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We demonstrate numerically and analytically that a nano-pillar spin torque oscillator (STO), operating either with in-plane or out-of-
plane free-layer precession, locks to a microwave field (H,.) having the same frequency as the STO. By varying the spatial direction of
the microwave field, we further show the preferred phase shift (A®,) between the STO and H,. can be tuned in a linear fashion. We
explain this phenomenon by using a magnetic-energy-based analysis. Our results provide a way to synchronize serially connected STOs
by tuning the phase shift of each individual STO with external microwave field, which may enhance the locking efficiency, the locking

range, and the output power of the serially connected STOs.

Index Terms—Locking frequency, microwave field, phase lock, spin torque oscillator.

I. INTRODUCTION

HE spin transfer torque phenomenon firstly predicted by

Slonczewski and Berger has inspired a large number of
theoretical and experimental studies in the last decade [1]-[8].
A spin-torque-oscillator (STO) is a nanosized device driven
by spin-polarized direct current. It holds great promise for
telecommunication applications thanks to its capability of
ultra-wide frequency-range microwave signal generation from
around 100 MHz to above 60 GHz and its ability to be easily
modulated at very high frequencies. The practical utilization
of STOs as radio-frequency and microwave sources has been
hampered by their limited output power and poor signal quality.
After it was experimentally shown that STOs can phase lock
to an external microwave signal, the concept of serially con-
nected STOs was proposed. The serially connected STOs can
be mutually synchronized by sharing their self-generated mi-
crowave signals [9], leading to both higher output powers and
improved signal quality. These original studies were followed
by a number of subsequent studies [10], [11]; however, they
have all focused their attention on phase locking and mutual
synchronization due to microwave current alone.

In this work, we present a macrospin study of how STOs
lock to microwave field. By adjusting the direction of the ap-
plied microwave field, we demonstrate that we can linearly tune
the preferred phase shift A®y between the STO and the mi-
crowave field from 0° to 180°, which offers an approach for
enhancing the locking efficiency and the locking range of seri-
ally connected STOs. This can improve the output power and
signal quality of the STOs.

II. NUMERICAL DETAILS

A typical giant magnetoresistance trilayer [12] consisting of
a fixed ferromagnetic layer, a free ferromagnetic layer, and a
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nonmagnetic spacer layer is considered in our macrospin ap-
proximation and shown in Fig. 1(a). The time evolution of the
free-layer magnetization m [13] [Fig. 1(b)] is found using the
Landau-Lifshitz-Gilbert-Slonczewski equation [1], [2]

A _ i Hapy 4 o x 2
= him eff Fom X —
nlae . . .
—m X . X M 1
gy X Gl

where m and M are the unit vectors along the magnetization of
the free layer and fixed layer respectively, v is the gyromag-
netic ratio, « is the damping coefficient, yy is the magnetic
vacuum permeability, 7 is the spin transfer efficiency, M is
the free-layer saturation magnetization, and V¥ is the volume of
the free layer. The microwave field H,., which is the external
driving force for tuning the preferred phase shift Ady, is applied
in the z-y film plane forming an angle 3 with respect to the easy
(r) axis. A dc field Hy. is also applied along the easy axis. The
effect of the demagnetization tensor is separated into a positive
anisotropy field (H}) along x and a negative out-of-plane de-
magnetizing field (H;). We obtain the effective field as

He,ff = (Hdc —|— Hac COS ﬂ)ér + Hk(ﬁ? . fA’,L)EA’J,

+ Hyesingé, — Hy(ri - é,)é, )
where €., €,, and . are the unit vectors along z (in-plane easy
axis), y, and z (out-of-plane), respectively. In this study, the
free layer is composed of a typical Co thin film with its lateral
dimension defined as an elliptical shape of 130 x 70 nm? and
thickness 3 nm. The values of some other parameters used in
the calculations are as follows [14]: |[y| = 1.76 x 10! Hz/T,
n = 0.35, My = 1270 kA/m, « = 0.007, Hy. = 0.2 T,
H;=16T,and H, = 0.05 T.

