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We study the theoretical conditions to excite a stable self-oscillation in a spin-torque oscillator with an in-plane
magnetized free layer and a perpendicularly magnetized pinned layer in the presence of magnetic field pointing
in an arbitrary direction. The linearized Landau-Lifshitz-Gilbert (LLG) equation is found to be inapplicable to
evaluate the threshold between the stable and self-oscillation states because the critical current density estimated
from the linearized equation is considerably larger than that found in the numerical simulation. We derive a
theoretical formula of the threshold current density by focusing on the energy gain of the magnetization from
the spin torque during a time shorter than a precession period. A good agreement between the derived formula
and the numerical simulation is obtained. The condition to stabilize the out-of-plane self-oscillation above the

threshold is also discussed.
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I. INTRODUCTION

A spin polarized current injected into a nanostructured
ferromagnet creates spin torque through the spin-transfer effect
[1-3]. The spin torque provides a rich variety of magnetization
dynamics such as switching or self-oscillation [4-10]. In
particular, a spin-torque oscillator consisting of an in-plane
magnetized free layer and a perpendicularly magnetized
pinned layer has been an attractive research subject in the field
of magnetism [11-21]. In this type of spin-torque oscillator, the
spin torque forces the magnetization of the free layer into out
of plane, and excites a large amplitude oscillation around the
perpendicular axis. A high symmetry along the perpendicular
direction in this system makes it easy to investigate the
oscillation properties theoretically [17]. In order to observe the
oscillation experimentally through magnetoresistance effect,
however, the symmetry breaking should occur since the
change of the relative angle between the magnetizations of
the free and pinned layers in time is necessary. The linear
analysis in the presence of an in-plane anisotropy [16] or the
perturbation approach to the system additionally having an
in-plane magnetized reference layer [19] have been made to
develop practical theory.

The application of an external magnetic field tilted from the
perpendicular axis also breaks the symmetry and enables us to
measure the oscillation experimentally. In other geometries,
the experimental studies have shown that the oscillation
properties such as the threshold current to excite the self-
oscillation strongly depend on the field direction [6,10]. On the
other hand, the role of the magnetic field on the self-oscillation
properties in this geometry has not been fully understood yet.
For example, it is still unclear how much current is necessary
to excite the out-of-plane self-oscillation in the presence of
the magnetic field pointing in an arbitrary direction, while it is
known that infinitesimal current can excite the self-oscillation
for the highly symmetric case [12,17].

In this paper, we investigate theoretical conditions to excite
the self-oscillation in a spin-torque oscillator with an in-
plane magnetized free layer and a perpendicularly magnetized
pinned layer in the presence of an external magnetic field.
We solve the Landau-Lifshitz-Gilbert (LLG) equation both
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numerically and analytically. The main findings in this paper
are as follows. First, we find that the linearized LLG equation
is no longer useful to evaluate the instability threshold in the
present system. The critical current density evaluated from the
linearized LLG equation is two orders of magnitude larger than
the instability threshold estimated from the numerical simula-
tion. Second, we derive the theoretical formula determining the
instability threshold. The main difference between the linear
analysis and our result is that when a periodic precession
around the stable state is assumed in the linear analysis,
while we focus on the transition of the magnetization from
the stable state to the out-of-plane self-oscillation state during
a time shorter than the precession period. A good agreement
between the numerical simulation and our formula is obtained.
Third, we derive theoretical conditions to guarantee the present
results, i.e., the condition that our formula of the threshold
current density works better than the linear analysis to estimate
the instability threshold, and the condition to stabilize the
out-of-plane self-oscillation.

This paper is organized as follows. In Sec. II, we show the
numerical simulation results near the instability of the initial
state. We also solve the linearized LLG equation analytically.
In Sec. III, we derive a theoretical formula of the threshold
current and confirm its validity by comparing the results
obtained from the formula with the numerical simulation. The
conclusion is summarized in Sec. IV.

II. NUMERICAL SIMULATION AND LINEAR ANALYSIS

In this section, we investigate the threshold current density
which is necessary to destabilize the magnetization in the
stable state by numerically solving the LLG equation. We also
compare the numerical result with the analytical values of the
critical current density j. estimated from the linearized LLG
equation. Throughout this paper, the term “threshold current”
indicates the current destabilizing the stable state calculated
in the numerical simulation or from the formula which is also
well consistent with the numerical simulation, while the term
“critical current” is a current estimated from the linearized
LLG equation.

©2016 American Physical Society
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FIG. 1. (a) Schematic view of the system considered in this study. The unit vectors pointing in the magnetization direction of the free and
pinned layers are denoted as m and p, respectively. The positive electric current corresponds to the electrons flowing from the free layer to the
pinned layer. The external field lies in the xz plane. (b) Schematic views of the constant energy curves.

A. System description

The system we consider is schematically shown in Fig. 1(a).
The z axis is perpendicular to the film plane. The unit vectors
pointing in the magnetization direction of the free and pinned
layers are denoted as m and p, respectively. The magnetization
of the pinned layer points to the positive z direction, p =
+e,. The positive current is defined as the electrons flowing
from the free layer to the pinned layer. We use the macrospin
approximation to the free layer. The magnetization dynamics
is described by the LLG equation

dm H—yHm x (px m)+amx 22 (1)

— =—ymxH—-yHm x (p xm)+om x —,

dt v v P dt
where y and o are the gyromagnetic ratio and the Gilbert
damping constant, respectively. We use the approximation
1+ a? ~ 1 because the damping constant for typical ferro-
magnets is on the order of 1072—1073 [22,23]. The spin-torque
strength is

_ _fmj
2eMd’

where 71 is the spin polarization of the electric current
density j, while M and d are the saturation magnetization
and the thickness of the free layer, respectively. We neglect
the asymmetry of the spin torque described by the term
1/(1 + Am - p) [1] here, for simplicity. The critical current
density in the presence of this factor, as well as its role, is
briefly summarized in Appendix A. The magnetic field H
consists of the demagnetization field along the z direction,
—4m M, and the applied H,p, expressed as

