHHOIO IIOLMArHUYMBAOIIETrO I0JA, B CIMHTPOHHOM HAHOOCITHJIIIA-
Tope (CHO) ¢ aByMs ¢cBOGOZHBLIMKU MATrHUTHBIMK ClIOosaAMu. Teopus OCHOBaHA HA CHCTEME JBYX
VIPOIIEHHBIX YPABHEHHUH, 3alIMCAHHBIX AJS KOJJICKTHUBHBIX IIEPEMEHHBIX U IIO3BOJISIET IIOJY-
YHUTb QHAJIATHYIECKOE BBEIPAKEHME AJSI BEPXHEro Iopora cTabUJIbHON IWMHAMUKYN HaMarHUYeH-
uoctu (remepanuu) B CHO. Ilokasano, 4ToO »TOT IIOPOT IeHEPAIMHU OIPemeaseTCsd HAININEM
IUIIOJBHOI CBSA3H MEMKIYy CBOOOTHBIMU CJIOSMH U MOMKET OBbITb KOHTPOJHPYEMBIM 3a CUer
BbIGOpa coorBercrByoiieil reomerpun CHO crpyKTypshI.

Teopia AUHAMIKM HaAaMarHiY€HOCTi y CHiHTPOHHOMY HAHOOCHHWJIATOPi 3 ABOMAa izoTpom-
HUMH BiasHHMu MarHiTHEME mapamu. O.B.IIpoxonenxo, B.C.Tubepresuu, A.M.Crasin.

Pospobaeno anamiTuuny Teopito AMHaAMiKM HaMar"HiueHnocTi, 1o BigOyBaeThcsa 3a BimCyT-
HOCTi B0BHINIHBLOTO MOCTIMHOTO MOJA MiAMar"HiuyyBaHH#A, y CIIHTPOHHOMY HAHOOCIMAATOPL
(CHO) 3 gBoMa BinmbHUMHN MarHiTHUMHU mtapaMu. Teopis 6asyeTbca Ha cUCTeMi JBOX CIIPOIIe-
HUX DPiBHSAHDb, 3alMCAHUX IJA KOJEKTUBHUX 3MIHHWUX, i M03BOJSAE OTPMMATH AHAJIITUUHUIN
BUPa3 JAJA BEPXHBLOTO TOPOTY cTabinbHOl AmHaMikm Hamarmiuenocti (reneparii) y CHO.
ITokasano, 1o 1eii mopir reHepariii BM3HAUAETHLCA HAABHICTIO AUMOJLHOTO 3B’ A3KY MiK
BiIBHUMU TIapaMu i MoKe OYTH KOHTPOJLOBAHMM 3a PaXyHOK BUOODPY BimmoBigHOil reomeTtpii
CHO cTpyKTyp™H.
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1. Introduction

The spin-torque nano-oscillators
(STNOs), based on the spin-transfer torque
(STT) [1, 2] effect, are now considered as
promising base elements for various nanos-
cale microwave devices [3], in particular,
microwave signal sources [4—-6] and micro-
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wave detectors [7—12]. However, the output
power, operation frequency and phase noise
of these devices must be improved in order to
use them in practical applications [13, 14].
A new type of an STNO that comprises
two outermost out-of-plane (OOP) pinned
magnetic layers (PLs) serving as perpen-
dicular polarizers and two inner free mag-
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netic layers (FLs) with in — plane easy-
plane anisotropy — a dual-free-layer (DFL)
STNO (Fig. 1(a)) — has been proposed in [15]
and then studied numerically in [16-18].

In the presence of a direct bias current
of the density J,. applied across the entire
stack, as it is shown in Fig. 1(b), the per-
pendicular polarizers provide a STT, TS,j’ to
the adjacent FLs and push their magnetic
moments out of the (x, y) plane towards the
opposite ends of the structure: m,;, <0,
m,; > 0 for J;. >0 (current passing the
structure from bottom to top, while the
electrons are moving in opposite direction).
Here m,; < 0 is the z-component of the unit
vector m; directed along the magnetization
of the i-th FL, i = ¢t for the top layer and
i = b for the bottom layer, respectively. The
Gilbert damping torque, Tp,j» opposes this
action and pushes the magnetizations back
towards the plane. Easy-plane demagnetiz-
ing fields, that arise in both layers in pro-
portion to their OOP magnetization compo-
nents, induce the FLs’ magnetic moments to
precess in opposite directions around the
normal to the sample plane (torque Tp) [19].
In such a geometry it is possible to achieve
the opposite directions of the current-driven
magnetization precession in the FLs, and,
therefore, to double of the generated micro-
wave frequency [15-18].

