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Nanoscale oscillators based on the spin-transfer torque effect are attractive candidates for the hardware
implementation of neural networks using an array of coupled oscillators. Here, we demonstrate that the
mutual coupling through rf strip lines can be used for synchronizing two spin-torque nano-oscillators
(STNOs). Using the current nanotechnology, it is feasible to design asymmetric coupling between two
STNOs via this scheme, which would mimic many biological neural networks. A unique feature of our
experiment is that we can characterize the synchronized state by varying the phase as well as the strength
of the coupling, going into the nonlinear regime.
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I. INTRODUCTION

The magnetization of a nanomagnet can be manipulated
by the spin-transfer torque (STT) effect [1,2]. STT effect
can be used to switch the magnetization as well as to drive
it into continual precessional modes [3–5]. Nanoscale
oscillators based on STT have been the subject of intensive
research [6–10] for the past two decades due to poten-
tial applications to rf devices [11,12], and communication
systems. Alternative ways of generating spin current and
STT are also being explored [13,14]. Recently, spin-torque
nano-oscillators (STNOs) have emerged as potential can-
didates for neuromorphic applications [15]. A mutually
synchronized array of STNOs could be used for oscillator-
based computing schemes, where the information is stored
in the phase of the oscillators. Synchronization of oscilla-
tors is also important for rf applications, as the linewidth
and the output power can be improved by mutual phase
coupling.

The mutual synchronization of STNO was demonstrated
by Kaka et al. [16] and Mancoff et al. [17] using spin-wave
coupling in a point contact geometry in 2005. Later several
groups studied the synchronization process [18–31] using
coupling via spin waves [32,33] or dipolar interaction
[34] in different geometries. A long-range electrical cou-
pling scheme has been used to synchronize vortex-based
oscillators recently [35]. Here, we demonstrate mutual
synchronization of in-plane magnetized, magnetic-tunnel-
junction- (MTJ) based STNO by coupling via Oersted

*ashwin@ee.iitb.ac.in

magnetic field [36,37]. The coupling arises as follows:
each MTJ is connected to a waveguide, which is located
on top of the other MTJ. A small part of the rf-voltage out-
put of one oscillator is used to generate rf current through
the waveguide, which exerts Oersted magnetic field on the
other oscillator. This results in a coupling between them. In
this scheme of coupling, the two oscillators can be far away
(few mm) as the rf current can be carried by long waveg-
uides. Our results show that we can improve the power
output as well as the linewidth by synchronization. A fea-
ture of our experiment is that we control both the phase
and strength of the coupling. A further interesting point
is that a strong coupling itself can generate the oscillatory
state, which has been demonstrated previously [37]. We
indeed observe nonlinear effects as we increase the cou-
pling strength: the power spectrum develops a sharp peak
with side bands.

II. SAMPLE PREPARATION AND
EXPERIMENTAL SETUP

The MTJ stack is fabricated on a thermally grown
SiO2 (500 nm) with the following structure: bottom con-
tact (50 nm)/Ta (5 nm)/IrMn (7 nm)/CoFe (2.5 nm)/Ru
(0.82 nm)/(Co, Fe)B (1 nm)/Ta(0.3 nm)/(Co, Fe)B (1.5 nm)
/CoFe (0.5 nm)/MgO (0.9 nm)/(Co, Fe)B (1.8 nm)/Ta
(5 nm)/Ru (7 nm)/top contact (45 nm). The Ta insertion
layer keeps the fourfold symmetry, that is (001)-
oriented texture, for the (Co, Fe)B/MgO part after high-
temperature annealing. Elliptical nanopillars of sizes
210 × 70 nm2 and 150 × 50 nm2 from above the multilayer
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stack are fabricated using e-beam lithography and Ar ion
milling. For magnetic field coupling, on top of each MTJ
nanopillar, a coplanar waveguide (CPW) of width 2 μm
and electrically insulated from the MTJ is fabricated. The
easy axis direction of the free layer along the direction of
the x axis and the fixed layer is oriented at 45° with respect
to the x axis. The CPW orientation is such that current
passing through it produces a magnetic field along 45° with
respect to the x axis. All the experiments are performed at
room temperature.

The schematic of the experimental setup to study the
mutual synchronization of two STNOs with magnetic field
coupling is shown in Fig. 1. The two MTJs are powered
by two separate dc-current sources with two bias tees. The
rf output of MTJ1 (2) is split into two parts: one part is
used for measuring output and the other part is ampli-
fied and fed to the waveguide on top of the MTJ2 (1).
The outputs from the two MTJs, which are to be used for
measuring the output, are combined together and fed to
a spectrum analyzer. In the experiment, we also add two
isolators before combining the two signals, one between
splitter 1 and the adder, and the other between splitter 2
and the adder. These are not shown in Fig. 1. This avoids
direct electrical coupling between the two MTJs and also
self-injection locking [31]. The lengths of the two cou-
pling paths are nominally the same. Similarly, the lengths
of the two measurement paths are also nominally the same.
Adjustable delay (phase shifter) is inserted in the coupling
path of MTJ2 to MTJ1 as shown in Fig. 1. As the two MTJs
are kept far away from each other (approximately 1 m),
we use two electromagnets to apply different magnetic
fields to them. Our setup also allows us to characterize
the power output from each MTJ separately without cou-
pling between them. The mutual synchronization works as
follows: dc current is passed through both the MTJs to

set them into oscillatory state by the STT effect. The rf
output of MTJ1 passes rf current through the waveguide on
top of MTJ2 and creates rf magnetic field on MTJ2. This
gives rise to a coupling between MTJ2 and 1. Similarly,
the rf output of MTJ2 creates rf magnetic field on MTJ1,
which gives rise to a coupling between MTJ1 and 2. If the
free-running oscillation frequencies of the two MTJs are
close by, they can synchronize and oscillate with the same
frequency. In our experiment, we pass fixed dc currents
through both the MTJs and apply a fixed magnetic field
to MTJ1. The magnetic field applied to MTJ2 is varied to
vary the free-running oscillation frequency of MTJ2.