@

N

H = Hyyp — 47 Mm_e.. 3)

The applied field H,py is tilted from the z axis and assumed to
lie in the xz plane for convention, i.e.,

Happl = Happl sin eHex + Happl Cos eHez ’ (4)

where H,pp and 6y are the amplitude and the tilted angle from
the z axis of the applied field, respectively. The magnetic field
relates to the energy density E via E = —M [ dm - H, which
in the present system is

E = —M Hypp(sin Oym, + cos Oym;) + 2x M?m?.  (5)

Here, we assume that Hy,, < 47 M, and therefore, the stable
state, i.e., the minimum of Eq. (5), locates close to the x axis.
Note that the magnetization dynamics described by Eq. (1) can
be regarded as the motion of a point particle on a unit sphere.
The values of the parameters used in this section are
brought from typical experiments [24], M = 1300 emu/c.c.,
y = 1.764x107 rad/(Oe s), « = 0.01,d = 2nm, and n = 0.5.
The magnitude of the applied field is Hyyp = 650 Oe, while the
field angle is 6y = 5°. Figure 1(b) shows the constant energy
curves of Eq. (5) with these parameters. Note that the stable
(minimum energy) state, the saddle point, and the unstable
(local maximum) states of the energy density E all exist in
the xz plane. The stable state locates in the positive x region,
while the saddle point exists in the negative x region. Also, the
unstable states slightly shift from the z axis due to the applied
field. We denote the energies corresponding to the stable state,
the saddle point, and the unstable states as Epin, Esaddie, and
Emax+, where the subscript & distinguishes the unstable states
in the positive (4) and negative (—) z region. For 0y # 90°,
Enax+ # Emax—- The constant energy curves in Fig. 1(b) are
classified to the ellipses around the x and z axes. The energy
density E corresponding to the curves around the x axis is
in the region of Enin < E < Egqdie, While that for the curves
around the z axis is in the region of Eggqe < E < Emaxt-

B. Linear analysis

The conventional method to estimate the minimum current
density to destabilize the stable state is linearizing the LLG
equation and investigating the oscillating solution of the
magnetization with a complex frequency [25-27]. In this
section, we derive the theoretical formula of the critical current
density and estimate its value.

We introduce the zenith and azimuth angles (6,¢) as m =
(sinf cos ¢, sinf sin ¢, cosf) to identify the magnetization
direction. In particular, the angles corresponding to the stable
state are denoted as (6y,¢p). In the present case, ¢y = 0, and
0o is determined by the condition (4 E/90)y—,, = 0,

Hppi sin(@y — 69) + 47 M sin 6 cos 6y = 0. 6)

We introduce a new coordinate XY Z where the Z axis is
parallel to the magnetization in the stable state (6, o). A small
amplitude oscillation of the magnetization around a stationary
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point is described by the following linearized LLG equation
(the detail of the derivation is shown in Appendix A)

1d (my my\ sin 6
Vi) 0) = (50) o

M = <Ole—

where

H; cos 6y Hy ®)
—Hy aHy — Hcos 6

with  Hy = Hyppicos(fy — 6p) —4m M cos26y and Hy =
Hoppi cos(0y — 6p) —4n M cos? 6y. The solution of Eq. (7)
has a form of exp{y [£i+/det[M] — (Tr[M/2])? — Tr[M]/2]¢}.
The critical current density is defined as the current density
satisfying Re[+i+/det[M] — (Tr[M/2])2 — Tr[M]/2] = 0. For
a small «, this condition is approximated to Tr[M/2] =0
because (Tr[M/2])?/det[M] ~ «? ~ 0. Therefore, the critical

(a)j = 7.2 (MA/cm2)

1

(©)] = -7.2 (MA/cm2)

(d)j = -7.3 (MA/cm2)
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current density becomes

. 2aeMd
Jo = —————| Happi cos(0y —6p)—4n M

cos? B+ cos 26
I cos 6y '

2
€))

Substituting the above parameters, we find that 6, ~ 87.7° and
je = 328x10°A/cm?.

C. Numerical simulation

Figures 2(a)-2(d) show the magnetization dynamics on the
unit sphere and time developments of the components of m,
obtained by numerically solving the LLG equation, Eq. (1).
The current density is (a) 7.2, (b) 7.3, (¢) —7.2, and (d)
—7.3%x10° A/cm?. As shown, when the current magnitude
|j| is smaller than 7.2 x 10° A/cm?, the magnetization finally
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FIG. 2. The trajectories of the magnetization dynamics on the unit spheres. The time evolutions of the magnetization components are also
shown. The values of the current density j are (a) 7.2, (b) 7.3, (c) —7.2, and (d) —7.3x10° A/cm?.
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moves to another point and stops its dynamics. On the other
hand, the magnetization shows the self-oscillation for |j| >
7.3x10°A/cm?. The z component of the magnetization moves
to the positive (negative) z direction for the negative (positive)
current because the negative (positive) current prefers m to be
parallel (antiparallel) to the magnetization of the pinned layer,
p = +e,.

Three important conclusions are obtained from Fig. 2.
First, the threshold current density to destabilize the initial
stable state, ~ +7.3x10° A/cm?, is two orders of magnitude
smaller than the critical current density, j. = 328x 10° A/cm?,
estimated from the linearized LLG equation. Second, both
positive and negative currents can destabilize the initial state,
while the sign of j is fixed (positive for 8y < 90°). Third, the
magnetization precesses around the z axis above the threshold.
Note that the self-oscillation occurs on the trajectory close to
the constant energy curve. Although the energy landscape has
the constant energy curves around the x axis, as shown in
Fig. 1(b), an in-plane precession around the x axis does not
appear. In the next section, we explain the physical meanings
of such behavior.

III. THEORETICAL FORMULA
OF THRESHOLD CURRENT

The results discussed in the previous section indicates that
the linear analysis is no longer applicable to evaluate the
instability threshold, although the linear analysis has been
widely used to analyze the spin torque induced magnetization
dynamics [25-27]. In this section, we clarify the reason for
the breakdown of the linear analysis and derive a theoretical
formula of the threshold current density by focusing on the
energy gain of the free layer generated from the work done by
spin torque.