Before applying any external microwave field to the device,
the relation between STO precessional behavior f and direct
current [y is explored (Fig. 2). When . is smaller than the
critical current I, (2.8 mA here), the free-layer magnetization
remains in a static state. When /. increases beyond the critical
current, the free-layer magnetization starts to precess around
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Fig. 1. Schematic illustration of the spin torque oscillator. (a) Device structure.
(b) Free-layer magnetization vector in spherical coordinates.
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Fig. 2. STO precessional behavior under direct current: oscillation frequency
fvs Iy

the easy axis (x-axis) which we describe as in-plane preces-
sion. In this regime, as ;. increases, the precessional frequency
decreases. When /. further increases, the free-layer magneti-
zation begins to precess around an equilibrium angle pointing
out-of-plane, and the precessional frequency starts to increase
with I [15], [16]. This V-shaped current-frequency relation
coincides with the former investigation [17].

After having determined the /,.-f curve, the external
in-plane microwave field is applied. To avoid any frequency
pulling or pushing induced by the applied field, we set the
frequency of H,. to that of the intrinsic precession of the
STO. The amplitude of the H,. is as large as 1% of the
H,.. Hence, the microwave field H,. can be expressed as
H,.=0.002 x sin[27 x f(I4.) % t], where f(I;.) denotes the
STO processional frequency under certain sweep current ..

The manner in which the STO adjusts itself to the external
microwave field H,. is presented in Fig. 3 for ;. = 3 mA
(point “A” in Fig. 2) and # = 0°. The resistance of the STO is
defined as

R _ Rap+Rp FRap—-FRp
sTO = - _
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where # is the angle formed between the free-layer magnetiza-
tion and the fixed-layer magnetization. When # = 0° or 180°,
a parallel alignment Rp or an anti-parallel alignment R4 p is
obtained, respectively. The free-layer magnetic energy is intro-
duced as

E=—-Hy.cos — H,.(cosf - cos 3+ sinf - sin ¢ - sin )
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where the first and second term represent the external field en-
ergy, the third term represents the anisotropy field energy, and
the fourth term represents the demagnetization field energy.

Before the microwave field is applied, the STO is in a free
running state characterized by stable precession of the free-
layer magnetization and a constant magnetic energy [area I in
Fig. 3(a) and Fig. 3(b)]. When the microwave field is applied,
the STO first experiences a transient stage. During this regime,
periodic precession is still sustained while the average resis-
tance and average magnetic energy in each period has changed,
as shown in area II in Fig. 3(a) and Fig. 3(c). Meanwhile, the
STO is adjusting itself to the ac field, and the phase shift A®
between the oscillator and the ac field evolves to a final pre-
ferred value A®. After the transient stage, a new magnetiza-
tion oscillator orbit is formed, as shown in area III in Fig. 3(a)
and Fig. 3(d).

We now proceed to show the tuning of the phase shift AP
through varying the direction of the microwave field. This is
carried out by changing the in-plane angle 3 from 0° to 180°.
The preferred phase shift A®g is determined during the stable
stage for angles 5 = 0°,30°,60°,90°,120°, 150°,and 180°. As
shown in Fig. 4(a), when 1. is below the critical value, the STO
is under static state and no preferred phase shift is formed. As
1. increases, the STO enters its in-plane precession state. It is
observed that when 0° < 5 < 90°, the phase shift stays around
0° which indicates perfect synchronization. When # = 90°, the
phase shift turns to 90° [18]. Finally, when 90° < 3 < 180°,
the phase shift value becomes 180°. Fig. 4(b) demonstrates the
phase shift measurement of point “p” in Fig. 4(a). A phase hop-
ping occurs as shown in Fig. 4(c). To further verify this phase
hopping, the phase shifts for 3 = 89° and § = 91° are calcu-
lated and this hopping phenomenon is also observed. When 1,
is further increased to drive the STO into its out-of-plane pre-
cession state, this discretized behavior is replaced by an entirely
linear relation, A® = 180°-(3, as shown in Fig. 4(d).

To explain the in-plane phase hopping and the out-of-plane
linear phase adjusting phenomena analytically, we utilize a mag-
netic-energy-based analysis. It is important to realize that at
constant direct current, the magnetic energy £(¢) calculated in
Fig. 3 sustains a stable precession along a fixed orbit that we
describe as ({14.) [13]. The energy balance is calculated with
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and it should be zero [19], [20] for a steady orbit such as the free
running stage in Fig. 3(a). When the microwave field is applied
to the STO in the transient stage, the precession orbit changes to
C(I4e + Hge) which directly leads to a nonzero 8 F. However,
if the phase shift between the H,. and the STO coincides with
the preferred phase shift, the § £ would return to zero again and
run into the stable stage as shown in Fig. 3(a). Hence the evalu-
ation of § F as a function of the relative phase A® between H,..
and resistance becomes the criteria for determining the preferred
phase shift.