In our setup, there are two amplifiers: one in the cou-
pling path for each MTJ. The gains of the amplifiers are
controlled by dc bias current. We adjust the bias currents
to the amplifiers such that both of them have approximately
the same gain. We carry out synchronization measurements
for different values of the amplifier gains by changing the
bias currents to the amplifiers. Thus our setup allows syn-
chronization to be studied as a function of the coupling
strength. This was not possible in the previous experiments
on synchronization. (We also carry out measurements
without any amplifier and verify that synchronization is
possible. The advantage of inserting amplifiers is that we
can explore the coupling strength dependence of the lock-
ing range.) Further, the phase shifter in the coupling path
allows us to study the effect of coupling phase on the
synchronized state.

III. RESULTS AND DISCUSSION

A 2D plot of the combined power spectral density (PSD)
as a function of frequency and magnetic field applied to
MTJ2 (H 2) is shown in Fig. 2(a) (the color bar is in log
scale). Bias currents of 1.4 mA are applied to each MTJ.

FIG. 1. Schematic diagram for the mutual synchronization of two spin-torque nano-oscillators with Oersted magnetic field coupling.
Both the MTJs comprise free layer, tunnel barrier, and pinned layer. A CPW is situated on the top of each MTJ, which is electrically
insulated from MTJs. Both MTJs are independently biased by passing dc currents through bias tees. The rf output signals generated
are split into two parts using a power splitter. One part is amplified and fed back to the CPW of the other MTJ. The amplified output
current passing through the CPW creates the coupling microwave magnetic fields, which gives rise to synchronization. The second
parts of output signals are combined and observed on a spectrum analyzer.
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(a) (b) FIG. 2. Experimental results. (a)
2D color plot (in log scale) of the
power spectral density as a func-
tion of the magnetic field applied
to MTJ2 and frequency. Magnetic
field applied to MTJ1 is 300 Oe.
(b) Projections of the 2D plot
at H 2 = 200, 305, and 470 Oe.
The oscillators are synchronized
at H 2 = 305 Oe and, unsynchro-
nized at 200 and 470 Oe.

Magnetic field of 300 Oe is applied to MTJ1. The ampli-
fier gains are set to 15 dB. One-dimensional projections
of Fig. 2(a), at H 2 = 200, 305, and 470 Oe are shown in
Fig. 2(b).

From Fig. 2(a), we can see that in a certain range of H 2,
(when the free-running frequencies are close by) the out
power is enhanced, which corresponds to the synchroniza-
tion of the two STNOs. The phase shifter in the coupling
path between STNO2 to STNO1 is adjusted to a phase of
approximately 50o to get the brightest spot. The synchro-
nization can also be seen from Fig. 2(b): at H 2 = 305 Oe,
the spectrum shows a single peak with large amplitude,
which indicates synchronization. At H 2 = 200 and 470 Oe,
the two STNOs are not synchronized and two peaks at two
different frequencies can be seen. The spectra shown in
Fig. 2(b) are fitted to the Lorentzian curve near the peak
region to extract linewidth and power. In the case of spectra
with two peaks, both are fitted simultaneously.

The integrated output power as a function of H 2 is
shown in Fig. 3(a). Blue and green curves show the
power of the uncoupled state of oscillators 1 (PSTNO1)
and 2 (PSTNO2), respectively. Dark green and magenta
curves show the power of the free-running oscillator 1
[P(STNO1)freerunning] and the power of free-running oscil-
lator 2 [P(STNO2)freerunning], respectively. The free-running
power is measured with biasing only one MTJ and set-
ting the amplifier gain to 0. The dark gray curve shows

the sum and the orange curve shows twice the sum of the
powers of free-running oscillators. The red curve shows
the power of the coupled oscillator system. The fact that
the red curve lies between dark gray curves, shows that
the oscillator system is coupled with a phase difference
between 0° to 90°. If the two oscillators are uncoupled,
we would get an incoherent sum of their powers, i.e.,
PSTNO1freerunning + PSTNO2freerunning. Figure 3(b) shows the
linewidth as a function of H 2. We can see that in the
synchronized regime, power increases and the linewidth
decreases. The improvement in power and reduction in
linewidth is discussed in the Appendix.

It can be seen from Fig. 3(b) that the linewidth of the free
STNO shows a nonmonotonic behavior. The linewidth of
STNO depends on the factor (1 + υ2), where υ is the non-
linear dimensionless frequency-shift coefficient [6]. The
observed nonmonotonic linewidth behavior can arise from
the variation of υ with magnetic field. Such a behavior is
also seen in Ref. [38] and explained in terms of υ. It can
also be seen from Fig. 3(a) that the power output of STNO2
outside the mutual synchronization regime is higher than
its free-running power. The STNO1 has somewhat higher
free-running power and this may be affecting the STNO2
even outside the synchronization regime.