A. LLG equation averaged over constant energy curves

Here, let us discuss the averaging technique of the LLG
equation on the constant energy curves. This method has
been used in several works to analyze the self-oscillation and
the thermally activated magnetization switching induced by
spin torque, the microwave assisted magnetization reversal,
and so on [28-40]. As will be discussed below, the critical
current density j. introduced above corresponds to a special
limit of this averaging technique. Therefore, by reviewing the
derivation of the averaged LLG equation, the reason why
the linearized LLG equation does not work to estimate the
instability condition accurately will be clarified.

The self-oscillation is a steady precession on a constant
energy curve of E excited by the magnetic field torque
(—ymxH). To maintain the precession, the spin torque should
balance with the damping torque. Note however that the
spin torque and the damping torque have different angular
dependences. Therefore, strictly speaking, the spin torque
may overcome the damping torque at certain points on
the precession trajectory, the damping torque may however
overcome the spin torque at other points. The self-oscillation
is maintained when the shift from the constant energy curve
due to the imbalance between the spin torque and the damping
torque is sufficiently small. In that case, the magnetization

PHYSICAL REVIEW B 93, 174401 (2016)

can return back to the original constant energy curve during
the precession. When this condition is satisfied, we obtain the
following averaged LL.G equation,

yf dr‘i—f — WUE) + Vu(E), (10)

where the integral range is a precession period on a constant
energy curve of E. The work done by spin torque and the
dissipation due to the damping during the precession are

W = ygdtyMHS[p H-(m-pm-H] (1)

Wy = —ffdtcxyM[Hz — (m-H)?], (12)

respectively. Since the energy density averaged over the
precession is conserved in the self-oscillation state, the self-
oscillation is described by the equation f dt(dE/dt) = 0.
Therefore, the current density necessary to excite a self-
oscillation on a certain constant energy curve of E is

20eMd  §di[H* — (m - H)?]
hn  $di[p-H— (m-p)(m-H)]’

The explicit form of j(E) for an arbitrary E is obtained,
in principle, by substituting the solution of the precession
trajectory on a constant energy curve, which is described by
dm/dt = —ymxH. However, the solution is hardly obtained
because the equation is a nonlinear equation. Therefore, we
evaluate the integrals in Eq. (13) numerically, except for special
cases mentioned below (see also Appendix B). The technique
to evaluate the integrals in Eq. (13) is shown, for example, in
Ref. [38]. The damping constant « is assumed to be scalar in
the above formulation. On the other hand, a tensor damping
was proposed in Ref. [41]. The presence of the tensor damping
was also suggested in the spin-torque problem [42]. The effect
of the tensor damping can be taken into account by replacing
o in Eq. (12) with the tensor damping; see Appendix C of
Ref. [38].

J(E) =

13)

B. Derivation of threshold current

Note that the critical current density j., Eq. (9), obtained

from the linearized LLG equation relates to Eq. (13) via

jo= lim j(E). (14)
Therefore, the fact that the critical current density j. is quite
larger than the threshold current density found in the numerical
simulation indicates the breakdown of applying averaged LLG
equation.

An important assumption in the averaged LLG equation
is that the magnitudes of the spin torque and the damping
torque are sufficiently small. Thus, a shift of the magnetization
from a constant energy curve due to the imbalance between
these torques is also small. However, this assumption is not
satisfied in the present case. Figure 3 shows the trajectory
of the magnetization dynamics obtained from the numerical
simulation, where the current density j = —7.3x 10° A/cm?
is the threshold value found in Fig. 2(d). We also show the
constant energy curve including the saddle point mg. We
should remind the readers that there are two kinds of constant
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_The trajectory moves from the in-plane to out-of-plane.
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FIG. 3. The constant energy curve including the saddle point
and the trajectory of the magnetization dynamics for j = —7.3x
10° A/cm?. The point my is the saddle point, while my,. are points on
the constant energy curve of Egqq. and locating in the xz plane.

energy curves, as shown in Fig. 1(b), i.e., the curves around
the x axis corresponding to Epin < E < Egqqie and the curves
around the z axis corresponding to Eggdie < E < Emaxt-
The constant energy curve of Egqgqe Separates these in-plane
and out-of-plane regions. As shown in Fig. 3, while the
magnetization moves from the initial state to a point close to
the saddle point, the magnetization crosses the constant energy
curves of Eg,qqie, and transfers from the in-plane region to the
out-of-plane region. A periodic oscillation around the stable
state (x axis) is not excited. This result is the evidence that
the assumption used in Eq. (13), as well as Eq. (9), is broken.
Therefore, the critical current density j. does not work to
estimate the instability of the magnetization around the stable
state accurately.

The inapplicability of the linearized LLG equation also
relates to the value of the damping constant «. Note that both
the spin torque and the damping torque move the magnetization
from a constant energy curve, by either supplying or dissipat-
ing the energy from the free layer. Therefore, the averaging
technique of the LLG equation, as well as the linearization
of the LLG equation, works well for low damping case. The
fact that the linearized LLG equation could not be applied in
the above numerical simulation indicates that the value of the
damping constant in the present system is high and that the
precession around the stable state is not stabilized. The range
of the damping constant where the linearized LLG equation
will be applicable is discussed in Sec. III C below.