As shown in Figs. 5 and 6, the energy balance is calculated
when I;. = 3 mA for in-plane mode and /;. = 10 mA for
out-of-plane mode under various A®. For the in-plane mode in
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Fig. 3. (color online) (a) STO precessional behavior (resistance, magnetic energy, microwave ac field) under different direct current. (b) An amplification of area I
in the free running stage of the STO. (c) An amplification of area II in the transient stage of the STO. (d) An amplification of area III in the stable stage of the STO.
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Fig. 4. (color online) (a) STO preferred phase shift AP, versus the dc cur-
rent I, under different 3 values. (b) Phase shift A® between microwave ac
field and STO resistance under 10 mA dc current and 30° 3 angle [point “p”
in Fig. 4(a)]. (c) STO preferred phase shift A&, versus 3 for in-plane mode.

(d) STO preferred phase shift A®, versus 3 for out-of-plane mode.
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Fig. 5. (color online) Energy difference per cycle (6 £) versus relative phase
(A®) between the STO and the microwave field at various /3 when 7. = 3 mA
where the free layer of the STO is in in-plane mode.
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Fig. 6. (color online) Energy difference per cycle (6 E) versus relative phase
(A®) between the STO and the microwave field at various ;3 when 74, =
10 mA where the free layer of the STO is in out-of-plane mode.

Fig. 5, the new possible orbits are the points where £ = 0.
For 0° < 3 < 90° and 90° < 8 < 180°, the two possible pre-
ferred phase shifts are 0° and 180°, respectively. For 3 = 90°,
the two possible preferred phase shifts are 90° and 270°, re-
spectively. However, only one of them represents a stable orbit
(A®g) whereas the other orbit (A®y™*) is inherently unstable.
The thermal energy (or magnetic field noise), which is re-
garded as an external perturbation, drives A® away from the
stable orbit point £ = 0. This leads to a change in the mag-
netic energy F and further results in a change of the precessional
frequency f. The frequency slows down whenever the STO is
ahead of the ac field and speeds up whenever it is behind. A
stable orbit is always characterized by the stability criterion [17]

af _Jf OOF —0 ©)
IA® |,y ~ OBEIAD |y,

82

8?12 > 0. (7)

It has been verified that 8 f/96F changes sign between the
in-plane and the out-of-plane regimes. The value of 9f /06 F
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Fig. 7. Schematic illustration of serially connected STOs.

stays negative in the in-plane mode while it stays positive in the
out-of-plane mode [17]. Thus the value of 36 E/ /AP should be
negative in the in-plane mode while it should be positive in the
out-of-plane mode. It can be observed from Fig. 5 that for 0° <
[ < 90°, the preferred phase shift is 0°; for 90° < 3 < 180°,
the preferred phase shift is 180°; and for 3 = 90°, the possible
preferred phase shift is 90°. These analytical results agree well
with our simulation results in Fig. 4(a).

For the out-of-plane mode in Fig. 6, the phase shifts at A’
(180°), B’ (210°), C’ (240°), D’ (270°), E’ (300°), F* (330°),
and G’ (360°) are rejected since they do not satisfy the stability
criterion, i.e., the condition that 96 E/OA® must be positive.
The preferred phase shifts are therefore located at points A (0°),
B (30°), C (60°), D (90°), E (120°), F (150°), and G (180°) for
8 =180°, 8 = 150°, 8 = 120°, 8 = 90°, 8 = 60°, 5 = 30°,
and # = 0°, respectively. This tendency also perfectly agrees
with our simulation results in Fig. 4(a), and explains why the
phase shift can be linearly tuned using an external microwave
field as shown in Fig. 4(d).

III. EXTENSION TO MULTIPLE STOS

Our approach can be readily extended to multiple STOs. In
this configuration (Fig. 7), each individual oscillator is tuned to
a preferred phase with respect to the applied microwave field
to achieve the synchronization of the entire system. By contin-
uously varying the spatial direction of the applied microwave
field, it is possible to vary the -V phase relation in the STO
circuit. By locking the single STO to certain phase shift with
external field, the synchronization efficiency and locking range
of the serially connected STOs can be improved, thus enhancing
the output power. This system will be further investigated.

IV. CONCLUSION

We report on the preferred phase shift A®y between an STO
and a microwave field H,. where the H,,. frequency is the same
as the STO intrinsic frequency. It is found both numerically and
analytically that a linear tuning relation exists between the mi-
crowave field and the STO.
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