In this work we present an analytical
theory of the operation of a symmetric DFL
STNO with identical isotropic FLs. We ob-
tain the simplified equations describing the
magnetization dynamics in dipolarly cou-
pled FLs of the DFL STNO and analytically
calculate the upper threshold of the stable
dynamics in the hysteresis regime of the
DFL STNO operation recently observed in
[17, 20]. These results might be important
for the development of high-power high-fre-
quency STNOs operating in the absence of
an external magnetic field.

2. Theory

We consider a simple model of a symmet-
ric DFL STNO, formed by a circular nano-
pillar consisting of two thin identical iso-
tropic FLs of the thickness L, two identical
PLs and three identical metallic GMR spac-
ers of the thickness d (see Fig. 1(a)). The
radius R of the nano-pillar is assumed to be
sufficiently small, so that the magnetiza-
tions of all magnetic layers are spatially-
uniform and can be treated in the macros-
pin approximation. The magnetizations of
the PLs of the STNO are assumed to be
completely fixed and lie perpendicular to
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Fig. 1. (a) Layout of the symmetric dual-free
layer (DFL) STNO consisting of four mag-
netic layers: two inner free magnetic layers
(FLs) of the thickness L and two outer pinned
layers with perpendicular polarization sepa-
rated by the GMR spacer of the thickness d. (b)
The torques acting on the magnetization vec-
tors of the FLs in the DFL STNO driven by a
transverse bias dc current of the density J ..

the layers’ plane — their direction p = z is
determined by the perpendicular magnetic
anisotropy of the polarizers’ material. The
FLs of the DFL STNO are dipolarly coupled.
The STNO operates in the absence of an
external bias de magnetic field, so that the
effective magnetic field acting on the FLs
has contribution from the self- and cross-de-
magnetization fields only. For simplicity an
easy-axis anisotropy field, which is included
in the numerical experiments [16, 17, 20],
is excluded from the theoretical analysis.
As it was shown in [17, 20], this anisotropy
mainly influences only the wvalue of the
upper and lower dc¢ current density thresh-

olds.
Numerical simulations reported in [16,

20] reveal that the STT related coupling
between the FLs has negligible effect on the
dynamics, and, hence, the STT interaction
between the FLs was not included in the
theory. We also found that the dipolar field
originating from the pair of polarizers,
also, has a negligible effect on the dynam-
ics, and, therefore, the dipolar coupling be-
tween the FL and other PLs is omitted from

our theoretical analysis.
The dynamics of the unit magnetization

vectors m; = M;/Mg (here Mg is the satura-
tion magnetization) in the i-th FL under the
action of a bias dc current density Jg;.; is
governed by the Landau-Lifshits-Gilbert
equation [21] with Berger-Slonczewski STT
term [1, 2] (LLGS equation):
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% = By X mi] + ()

+ O(i:ml X WJ + GJdC’l[mL X [ml X 2]],

where vy = 2n - 28 GHz/T is the modulus of
the gyromagnetic ratio, B, is the effective
magnetic field acting on ith FL,

k0 O (2)
Ok 0 m;+
00 1-2¢

p0 O
+10p 0 myp,
00-2p

B = —MoMg

Ug is the vacuum magnetic permeability,
i, j = {t,b}, x and p are respectively the self-
demagnetization and cross-demagnetization
coefficients [22] dependent on the structure
geometry, o is the Gilbert damping con-
stant,

oo 1 (3(1+P)3_4‘1 (3)
N ZeMSLLAL PS/Z

is the current density-torque coefficient for
the GMR system, % is the reduced Planck
constant, e is the modulus of the electron
charge, P is the dimensionless spin-polariza-
tion of the de¢ current, while the current
density J;.; = —J4. for the top FL and
Jgei = tJ 4. for the bottom FL.