Next, we study the effect of coupling phase on synchro-
nization. We vary the phase of coupling between STNO2
to STNO1 by using the phase shifter shown in Fig. 1, while

(a) (b) FIG. 3. Experimental results. (a)
The integrated power of STNOs
in coupled and uncoupled states
and individual power of the two
separate STNOs. (b) The vari-
ation of linewidth of combined
spectra for oscillators in cou-
pled and uncoupled states and the
linewidth of individual oscillator
STNO1 with magnetic field from
190 to 510 Oe. Magnetic field
applied to STNO2 is varied, keep-
ing the magnetic field applied to
STNO1 constant.
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FIG. 4. Experimental results. The variation of power in the syn-
chronized state as a function of the coupling phase. The phase is
varied only in one path: from STNO2 to STNO1. The solid line
is a guide to the eye.

keeping the phase of coupling between STNO1 to STNO2
constant. Figure 4 shows the variation of power as a func-
tion of phase of the coupling signal. These measurements
are carried out on a sample different from the previous
one. These samples are on the same wafer with the same
nominal dimensions and fabricated simultaneously. How-
ever, the spin-torque efficiency is lower than the previous
samples. The magnetic field on MTJ2 is adjusted so that
free-running frequencies of the oscillators are almost equal
for this measurement. We can see a clear oscillation in
the power as a function of the coupling phase. However,
the relative power variation is quite small. Using the the-
ory developed in Ref. [6], we expect to see a large power
variation (minimum power would be zero for two identical
oscillators with the same coupling) with sudden jumps as a
function of phase. It is shown in the Appendix that the ther-
mal fluctuations smoothen and lower the relative power
variation. The simulation of the free-layer magnetization
dynamics by the Landau-Lifshitz-Gilbert (LLG) equation
(simplified to include only dampinglike torque) also qual-
itatively supports this behavior. We therefore claim that
thermal fluctuations have a crucial influence on the power
modulation as a function of the coupling phase.

Next we carry out synchronization measurements for
various values of the amplifier gains keeping the cou-
pling phase constant. The mutual phase locking range as
a function of the amplifier gain is plotted in Fig. 5(a).
The linear dependence of locking range observed for low
gains (approximately 15 dB) is expected from the theory
of mutual synchronization [6]. The LLG-equation simula-
tions also support the theory. For higher amplifier gain, the
locking range shows nonlinear dependence. This behavior
is also qualitatively supported by the LLG-equation simu-
lation. As we increase the gain, the oscillator system is no
longer a weakly coupled system. In fact, for large gain, the
coupling itself can lead to an oscillatory state of the com-
bined system of two MTJs, i.e., even if the STT effect is
absent (e.g., we can make the STT effect very small by
increasing the thickness of the free layers) the coupling
between the MTJs can drive them into oscillatory state.
This is shown for the case of a single MTJ in Ref. [37].
The power spectrum obtained at higher gain is shown in
Fig. 5(b). One can see that the spectrum shows a sharp
center peak with many side-band peaks, whose separation
depends on the coupling delay. The coupling delay is about
8 ns in our setup, which corresponds to a frequency sepa-
ration of about 120 MHz. (This situation can be compared
to the case of lasers: the cavity delay gives rise to a similar
side-peak spectrum.) This is a signature that the coupling
is playing a dominant role in the dynamics. The mutual
phase locking range in this regime increases sharply with
gain. The LLG simulations agree with the experimental
observation of side-band peaks for higher gain (results not
shown).

IV. NUMERICAL SIMULATION

We carry out numerical simulation of the
synchronization process using the LLG equations given
below:

˙̂m1 = −γ m̂1 × (H̄eff1 + h̄r1 + h̄fb2)+ α(m̂1 × ˙̂m1)

+ 1
qNs1

(m̂1 × Īs1 × m̂1), (1a)

(a) (b) FIG. 5. Experiment. (a) Ampli-
fier voltage gain vs mutual phase
locking range. (b) The PSD of
the coupled oscillator with higher
amplification.
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(a) (b) FIG. 6. Macromagnetic simula-
tion results. (a) Color plot (in log
scale) shows the PSD of mutu-
ally coupled STNOs with varia-
tion of magnetic field applied to
the MTJ2 from 80 to 120 Oe.
The magnetic field applied to the
MTJ1 is fixed at 100 Oe. The
results are obtained at 300 K. (b)
Amplifier voltage gain vs mutual
phase locking range for delay
value of 4 ns.

˙̂m2 = −γ m̂2 × (H̄eff2 + h̄r2 + h̄fb1)+ α(m̂2 × ˙̂m2)

+ 1
qNs2

(m̂2 × Īs2 × m̂2), (1b)

where m̂1, m̂2 represent the unit vectors along the free-
layer magnetization directions of the two MTJs, γ denotes
the gyromagnetic ratio, H̄eff 1, H̄eff 2 are the total effec-
tive magnetic fields comprising the external fields and
the anisotropy fields, h̄r1, h̄r2 are the random magnetic
fields originating from the thermal fluctuations of the free-
layer magnetization direction, h̄fb1, h̄fb2 are the feedback
(coupling) magnetic fields, which give rise to the cou-
pling between the two MTJs. α is the Gilbert damping
constant. Is1, Is2 denotes the spin current and is given
by Īs1,2 = {P1,2/[1 + P2

1,2(m̂1,2.m̂pin1,2)]}Idc1,2m̂pin1,2, where
P1,2 denotes the polarization of ferromagnet. Ns1, Ns2
denotes the total number of spin given by, Ns1,2 = Ms1,2
V1,2/μB, where Ms1,2 denotes saturation magnetization, V1,2
denotes the volume of free layer, and μB denotes Bohr
magneton. The last term in the above equation gives rise to
STT oscillations. The random magnetic field hr1,2 follows
the statistical properties:

〈hr1,2,i(t)〉 = 0, 〈hr1,2,i(t)hr1,2,j (s)〉 = 2D1,2δij δ(t − s),

D1,2 = αkBT
γ0μ0Ms1,2V1,2

.

where kB is Boltzmann’s constant, T is the temperature, μ0
is the vacuum permeability.