Figure 3 suggests that the magnetization can climb up the
energy barrier Egqgqie — Emin by absorbing energy due to the
work done by the spin torque during a time shorter than
a precession period around the stable state. Therefore, the
threshold current density can be defined as a current density
satisfying the following equation,

M dE
/ dt— = Egaaqie — Enmins (15)
mmm dt

where my,;, corresponds to the initial stable state. Strictly
speaking, the exact solution of the LLG equation is necessary
to evaluate the threshold current density from Eq. (15).
However, the LLG equation is a nonlinear equation, and it is
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difficult to obtain the exact solution. Instead, we approximate
Eq. (15) as

™ dE
dt— >~ E — Enin, 16
/;ndi dt saddle ( )

where my. are the points on the constant energy curve of
Eqadie and are located in the xz plane; see Fig. 3. We note
that Eq. (15) is well approximated by Eq. (16) when mg
locate close to My, which means that H,pp/(4r M) < 1.
Note that the left hand side of Eq. (16) can be evaluated in
a similar manner to calculating Eq. (13) because the integral
range is on the constant energy curve. However, the integral
range is limited to [myy,my] in Eq. (16), while the range
is over a periodic precession in Eq. (13). The values of the
integrals for these different regions are, in general, different.
Since the value of the integral in Eq. (16) is determined by the
energy landscape, and the time-dependent solution of Eq. (1)
is unnecessary, the integral in Eq. (16) is more easily evaluated
than that in Eq. (15) [31].
The current density satisfying Eq. (16) is given by

, daeMd  fmr d1[H? — (m - H)*]
Jih+ =
‘ hn [ dilp-H— (m - p)(m- H)]
2ed Egaadie — Emin

— .7
yhn fnﬂ‘ldt[p-H—(m~p)(m~H)] {17)

Equation (17) is the theoretical formula of the threshold current
density and is the main result in this paper. This equation
provides the estimation of the threshold current density with
high accuracy. For example, the values of jy+ with the
parameters used in Fig. 2 are juy = —7.7x10°A/cm? and
jm— = 7.6x10°A/cm?, which show good agreement with the
numerical results in Fig. 2. These values are estimated for
0y = 5°. Below, we show that the agreement between Eq. (17)
and the numerical simulation is obtained also for different
values of 6py; see Fig. 5. Note that |jyy| # | jin—| because
the magnetic field pointing in the positive z direction breaks
the symmetry between the magnetization dynamics moving
to the positive and negative z directions, although the differ-
ence is small. We emphasize that Eq. (17) consists of two
parts. One is proportional to o because this term arises from
the energy dissipation due to the damping. The other is, on the
other hand, independent of « but proportional to the energy
barrier Esaddle - Emin-

Equation (17) can be simplified into a different form
for O = 90° (see also Appendix C). In this case, Egqggqie =
MHappls Emin = _MHappl, and mg: = (V1 - Zﬁi,O,Zdi)
with zg+ = £24/h(1 — h) and h = Hyyp /(4 M). Then, we
find that

/ dt[p-H —(m-p)(m-H)] = ﬂFg(l -7, (18)

mgy

/ " G0 — (m - HY)

mgt

- 163]§/M,/h(1 “h)(3 — Sh + 2h?). (19)
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Therefore, Eq. (17) becomes

Jint (@ = 90°)

2eM?d [ 16a h 3_oh 8h 20

hn |:3 l—h( )+(1—h)21|' 20)
Note that j+ — 0 in the limit of & = Hypp/(4n M) — 0,
indicating that infinitesimal current can destabilize the stable
state in the absence of the applied field.

We note that both the positive and negative currents can
destabilize the stable state in our picture, contrary to j. having
a fixed sign (positive for 6 < 90°). The physical meaning of
this difference is as follows. Since the damping torque always
dissipates energy from the free layer, positive energy should
be supplied from the work done by spin torque to destabilize
the stable state. In the derivation of j., a steady precession
around the stable state is assumed. On the precession trajectory,
the spin torque has a component antiparallel to the damping
torque when m; < 0 and has a component parallel to the
damping torque when m, 2 0, for a positive current. The spin
torque supplies energy to the free layer in the former case but
dissipates energy from the free layer in the latter case. Note
that the trajectory slightly shifts to the positive direction due
to the magnetic field having the positive z component, i.e.,
the trajectory is not symmetric with respect to the xy plane.
Then, the work done by spin torque during the precession
becomes finite and positive. The spin torque overcomes the
damping torque when the current density becomes larger than
Je- When the current direction is reversed, the work done by
spin torque becomes negative, and thus, the spin torque cannot
overcome the damping. As a result, the sign of j. is positive.
However, as emphasized above, a periodic precession around
the easy axis assumed in the derivation of j. is not excited
in the present case. Instead, we focused on the magnetization
dynamics from mgy to my. The work done by spin torque
during [mgy_,mgy] becomes positive when the current has
the positive sign. Similarly, the work during [mg;,my] is
positive when the current sign is negative. Therefore, both
the positive and negative currents can destabilize the stable
state by compensating the damping torque. Note also that
the magnetization crosses the constant energy curve of Eg,qdie
during a time shorter than a precession period around the
x axis. Therefore, an in-plane self-oscillation on a constant
energy curve of Enn, < E < Eggqe around the x axis cannot
be excited in the present case.

C. Applicability of the present theory

There are two characteristic current scales, j. and jg+,
related to the magnetization dynamics, as discussed above.
These two currents are defined from different mechanisms of
the instability of the stable state. The instability condition of a
precession around the stable state gives j.. On the other hand,
Jm+ Was derived by the condition that the energy gain by the
spin torque during a time shorter than the precession period
becomes larger than the energy barrier between the stable state
and the saddle point. The initial state is destabilized when the
current magnitude becomes larger than min[ j., jn+]. For the
present parameters, jy+ is smaller than j., and therefore, ju 4
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determines the instability threshold. The condition that jy,+
works well to estimate the instability of the stable state can be
expressed as

Jiht
Je

<1 1)

This is another important equation in this paper, guaranteeing
the validity of our approach. Whether Eq. (21) is satisfied
or not depends on the material parameters, as well as the
applied field magnitude and angle. If Eq. (21) is unsatisfied, j.
determines the instability threshold, the magnetization moves
to the out-of-plane region after the magnetization precesses
around the in-plane axis.