Using the spherical coordinate system
for the wunit vectors m,; = {sinB,cosO,,
sinB,sin6,;, cosB;} in the top FL and m, =
{sinBycosB;, sinB,sind,, cosOy} in the bottom
FL, respectively, we obtained from (1) the
equations for the polar 6,, 0, and azimuthal
¢;» ¢p angles characterizing directions of
the FL magnetizations. Then, we introduce
new collective variables U,V, ® and ¥:

U = cos0, + cosOy, 4)
V = cos0, — coshy,
(I) = (pt + (pb,
Y= O — @p
and rewrite the equations describing mag-
netization dynamics of the system in these
variables. Taking into account that the

equation for the wvariable U has a form
au/dt = -U-F(V, ®, ¥), where F(V, ®, V) is
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a certain function, it is natural to assume
that in a stationary regime U — O.

In the regime of stable large-angle OOP
precession, the precession angles 0, and 0,
are quite large (for instance, this was dem-
onstrated in the numerical experiments [16,
20]) and, therefore, the variable V2 = (cos6;
- coseb)2 can be considered as a small quan-
tity. Also, the parameters o, x, p and
odJ 4./Wy, too, can be treated as small quan-
tities (here wy; = yueMg). Taking this into
account, we can obtain the following simpli-

fied equations describing the magnetization
dynamiecs in the DFL STNO:

av 07 ge . (5)
- LOM(ZE - oV - 2psin¥)

a¥

W = —(DMV.

The only singular point of the system of
equations (5) is

V,=0, ¥, =arcsin
0 0 (p Wy

1 chdc] (6)

Analyzing the behavior of the system (5)
in a region near the singular point V =V,
Y =Y,, one can obtain the following ex-
pression for the upper dec current density
threshold needed to start the generation in
DFL STNO:

. Opr (7
TG == "p-

3. Results and discussion

The fact that the upper threshold Jgicgh

[see (7)] of generation is independent of
damping shows that the origin of this upper
threshold current is non-dissipative. In con-
trast the dependence of J%gh on P means

that the dipolar coupling between the FLs
(its strength is characterized by the coeffi-
cient p) prevents the appearance of a stable
magnetization precession and creates a fi-
nite dc current density threshold for this
precession. This, also, means that the upper
current density threshold J%gh can be con-

trolled by choosing an appropriate geometry
of the system corresponding to a certain
particular value of the parameter p.

For a quantitative description of the DFL
STNO’s operation we used the following
typical parameters of the structure [16,17,
20]. We considered a symmetric circular
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Fig. 2. Dependence of the upper dc current
threshold on the distance between FLs: the-
ory (line) and numerical calculations (points).

nanopillar with radius R = 25 nm and 3 nm
thick FLs (L =3 nm) (see Fig. 1(a)). The
distance between the FLs d was varied over
the 2-20 nm range that, consequently,
caused the variation of the cross-demagneti-
zation coefficient p. We assumed the FLs
have a saturation magnetization Mg=
560 emu/cm3 (WMg= 704 mT), which is
typical for thin Permalloy (Ni_,Fe,) films
sandwiched between Cu layers. We assumed
a value of the current polarization, P = 0.3,
typical for GMR spin valves. The coefficient
of Gilbert damping o (the same for both
FLs) was varied over the 0.002-0.09 range.

The comparison of the theoretical and
numerical (from [17, 20]) results is shown
in Fig. 2. As one can see, the analytical
expression (7) (solid line in Fig. 2) is in
good agreement with the results of numeri-
cal macrospin calculations [17, 20] (dots in
Fig. 2). Taking into account that the nu-
merical results obtained in the scope of a
macrospin model [17, 20] are in good agree-
ment with the results of micromagnetic
simulations [16], when dc current densities
are near the upper generation threshold [17]
(i.e. in the hysteresis regime of DFL STNO
operation), one can safely assume that (7) is
a general analytical expression for the
upper dc current density threshold of gen-
eration in the DFL STNO.

We believe that the obtained results are
important for the development of high-
power high-frequency STNOs operating in
the absence of an external magnetic field.

4. Conclusions
An analytical theory of magnetization

dynamics in a DFL STNO operating in the
hysteresis regime [17] is developed. It is
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shown that the stationary current-induced
magnetization dynamics can be charac-
terized by two simple coupled equations for
collective variables. The obtained analytical
expression for the upper dc¢ current thresh-
old of generation in DFL STNO (7) is in
good agreement with the results of numeri-
cal calculations, and, evidently, demon-
strates that the upper threshold current is
caused by the existence of dipolar coupling
between the free layers. This threshold can
be controlled by choosing an appropriate ge-
ometry of the DFL STNO.
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