The feedback magnetic field acting on MTJ1 is pro-
duced as the resistance of MTJ2 is oscillating. The ac
voltage produced across MTJ2 at time t is taken as
Vac = I dc,2*[R2(t) − R0,2], where I dc,2 is the dc current
passing through MTJ2, R2(t) and R2,0 are the resis-
tances of MTJ2 at time t and average resistance, respec-
tively. The ac current flowing through the CPW is
given by I ac = Vac/(R0,2 + RT), where RT is the termina-
tion resistance (50 �). The magnetic field produced is
hfb,1 = I ac/2w1, where w1 is the width of CPW1. Because
of the delay in the circuit, the magnetic field at time t is

taken as hfb,1(t) = I ac(t −�t)/2w1. The field is multiplied
by amplifier gain. The feedback magnetic field acting on
MTJ2 can be obtained from similar arguments.

The feedback field hfb1,2 is taken to be along 45° from
the x direction and is given by

hfb1,2(t) = A1,2Idc2,1[R2,1(t −�t)

− R02,1]/[2w1,2(R02,1 + RT)], (2)

where A1,2 is the amplifier gain.
The various parameters used in the simulation are

as follows: α= 0.01, γ = 2.21 × 105 m/As, T = 300 K,
Ms = 106 A/m, V = (210 × 70 × 2 nm3), P = 0.4. The
anisotropy magnetic field is given by Hani = H//mx −
H⊥mz, where H// and H⊥ denote the in-plane and out-
of-plane anisotropy fields. Positive values of H// and H⊥
imply that the x axis is the easy axis and the z axis is
the out-of-plane hard axis. We use H// = 50 Oe and H⊥ =
104 Oe. The width of the feedback strip is taken as 1 μm
and the coupling delay is taken to be �t = 8 ns. The simu-
lations are carried out for different values of amplifier gain.

Figure 6(a) shows the simulation results with conditions
similar to the experimental conditions, i.e., magnetic field
applied to the MTJ2 is varied, keeping all other parame-
ters fixed (the color bar is in log scale). The simulation
results are qualitatively similar to the experimental results
plotted in Fig. 2. We also find the mutual locking range
from the simulations as a function of the amplifier gain.
The results shown in Fig. 6(b) have similar trends as in the
experimental data in Fig. 5(a). We use macromagnetic cal-
culations instead of micromagnetic calculations due to the
small dimensions of the free layer (thickness and lateral
size) [39]. We also exclude the fieldlike term from the Eqs.
(1a) and (1b). Micromagnetic simulations and inclusion
of the fieldlike term could give rise to better quantitative
agreement with experiment. Any excitation of the pinned
layer magnetization is neglected.

V. CONCLUSION

In conclusion, we show the mutual synchronization
of spin-torque nano-oscillators using Oersted magnetic
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field coupling generated via rf strip lines. Our experimen-
tal setup allows us to explore the synchronization phe-
nomenon as a function of the coupling strength as well as
phase. An advantage of this scheme is that it is long range,
and the direction and magnitude of the coupling magnetic
field on each STNO can be designed independently, by
choosing the width and orientation of the CPW. (In a real-
istic implementation of this scheme, the coupling could be
adjusted by the width of CPW rather than amplifier gain.)
As an example, it is possible to go from a bidirectional
coupling to a unidirectional coupling. This freedom can
lead to an alternative architecture of mutually coupling an
array of oscillators (see further discussion in the Supple-
mental Material [40], Fig. S2). Indeed, different types of
interactions lead to asymmetrical coupling between bio-
logical neurons [41], which could be mimicked by the
present coupling scheme. In our experiment, we use ampli-
fiers to reach the high-coupling regime. The coupling lines
in our experiment have widths of 2 μm, whereas the MTJs
have diameters of approximately 100 nm. If we reduce the
widths to about 100 nm, the coupling Oersted field would
increase ten times. Further, the coupling can be enhanced
by increasing the dc bias currents. It can be seen from
Eq. (2), that the coupling magnetic field is proportional
to dc current. (However, increasing the bias current could
lead to a reduced nonlinear frequency-shift parameter [6],
which would reduce the mutual locking range.) Thus, we
can achieve strong coupling between STNOs without using
amplifiers.
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APPENDIX: DISCUSSION USING THE
UNIVERSAL OSCILLATOR MODEL

Here, we discuss the results using the universal oscilla-
tor model developed in Ref. [6]. In the synchronized state,
we consider only the dynamics of the phases of the two
oscillators, which is given by

φ̇1 = −ω1,0 + �̃12

√
p2,0

p1,0
sin(β12 + ψ − θ1), tan θ1 = ν1

φ̇2 = −ω2,0 + �̃21

√
p1,0

p2,0
sin(β21 −ψ − θ2), tan θ2 = ν2,

where ψ =φ2 −φ1 denotes the phase difference, ω0
denotes the free running frequency,� denotes the coupling

strength, p0 denotes free-running power, β denotes the
coupling phase, and ν denotes the dimensionless nonlinear
frequency shift. Assuming two almost identical oscillators
and adding noise terms, we can write

φ̇1 = −ω1,0 + �̃ sin(β̃ + ψ)+ g11F1 (A1)