Note that the first term on the right hand side of Eq. (17)
is proportional to the damping constant «, while the second
term is independent of «. On the other hand, Eq. (9) is
proportional to «. Therefore, Eq. (21) is not satisfied when
o becomes sufficiently small. When Eq. (21) is unsatisfied,
Jo determines the instability of the stable state. Then, we can
discuss the minimum value of « guaranteeing the applicability
of Eq. (21) [37]. The value o which falls off from the
condition in Eq. (21) for the parameters used in Fig. 2 is
a < 1.7x107*. This value of « is at least one to two orders of
magnitude smaller than the experimentally reported values for
conventional ferromagnets used in spin-torque oscillator, such
as CoFeB [22,23]. Therefore, we consider that jy,1 determines
the instability of the stable state for typical experiments.

D. In the presence of the angular dependence of the spin torque

When the applied field points to the in-plane direction,
Oy = 90°, the stable state corresponds to 6y = 90°, and the
critical current density in Eq. (9) diverges. This is because
the work done by spin torque during the precession around
the stable state becomes zero. Therefore, Eq. (21) is always
satisfied for 6y = 90°.

The divergence of j. appears at a different field angle when
the angular dependence of the spin torque is taken into account,
although this term is neglected in the above calculation, for
simplicity. In this case, Eq. (2) is replaced by

_ hnj
s = . (22)
2¢(1 4+ Am-p)Md
Then, the critical current density becomes
. 2aeMd cos? By+ cos 26y
Joe=———| Happi cOs(0y —6p)—47 M ———F— |,
hn P(6y) 2
(23)
where P(6)) is given by
& A sin’ 6
P(60) = cos 6y sin~ 6 . 24)
1+ Acosfy  2(1 + AcosBy)

see Appendix A. The divergence of the critical current density,
Eq. (23), occurs at the angle 6, satisfying P(6p) = 0. In
particular, when 8y = 90°, Eqs. (23) becomes

daeMd
—)»(Happl + 27 M). (25)

(0 =90°) =
Jc( H ) Fm
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On the other hand, Eq. (17) is generalized for finite A as

) 2aeMd f;:i dt[H?> — (m - H)?]
Jth+ =
t ha [ dilp-H— (m-p)(m - H)]/(1 + Am - p)
+ % Esaddle - Emin
yhn [ dilp-H— (m - p)(m - H)]/(1 + Am - p)
(26)
Equation (26) for 8y = 90° is
. . 2eMd N
Jne(@g =90°) = F 4w M -— 27

DL’
where N and D, are

N = 422203 — 2h)(1 — W)WVh(1 — h) + 3h]
x+/1 — 422h(1 — h) (28)

Dy = 3{y/1 —422h(1 — h)[7 F 4x/h(1 — h)]
—2[1 — 2A%(1 — k)] cos ' [£2A/h(1 — B)]},  (29)

see Appendix B. In the presence of a finite A, | jm+| 7 | jin—|
even for 0y = 90°. Eq. (27) reproduces Eq. (20) in the limit
of A — 0. The currents, j. and jy+, in Eq. (21) should be
replaced by Eqgs. (23) and (26) in the presence of the angular
dependence of the spin torque.

E. Validity of Eq. (17) and condition to excite
out-of-plane self-oscillation

In this section, we confirm the validity of Eq. (17) for a
wide range of 6y by comparing with the numerical simulation
of the LLG equation. Before the comparison, we briefly
discuss the definition of the threshold current density estimated
from the numerical simulation. We emphasize that jg4 just
determines the instability of the stable state and does not
guarantee the existence of the out-of-plane self-oscillation.
The out-of-plane self-oscillation is excited when a condition,

J(E)
Jiht

> 1, 30)
is satisfied [39], where the range of E is Esagqe < E < Emax+-
Note that the reason why the out-of-plane self-oscillations

appear in Figs. 2(b) and 2(d) is that there exists a certain £

61=20°, j = -27.3 (MA/cm?2)
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satisfying Eq. (30). On the other hand, when Eq. (30) is not
satisfied for any value of E, the magnetization moves to the
point close to —(+)e, for a positive (negative) current above
Jin+ because the spin-torque magnitude becomes sufficiently
strong, and the magnetization eventually becomes parallel
or antiparallel to the magnetization of the pinned layer,
p = +e;. Figure 4 shows an example of such dynamics,
where 6y = 20° and the current density is close to the
threshold value, —27.3x10°A/cm?, for this 6. As shown,
the magnetization finally becomes almost parallel to the z
axis. Such magnetization dynamics was observed experimen-
tally [14]. The threshold current density evaluated from the
numerical simulation should be defined as the current density
above which the magnetization shows a stable out-of-plane
self-oscillation or the magnetization moves to the points close
to *e,. The detail of the method numerically defining the
threshold current density is summarized in Appendix D.

We study the validity of Eq. (17) by comparing with the
threshold current estimated by numerically solving Eq. (1)
for several values of 0y and H,pp. The threshold current
density estimated from the numerical simulation of the LLG
equation is shown by dots in Fig. 5(a), where the magnetic
field angle 6y varies in the range of 0 < 6y < 90° while
the magnitude H,,p is fixed to 650 Oe. We also shows the
value of jn+ evaluated from Eq. (17) by solid lines. We
find a good agreement between the numerical and theoretical
results, supporting the validity of Eq. (17). The comparison
between the numerically evaluated instability threshold and
the analytical formula, Eq. (20), for several values of the
field magnitude H,pp is shown in Fig. 5(b), where the field
angle is fixed to 8y = 90°. The theoretical formula agrees
with the numerical result when H,pp/(4mM) < 1, while
the numerical result becomes different with the theoretical
formula for relatively large magnetic field. This is because the
derivation of the theoretical formula, Eq. (17), assumes that
Hpp1/(4r M) < 1, as mentioned below Eq. (16). The current
magnitude above which the difference between the theoretical
and numerical results appears is on the order of 108 A/cm?,
which is one to two orders of magnitude larger than the
current magnitude used in typical experiments [14,18,21,24].
Therefore, we consider that the present formula works well to
analyze experiments for wide range of the applied field angle
and magnitude.