φ̇2 = −ω2,0 + �̃ sin(β̃ − ψ)+ g22F2 (A2)

〈Fi(t)Fj (t′)〉 = 2Dδi,j δ(t − t′), D = 1,

where β̃ = β − θ is the renormalized coupling phase. F1
and F2 denote random forces, and the coefficients g11 and
g22 are constants independent of the phases. In the absence
of coupling (i.e., free-running case), the random force
gives rise to the broadening with linewidth (FWHM ) =
2Dg2

ii. We can write equations for the phase difference ψ
and the average phase �= (φ1 +φ2)/2 as

ψ̇ = (ω1,0 − ω2,0)− 2�̃ sinψ cos β̃ + g11“F1” (A3)

�̇ = − (ω1,0 + ω2,0)

2
+ �̃ sin β̃ cosψ + g22“F2” (A4)

where g′
11 =

√
(g11

2 + g2
22), g′

22 =
√
(g2

11+g2
22)

2 , 〈F ′
i(t)F ′

j (t′)〉
= 2Dδi,j δ(t − t′), D = 1.

We are interested in finding out the average value of
cos(ψ) as it determines the power [Ptot = 2p(1 + cos ψ)].
We can use the above Langevin equations to find out the
average values of various quantities using the following
equation [42]:

Langevin equation:
dxi

dt
= hi(x̄, t)

+
∑

j

gi,j (x̄, t)Fj (t), 〈Fi(t)Fj (t′)〉 = 2Dδi,j δ(t − t′),

⇒ ∂〈f (x̄)〉
∂t

=
∑

i

〈
hi
∂f
∂xi

〉
+

∑
i,k,j

〈
Dgk,j

∂

∂xk

(
gi,j
∂f
∂xi

)〉
.

(A5)

If we put f (ψ ,�) =ψ , and f (ψ ,�) = cos(ψ), we get

∂〈ψ〉
∂t

= (ω1,0 − ω2,0)− 2�̃ cos β̃〈sinψ〉
d〈cosψ〉

dt
= −(ω1,0 − ω2,0)〈sinψ〉

+ 2�̃ cos β̃〈sin2ψ〉 − Dg2〈cosψ〉.
Putting the left-hand sides of the above equation to 0, we
get

〈sinψ〉 = (ω1,0 − ω2,0)

2�̃ cos β̃
(A6)
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Dg2〈cosψ〉 − 2�̃ cos β̃〈sin2ψ〉 = − (ω1,0 − ω2,0)
2

2�̃ cos β̃
.

(A7)

Assuming ψ ∼ 0, and putting cosψ ∼ 1 −ψ2/2, sinψ ∼ψ
in the above equation, we get

〈cosψ〉 ≈ 1 − 1
2

[
(ω1,0 − ω2,0)

2�̃ cos β̃

]2

− g2

2�̃ cos β̃
. (A8)

Whereas assuming ψ ∼π , we get

〈cosψ〉 ≈ −1 + 1
2

[
(ω1,0 − ω2,0)

2�̃ cos β̃

]2

− g2

2�̃ cos β̃
. (A9)

Note that the stability criteria requires cos β̃ to be positive
(negative) for the ψ ∼ 0 (ψ ∼π ) solution. This ensures
that |〈cosψ〉| ≤ 1. [The above equations would not be
valid if the value of g2 (i.e., linewidth) is very large, as
|〈cosψ〉| can exceed 1. This means that the assumption
of ψ ∼ 0 or π is not valid.] Equations (A8) and (A9)
show that amplitude of power modulation with the phase
(β̃) is reduced due to the noise. We have numerically
solved Eqs. (A1) and (A2), assuming �̃ = 2π*50 MHz,
ω1,0 = 2π*3 GHz,ω2,0 −ω1,0 = 2π*10 MHz and g11 = g22
(i.e., the same linewidth for both oscillators). The power as

a function of phase (β̃) is plotted in Figs. 7(a) and 7(b) for
different values of linewidth of the free-running oscillators,
i.e., different levels of noise. One can see that the sharp
transition for low noise and a sinusoidal-like dependence
with lower amplitude as noise is increased. This behavior
matches with the experimental data shown in Fig 4. The
red curve in Fig. S4(b) shows the (1 + 〈cosψ〉)/2 with
value of 〈cosψ〉 given by Eqs. (A8) and (A9). The region
between dotted vertical lines in Fig. S4(a), corresponds to
|cos β̃| < (ω1,0 − ω2,0)/2�̃ where synchronization is lost
[see Eq. (A6)]. The amplitude of power modulation (i.e.,
P(β̃ = 0)− P(β̃ = π) is plotted as a function of linewidth
of the free-running oscillator in Fig. 7(c). The expected lin-
ear dependence at low linewidths obtained from Eqs. (A8)
and (A9) is shown by the red line in Fig. 7(c).

From Eqs. (A3)–(A5), and putting f (ψ ,�) =�, and
f (ψ ,�) =�2, we get

∂〈�〉
∂t

= − (ω1,0 + ω2,0)

2
+ �̃ sin β̃〈cosψ〉, (A10)

∂〈�2〉
∂t

= −(ω1,0 + ω2,0)〈�〉

+ 2�̃ sin β̃〈� cosψ〉 + 2Dg′2
22. (A11)

(a)

(c)

(b) FIG. 7. (a) Normalized power
obtained from numerical solution
of Eqs. (A1) and (A2), as a func-
tion of phase ( β̃) for different
values of linewidth of the free-
running oscillators. Synchroniza-
tion is lost in the region between
dotted lines. (b) Blue curve shows
power obtained from Eqs. (A8)
and (A9). (c) Red curve shows the
power modulation obtained from
numerical solution of Eqs. (1) and
(2). Blue curve is obtained from
Eqs. (A8) and (A9).
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From Eq. (A10), we see that the frequency of oscillation
can be different from the average frequencies of uncoupled
oscillators, due to the second factor on the rhs. This fac-
tor depends on the 〈cosψ〉, i.e., it has the same variation
as power. We can use the experimentally obtained power
dependence on phase (Fig. 4) to find out the expected
frequency variation as a function of phase. The coupling
strength (�̃) can be obtained from the mutual locking
bandwidth. The estimated frequency variation in about
4 MHz. We are however unable to detect it clearly due to
the large linewidth in our experiment.

Equation (A11) gives information about phase noise. It
however requires the average value of �cosψ , which is
not easy to find. If the phase β̃ is 0 (maximum power) or
π (minimum power), this term drops out, in which case
Eq. (A11) describe the phase diffusion. Thus the linewidth
of the coupled oscillator system (neglecting the ampli-
tude noise [see Eq. (A3)], is given by LW = 2D(g′

22)
2 =

2D(g2
11 + g2

22)/4 = (LW1 + LW2)/4, where LW1 and LW2
are the linewidths of the uncoupled oscillators. Thus the
mutual synchronization gives rise to the reduction in the
linewidth. If both the oscillators have equal free-running
linewidths, the linewidth in the synchronized state is half
of the uncoupled linewidth. This result holds for phase = 0
or π , i.e., even if the oscillators are synchronized in oppo-
site phases (i.e., minimum power), the linewidth is still
improved.

In our experiment, we have improvement in the
linewidth in the synchronized regime as shown in Fig. 3(b).
We have LW1 = 520 MHz, LW2 = 320 MHz for the free-
running state and the minimum linewidth of the coupled
state is 240 MHz. The expected linewidth of the coupled
state (LW1 + LW2)/4 comes out to be 210 MHz. The higher
value of observed linewidth could be due to the amplitude
noise.

In the above analysis we assume that the phases of both
couplings are the same. However, in the experiment we
only vary the phase between oscillator 2 and 1, keeping
the other phase constant. To match the experiments, we
numerically solve the following equations:

φ̇1 = −ω1,0 + �̃ sin(β̃1 + ψ)+ g11F1, (A12)

φ̇2 = −ω2,0 + �̃ sin(β̃2 − ψ)+ g22F2 (A13)

〈Fi(t)Fj (t′)〉 = 2Dδi,j δ(t − t′), D = 1.

The power variation as a function of β̃2 is shown in
Fig. 8 assuming �̃ = 2π*50 MHz, ω1,0 = 2π*3 GHz,
ω2,0 −ω1,0 = 2π*10 MHz and linewidth = 0.12 GHz (the
same linewidth for both oscillators). The green curve is
obtained with β̃1 = β̃2 and is the same as the green curve
in Fig. 7(a). The red curve is obtained with β̃1 = 0. One
can see that the power modulation is reduced by half. It

N
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ed

 p
ow

er

Phase

FIG. 8. The power variation as a function of phase of the
coupling between oscillators 2 and 1 (β̃2). The green curve is
obtained with β̃1 = β̃2, whereas the red curve is obtained with
β̃1 = 0.

was found that the power modulation is reduced by half
for any other fixed value of β̃1 as well. The experimentally
observed power modulation is small and is a result of both
changing phase of only one path and thermal fluctuations.
Also the thermal fluctuations make the power variation
smooth (sinusoidal looking) even when the phase of only
one path is changed, which matches with the experimental
observation.

[1] J. C. Slonczewski, Current-driven excitation of magnetic
multilayers, J. Magn. Magn. Mater. 159, L1 (1996).

[2] L. Berger, Emission of spin waves by a magnetic multilayer
traversed by a current, Phys. Rev. B 54, 9353 (1996).

[3] M. Tsoi, A. G. M. Jansen, J. Bass, W.-C. Chiang, V. Tsoi,
and P. Wyder, Generation and detection of phase-coherent
current-driven magnons in magnetic multilayers, Nature
406, 46 (2000).

[4] S. I. Kiselev, J. C. Sankey, I. N. Krivorotov, N. C. Emley, R.
J. Schoelkopf, R. A. Buhrman, and D. C. Ralph, Microwave
oscillations of a nanomagnet driven by a spin-polarized
current, Nature (London) 425, 380 (2003).

[5] S. Sharma, B. Muralidharan, and A. Tulapurkar, Proposal
for a domain wall nano-oscillator driven by non-uniform
spin currents, Sci. Rep. 5, 14647 (2015).

[6] A. Slavin and V. Tiberkevich, Nonlinear auto-oscillator
theory of microwave generation by spin-polarized current,
IEEE Trans. Magn. 45, 1875 (2009).

[7] S. Tamaru, H. Kubota, K. Yakushiji, S. Yuasa, and A.
Fukushima, Extremely coherent microwave emission from
spin torque oscillator stabilized by phase locked loop, Sci.
Rep. 5, 18134 (2015).

[8] A. Bose, A. K. Shukla, K. Konishi, S. Jain, N. Asam, S.
Bhuktare, H. Singh, D. D. Lam, Y. Fujii, S. Miwa, Y.
Suzuki, and A. A. Tulapurkar, Observation of thermally
driven field-like spin torque in magnetic tunnel junctions,
Appl. Phys. Lett. 109, 032406 (2016).