0 20 40 60 80 100

time (ns)

FIG. 4. The trajectories of the magnetization dynamics on the unit spheres and the time evolutions of the magnetization components for

O =20° and j = —27.3x10° A/cm?.
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(b)

SE 500 e
$ 400 e : Numerical

< 3002 . : theoretical

0 0.5 1.0 1.5 2.0 2.5 3.0
magnetic field magnitude Happl (kOe)

FIG. 5. Dependences of the threshold current densities estimated by numerically solving the LLG equation (1) (dots), the theoretical
instability threshold jy+, Eq. (17), (solid lines), and the current densities j,+, Eq. (32), (dotted lines) on (a) the applied field angle 6y

(Hypp1 = 650 Oe) and (b) the magnitude Hypp (05 = 90°).

We notice that j(E) is an increasing function of E for the
out-of-plane self-oscillation when A = 0, as in the zero field
case [12,17]. Then, there is a certain E satisfying Eq. (30) if

jui

— > 1, (€20
Jth+

is satisfied, where j,+ are Eq. (13) at the unstable states, E =
Emax:l:’

Jur = lim  j(E). (32)

E— Emax+

The dependences of jy+ and j,+ on the field angle 6y and
the magnitude H,,, are also shown in Figs. 5(a) and 5(b),
respectively. It is shown that j,4 is almost independent of
Oy and H,,p, while jy+ increases with increasing these
parameters. For example, we find that j,i/jme > 1 for
Oy < 20°. This result indicates that the out-of-plane self-
oscillation can be excited for 6y < 20° for the present
parameters. This finding is consistent with the numerical
results shown in Figs. 2 and 4, supporting the validity of
our argument. We notice that the linearized LLG equation is
useful to estimate limg_, g, j(E) by replacing (6y,¢0) with
the zenith angle corresponding to the maximum point; see
Eq. (A15). In particular, when 6 = 90°, the unstable states lo-
cate at my; = (—Happl/(4nM),O,\/l — [Happl/(4rrM)]2) and
my_ = (—Hyppt /(47 M),0, — /1 — [Hopp1 /(4 M)]?). Then,
we find that (see also Appendix B)

2eMd h2>
T aam(1-L). (33)
hn/'1 — h? < 2

This equation indicates that j,+(0y = 90°)~ F [2aeMd/
(hm)J4m M for h < 1,1i.e., jut is almost independent of Hyppi,
which is consistent with the result shown in Fig. 5(b).

Jux(On =90°) = F

IV. CONCLUSION

In conclusion, we studied the theoretical conditions to
excite the self-oscillation in a spin-torque oscillator consisting
of an in-plane magnetized free layer and a perpendicularly
magnetized pinned layer in the presence of an external
magnetic field pointing in an arbitrary direction. The numerical

simulation in Fig. 2 showed that the initial stable state is
destabilized by current density much smaller than the critical
current density estimated from the linearized LLG equation,
Eq. (9). The fact implies that the linearized LLG equation is
no longer applicable to evaluate the instability threshold in
the present system. Then, we derived the theoretical formula
of the threshold current density, Eq. (17), by focusing on
the transition of the magnetization from the stable state
to the out-of-plane precession during a time shorter than
a precession period around the stable state. The derived
formula consists of two parts, where one is proportional
to the damping constant «, while the other is independent
of « but proportional to the energy barrier Egqdie — Emin
for the transition. A good agreement between the numerical
simulation and our formula, Eq. (17), is obtained in Fig. 5,
indicating the validity of the formula. The condition that our
formula of the threshold current density works better than the
linear analysis to instability threshold is Eq. (21). We also
derived the theoretical condition, Eq. (30), to stabilize the
out-of-plane self-oscillation.
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APPENDIX A: DERIVATION OF LINEARIZED
LLG EQUATION

In this Appendix, we show the detail of the derivation of
Eq. (7). For generality, we consider a ferromagnet having
uniaxial anisotropies along the x, y, and z axes with an external
magnetic field applied in an arbitrary direction. The magnetic
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field is given by

Happi Sin 6 cos o — A M N, m,
H= | Hyppsinfy sinpy —4nMNym, |. (A1)
Hppicos0g — 4m M N m,

The generalized demagnetization coefficient N; (i =x,y,2)
is defined as 4t MN; = 4w MN; — Hy;, where 4w M N; is
the shape anisotropy (demagnetization) field with N, + N, +
N, =1, while Hg; is the crystalline or interface anisotropy
field. The energy density E = —M [ dm - H is

E
i — Happi[sin Oy sin 6 cos(py — @) + cos Oy cos ]

+ 27 M N, sin® 6 cos® ¢ + 27TM]\7y sin 6 sin” ¢
+27MN. cos 6. (A2)

The system in the main text corresponds to the case of N, =
Ny =0, Nz = 1,and ¢y = 0.

Since we are interested in a small oscillation of the
magnetization around the stable state, the zenith and azimuth
angles corresponding to the stable state should be identified.
The stable state is determined by the conditions that 0 E /96 =
dE /3¢ = 0, which are explicitly given by

Happi[sin Oy cos 6 cos(pp — @) — cos Oy sin 6]

— 47 MN, sinf cos 6 cos® ¢ — 4nMNy sin 6 cos 6 sin”
+ 47 MN. sin6 cos@ = 0, (A3)

Hyppi Sin O sin 6 sin(py —¢)

+47 M N, sin” 0 sin ¢ cos p—4 M N, sin” § sin ¢ cos p=0.
(A4)

Let us denote the zenith and azimuth angles satisfying
Eqgs. (A3) and (A4) as (6y,¢0). As mentioned in the main text,
we introduce the XY Z coordinate where the Z axis is parallel
to the stable state (6p,¢o). The rotation to the xyz coordinate
to the XY Z coordinate is described by the rotation matrix

cosfyp 0 —sin6y COS ¢y singg 0
R = 0 1 0 —singy cosgy O
sinfp 0  cos6y 0 0 1

(A5)

The relations between the components of m in the xyz and
XYZ coordinates are m, = my cosbycos @y — my sin gy +
mz sin@ycos @y, m, =my cosfysingy+ my cos gy +mz
sinfy singy, m, = —mysinfy+ mzcosby. Also, the
magnetic field in the XY Z coordinate is