054028-8

https://doi.org/10.1016/0304-8853(96)00062-5
https://doi.org/10.1103/PhysRevB.54.9353
https://doi.org/10.1038/35017512
https://doi.org/10.1038/nature01967
https://doi.org/10.1038/srep14647
https://doi.org/10.1109/TMAG.2008.2009935
https://doi.org/10.1038/srep18134
https://doi.org/10.1063/1.4958833


MUTUAL SYNCHRONIZATION OF STNO. . . PHYS. REV. APPLIED 11, 054028 (2019)

[9] S. Bhuktare, H. Singh, A. Bose, and A. A. Tulapurkar,
Spintronic Oscillator Based on Spin-Current Feedback
Using the Spin Hall Effect, Phys. Rev. Appl. 7, 014022
(2017).

[10] M. M. Torunbalci, T. A. Gosavi, K. Y. Camsari, and S. A.
Bhave, Magneto acoustic spin Hall oscillators, Sci. Rep. 8,
1119 (2018).

[11] Swapnil Bhuktare, Arnab Bose, Hanuman Singh, and Ash-
win A. Tulapurkar, Gyrator based on magneto-elastic cou-
pling at a ferromagnetic/piezoelectric interface, Sci. Rep. 7,
840 (2017).

[12] S. Bhuktare, A. Shukla, H. Singh, A. Bose, and A. A. Tula-
purkar, Direct observation of the reciprocity between spin
current and phonon interconversion, Appl. Phys. Lett. 114,
052402 (2019).

[13] A. Bose, S. Bhuktare, H. Singh, S. Dutta, V. Achanta, and
A. A. Tulapurkar, Direct detection of spin Nernst effect in
Pt, Appl. Phys. Lett. 112, 162401 (2018).

[14] A. Bose, A. S. Shukla, S. Dutta, S. Bhuktare, H. Singh, and
A. A. Tulapurkar, Control of magnetization dynamics by
spin-Nernst torque, Phys. Rev. B 98, 184412 (2018).

[15] J. Torrejon, M. Riou, F. A. Araujo, S. Tsunegi, G. Khalsa,
D. Querlioz, P. Bortolotti, V. Cros, K. Yakushiji, A.
Fukushima, H. Kubota, S. Yuasa, M. D. Stiles, and J. Grol-
lier, Neuromorphic computing with nanoscale spintronic
oscillators, Nature 547, 428 (2017).

[16] S. Kaka, M. R. Pufall, W. H. Rippard, T. J. Silva, S.
E. Russek, and J. A. Katine, Mutual phase-locking of
microwave spin torque nano-oscillators, Nature (London)
437, 389 (2005).

[17] F. B. Mancoff, N. D. Rizzo, B. N. Engel, and
S. Tehrani, Phase-locking in double-point-contact spin-
transfer devices, Nature 437, 393 (2005).

[18] J. Grollier, V. Cros, and A. Fert, Synchronization of spin-
transfer oscillators driven by stimulated microwave cur-
rents, Phys. Rev. B 73, 060409R (2006).

[19] A. Ruotolo, V. Cros, B. Georges, A. Dussaux, J. Grollier,
C. Deranlot, R. Guillemet, K. Bouzehouane, S. Fusil, and
A. Fert, Phase-locking of magnetic vortices mediated by
antivortices, Nat. Nanotechnol. 4, 528 (2009).

[20] S. Urazhdin, P. Tabor, V. Tyberkevych, and A. Slavin, Frac-
tional Synchronization of Spin-Torque Nano-Oscillators,
Phys. Rev. Lett. 105, 104101 (2010).

[21] A. Dussaux, B. Georges, J. Grollier, V. Cros, A. V.
Khvalkovskiy, A. Fukushima, M. Konoto, H. Kubota, K.
Yakushiji, S. Yuasa, K. A. Zvezdin, K. Ando, and A. Fert,
Large microwave generation from current-driven magnetic
vortex oscillators in magnetic tunnel junctions, Nat. Com-
mun. 1, 8-1-6 (2010).

[22] M. Quinsat, J. F. Sierra, I. Firastrau, V. Tiberkevich, A.
Slavin, D. Gusakova, L. D. Buda-Prejbeanu, M. Zarudniev,
J.-P. Michel, U. Ebels, B. Dieny, M.-C. Cyrille, J. A. Katine,
D. Mauri, and A. Zeltser, Injection locking of tunnel junc-
tion oscillators to a microwave current, Appl. Phys. Lett.
98, 182503 (2011).

[23] A. Dussaux, A. V. Khvalkovskiy, J. Grollier, V. Cros, A.
Fukushima, M. Konoto, H. Kubota, K. Yakushiji, S. Yuasa,
K. Ando, and A. Fert, Phase locking of vortex based spin
transfer oscillators to a microwave current, Appl. Phys.
Lett. 98, 132506 (2011).

[24] V. E. Demidov, H. Ulrichs, S. V. Gurevich, S. O. Demokri-
tov, V. S. Tiberkevich, A. N. Slavin, A. Zholud, and S.
Urazhdin, Synchronization of spin Hall nano-oscillators to
external microwave signals, Nat. Commun. 5, 3179 (2014).

[25] P. K. Muduli, Ye. Pogoryelov, F. Mancoff, and J. Åker-
man, Modulation of individual and mutually synchronized
nanocontact-based spin torque oscillators, IEEE Trans.
Magn. 47, 1575 (2011).