Hyxmyx + Hxymy
H= Hyxmyx + Hyymy , (A6)
Hzxmyx + Hzymy + Hzz

where

Hxx = — 4 M N, cos® 6 cos” gy — 471M1\7y cos? 6 sin” gy

— 4 M N, sin® 6y, (A7)

PHYSICAL REVIEW B 93, 174401 (2016)

Hyy = Hyx = —471M(1\7y — N,)cos 6 sin ¢g cos ¢, (AS8)

Hyy = —4x M N, sin® gy — 4r M N, cos” ¢y, (A9)

Hyx = —4 M N, sin 6, cos 6 cos> ¢y

—47 M N, sin 6y cos 6 sin” go

+47 M N, sin 6 cos 0, (A10)

Hzy = —471M(1\7y — N,)sin 6y sin ¢ cos ¢y, (A11)

Hz7 = oppilsin 8y sin Gy cos(py — @o) + cos Oy cos 6]

— 4 M N, sin® 6 cos® go — 4 M N, sin® 6y sin® g

— 4t M N, cos? 6. (A12)

Similarly, the magnetization of the pinned layer p =
(px,Py,Pz) = (sin 6, cos ¢p, sin G, sin g, cos Gp) in the xyz
coordinate transforms in the XY Z coordinate to

Px sin 6, cos By cos(gp — @o) — cos G, sinfy
p=|prr|= sin 6, sin(¢p — ¢o)
Pz sin 6, sin 6y cos(¢, — @o) + cos G, cos Oy
(A13)

Now we consider a small oscillation of the magnetization
around the stable state. Using the approximations mz =~ 1 and
[mx|,|lmy| < 1, the LLG equation is linearized as

1 d (my

y dt \Iy

n —Hyx — Hypz + aHy
—HX —(XHYX

— _[{S<p)()7
py

where Hy = Hz;; — Hxx and Hy = Hz; — Hyy. The terms
proportional to « Hy are neglected because these terms are on
the order of a>. The condition that the trace of the coefficient
matrix is zero gives

Hy—OlHXY my
Hxy — Hypz +aHy | \my

(A14)

(A15)

. 20[€Md<Hx+Hy>
Jo = .

hinpz 2

Substituting N, = Ny =0, 1\7Z =1, oy =0, and 6, =0,
Eq. (Al5) reproduces Eq. (9). On the other hand, in
the case of the in-plane magnetized system considered in
Ref. [26], i.e., 4nMN, = —Hg, N, =0, N, = 1, 0y = 90°,
ou =0, 8, =90° and ¢, = 0, we find that Hxx = —4n M,
Hyy =0, and Hzz; = Hypp + Hx, where Hy is the in-plane
anisotropy. Then, the critical current density becomes j. =
[2aeMd /(hn)](Hqpp + Hx + 27w M), which is consistent with
the result in Ref. [26].

The angular dependence of the spin torque, characterized
by the factor 1/(1 + Am - p), can be taken into account as
follows. As mentioned in the main text, H; in this case is given
by Eq. (22). In this case, Eq. (2) is replaced by Eq. (22). The
factor 1/(1 + Am - p) is linearized as

1 1 1

l+im-p  14+amzpz1+ M patine pr)
o1 | — Mmyx px + mypy) (A16)
T 1+ Apz 1+ Apz '
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We introduce the following notations,

i
O= (A17)
2e(l1 + Apz)Md
A
= (A18)
1+ Apz
Then, Eq. (A14) becomes
1d
1d <mx> + M<mx) —HO <PX) (A19)
y dt \Iny my > \Pr
where the components of the 2x2 matrix M are
My = —Hyx — H”(pz + Ap%) + aHx, (A20)
My = Hy — H” Apx py — aHxy, (A21)
My = —Hx — H” Apx py — aHyx, (A22)
M., = Hxy — H”(pz + Apy) + e Hy. (A23)

Then, the critical current determined by the condition
Tr[M] =01is

fm[p + A ”Z)] 2

Equatlon (23) is obtained from Eq. (A24) by substituting
N, _N =0, N =1,¢5 =0,and 6, =0,

APPENDIX B: DERIVATIONS OF EQS. (27) AND (33)

Let us show the derivation of Eq. (33). As mentioned in
the main text, j,+ can be obtained from the linearized LLG
equation. Here, we show that j,4 can also be obtained as
Jux =limg_ g, . j(E). This method provides an example of
the calculation of Eq. (13).

Note that the maximum energies located at m ~ =e;,
Emax+ = Emax—, are identical for 8y = 90°, and the corre-
sponding energy density is Emax = (4w M?/2)(1 + h?). Then,
let us investigate limg_ g, j(E). Equation (13) can be
rewritten as

2eMd N,
o A
where 45 and .4, are, respectively, given by

J(E) = B

m=yfdr[p~H—<m-p>(m-H>]

1 [dm,
= ‘z/ 7t
—2(1 — e)m,

/ dm, , (B2)
\/ a — m2 b)

m=y/dt[H2—(m~H)]

(.~ m2)m.]

= (47[M)27/ / dt[h2 + mf — (hmx — m?)z]

4_41_ 2 4 2_h2
:—271M/dmzmz dmom: +He =1 pgy

J@=m2)(m2 )

PHYSICAL REVIEW B 93, 174401 (2016)

m,=\b

my= -Vb

FIG. 6. The examples of the out-of-plane precession trajectories
(constant energy curves), where the arrows indicate the precession
directions. The constant energy curves cross the xz plane at m, =

+./a, + /b.

Here, we use the relation dm/dt = y Hyppim, obtained from
the LLG equation on a constant energy curve, dm/dt =
—ymxH, with 6 = 90° [38]. The integral ranges of these
integrals are discussed below. Equations (11) and (12) relate to
Egs. (B2) and (B3) via #; = 2M H, A and #,, = —2aM Ny,
where the numerical factor 2 appears by restricting the integral
regions for m, > 0, according to the symmetry [38]. The
parameters a and b are given by

a =2(e —h*+hy'1 4+ h? —2e), (B4)
b=2€—h>—=hy1+h?>=2e), (B5)

where € = E /(47 M?) is the normalized energy density. The
physical meanings of a and b are as follows. Figure 6 shows the
examples of the out-of-plane precession trajectories (constant
energy curves) in the regions of m, > 0 and m, < 0. The
precession directions are indicated by the arrows. The constant
energies curves cross the xz plane at the points m, = +./a, +
V/b. When we focus on the out-of-plane precession for m_ > 0,
the integral ranges of Eqs. (B2) and (B3) are v/b < m, < J/a.
On the other hand, for the out-of-plane precession for m, < 0,
the integral range is —/a < m. < —+/b. Below, we calculate
Eqgs. (B2) and (B3) for m,; < 0. For m, > 0, the sign of .45 is
changed.

We notice that Egs. (B2) and (B3) are expressed as .45 =
I —2(1 —e)l; and A, = 2 M[Is — 4(1 — €)], + 4(¢? —
1), respectively, where I, (n = 0,1,2,3,4) is

Vb o
I, = / dz
~va  la—22)(z*—-Db)
1 / n
_ [ gy YIRS (B6)
o Va1 —s)(1 - ks?)

The modulus £ is

b
k=,1-—-.
a

B7)

The following formulas are useful to calculate .45 and .4;

5= ds — LK(k) (BS)
"TValh Jimea-es  Va

1 i
S —— B9
/0 V1 —s? 2 B9)
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L= f/ds

1 k22

V1 —s?

1 — k252)3 3/2
1—k
I = a3/2f ds A=K7 _ ~L a
) 1—s2

13 = dS

PHYSICAL REVIEW B 93, 174401 (2016)

1—k22

= JaE(k), (B10)

Ta k2
—7<1—7>, (B11)
— KHKk) = 22 — K*)E(K)), (B12)

where K(k) and E(k) are the first and second kinds of complete elliptic integral. Substituting these formulas into Eqs. (B2)

and (B3), Eq. (B1) becomes

, 160ceM?d [—a*(1 — k%) + 12(e* —
J(E)=—

— B2)IK (k) + 2ala2 — k?) — 6(1 — OIER)

In the limit of £ — Ex (€ —> (1 + hz)/2), Eq. (B13) gives
Ju— in Eq. (33). By changing the integral range, as mentioned
above, j, is also obtained.

Equation (27) is obtained in a similar manner. Equa-
tions (B2) and (B3) can be used to evaluate the integrals in
Eq. (26). Note that the integral range to derive Eq. (33) is
over an out-of-plane precession trajectory, while the range
in Eq. (26) is [mgy,mg4]. We notice that @ and b in Eqgs. (B2)
and (B3) are 4h(1 — h) and b = 0 on the constant energy curve
including the saddle point because Egddie = M Happi (€ = h).
Then, Egs. (B2) and (B3) for jy+ are given by

—2(1—h
JI{izq:/d m; — 20— h) (B14)
’ “(a + amy)/4h(1 — h) — m
—4(1—h
£ _ :I:2JTM/dmZ[mZ (- mim. (B15)
4h(1 — h) — m?
The integral range is [2+/A(1 —h),0] for jyy and

We notice that A[* =

[—2h R = h),0] for jp_.

FlJ; - 201 - h)J ]ﬂm and A5 = 27 M[J; — 4(1 -
h)Jl]iJm’ where

n

dz———, (B16)
Va—22

le

J! :/dz—. (B17)
(1 4+ rx)a — 22

Moreover, these integrals satisfy J; = (J; — Jo)/A> + (J1 /7).
Then, using the following formulas, Eq. (27) is obtained;

dZ ] Z
JO:f\/a—_—ZZZSIH ﬁ 5 (B18)
dz\/a;__zz - _Va—2, (B19)
& Va—72Qa+ 7%
dz\/a——z2__ 3 ,  (B20)
7 _f dz
") dtrva-22
1 [ z+ia
= — —_— . B21
Nierori [ﬁ(lﬂz)] ®2

3hn Jal4(l —€) — a2 — k?)]

B13)

(

APPENDIX C: INSTABILITY CONDITION
IN TERMS OF MAGNETIC FIELD

In the main text, we derive the threshold current density as a
function of the magnetic field. In some experiments [18,21,24],
on the other hand, the instability threshold is investigated by
fixing the value of the applied current (voltage) and changing
the magnetic field magnitude. The threshold magnetic field
magnitude below which the self-oscillation is excited was
found experimentally [24], which indicates that the threshold
magnetic field is a decreasing function of 0y (0 < 0y < 90°).
The theoretical formula of the threshold magnetic field, Hy,
is, in principle, obtained by rewriting the instability threshold
condition, Eq. (17), in terms of the magnetic field. For example,
when 0y = 90° and H.p,1/ (4 M) < 1, Eq. (20) is rewritten
as

Hin (0 =90%)

hin|j|
~ dpm( 2L
i (16eM2d

hnljl
_ 42 +2a%). (Cl
N\ Geppzg T TH) (€D

Although it is difficult to derive analytical formula of the
threshold magnetic field for an arbitrary value of 6y because
the right hand side of Eq. (17) is a complex function of
the magnetic field, the experimental result [24] indicates that
Huy,(0y) sinfy >~ Hy(Oy = 90°).

APPENDIX D: DEFINITION OF THE THRESHOLD
CURRENT DENSITY IN NUMERICAL SIMULATION

We solve the LLG equation numerically from 7 =0 to
t = 20 ns by using the fourth-order Runge-Kutta method. The
time step is At = 10 fs. The threshold current density in the
numerical simulation is defined as a minimum current den-
sity satisfying |m,(t = 20ns) — m,(t = 20ns — At)| > 1071°
or |m, (¢t = 20ns)| > 0.9, where the former means that the
magnetization is in the oscillating state while the latter means
that the magnetization moves to the e, direction.
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