[26] S. Sani, J. Persson, S. M. Mohseni, Ye Pogoryelov, P.
K. Muduli, A. Eklund, G. Malm, M. Kall, A. Dmitriev,
and J. Åkerman, Mutually synchronized bottom-up multi-
nanocontact spin-torque oscillators, Nat. Commun. 4, 2731
(2013).

[27] A. Slavin and V. Tiberkevich, Theory of mutual phase lock-
ing of spin-torque nanosized oscillators, Phys. Rev. B 74,
104401 (2006).

[28] H. Singh, K. Konishi, S. Bhuktare, A. Bose, S. Miwa, A.
Fukushima, K. Yakushiji, S. Yuasa, H. Kubota, Y. Suzuki,
and A. A. Tulapurkar, Integer, Fractional and Side Band
Injection Locking of Spintronic Feedback Nano Oscillator
to Microwave Signal, Phys. Rev. Appl. 8, 064011 (2017).

[29] H. Singh, K. Konishi, S. Bhuktare, A. Bose, S. Miwa, A.
Fukushima, K. Yakushiji, S. Yuasa, H. Kubota, Y. Suzuki,
and A. A. Tulapurkar, Effect of external magnetic field on
locking range of spintronic feedback nano oscillator, AIP
Adv. 8, 056010 (2018).

[30] S. Tsunegi, E. Grimaldi, R. Lebrun, H. Kubota, A. S. Jenk-
ins, K. Yakushiji, A. Fukushima, P. Bortolotti, J. Grollier, S.
Yuasa, and V. Cros, Self-injection locking of a vortex spin
torque oscillator by delayed feedback, Sci. Rep. 6, 26849
(2016).

[31] H. Singh, A. Bose, S. Bhuktare, A. Fukushima, K.
Yakushiji, S. Yuasa, H. Kubota, and A. A. Tulapurkar, Self-
Injection Locking of Spin Torque Nano Oscillator with
Magnetic Field Feedback, Phys. Rev. Appl. 10, 024001
(2018).

[32] A. Houshang, E. Iacocca, P. Dürrenfeld, S. R. Sani, J.
Åkerman, and R. K. Dumas, Spin-wave-beam driven syn-
chronization of nanocontact spin-torque oscillators, Nat.
Nanotechnol. 11, 280 (2016).

[33] A. Awad, P. Dürrenfeld, A. Houshang, M. Dvornik, E.
Iacocca, R. K. Dumas, and J. Åkerman, Long-range mutual
synchronization of spin Hall nano-oscillators, Nat. Phys.
13, 292 (2017).

[34] N. Locatelli, A. Hamadeh, F. A. Araujo, A. D. Belanovsky,
P. N. Skirdkov, R. Lebrun, V. V. Naletov, K. A. Zvezdin,
M. Muñoz, J. Grollier1, O. Klein, V. Cros, and G. Loubens,
Efficient synchronization of dipolarly coupled vortex-based
spin transfer nano-oscillators, Sci. Rep. 5, 17039 (2015).

[35] R. Lebrun, S. Tsunegi, P. Bortolotti, H. Kubota, A. S. Jenk-
ins, M. Romera, K. Yakushiji, A. Fukushima, J. Grollier, S.
Yuasa, and V. Cros, Mutual synchronization of spin torque
nano-oscillators through a long range and tunable electrical
coupling scheme, Nat. Commun. 8, 15825 (2017).

[36] D. Dixit, K. Konishi, C. V. Tomy, Y. Suzuki, and A. A.
Tulapurkar, Spintronic oscillator based on magnetic field
feedback, Appl. Phys. Lett. 101, 122410 (2012).

[37] D. Kumar, K. Konishi, Nikhil Kumar, S. Miwa, A.
Fukushima, K. Yakushiji, S. Yuasa, H. Kubota, C. V. Tomy,
A. Prabhakar, Y. Suzuki, and A. Tulapurkar, Coherent

054028-9

https://doi.org/10.1103/PhysRevApplied.7.014022
https://doi.org/10.1038/s41598-018-19443-6
https://doi.org/10.1038/s41598-017-00960-9
https://doi.org/10.1063/1.5083207
https://doi.org/10.1063/1.5021731
https://doi.org/10.1103/PhysRevB.98.184412
https://doi.org/10.1038/nature23011
https://doi.org/10.1038/nature04035
https://doi.org/10.1038/nature04036
https://doi.org/10.1103/PhysRevB.73.060409
https://doi.org/10.1038/nnano.2009.143
https://doi.org/10.1103/PhysRevLett.105.104101
https://doi.org/10.1038/ncomms1006
https://doi.org/10.1063/1.3587575
https://doi.org/10.1063/1.3565159
https://doi.org/10.1038/ncomms4179
https://doi.org/10.1109/TMAG.2010.2096463
https://doi.org/10.1038/ncomms3731
https://doi.org/10.1103/PhysRevB.74.104401
https://doi.org/10.1103/PhysRevApplied.8.064011
https://doi.org/10.1063/1.5007324
https://doi.org/10.1038/srep26849
https://doi.org/10.1103/PhysRevApplied.10.024001
https://doi.org/10.1038/nnano.2015.280
https://doi.org/10.1038/nphys3927
https://doi.org/10.1038/srep17039
https://doi.org/10.1038/ncomms15825
https://doi.org/10.1063/1.4752008


HANUMAN SINGH et al. PHYS. REV. APPLIED 11, 054028 (2019)

microwave generation by spintronic feedback oscillator,
Sci. Rep. 6, 30747 (2016).

[38] O. J. Lee, P. M. Braganca, V. S. Pribiag, D. C. Ralph, and
R. A. Buhrman, Quasilinear spin-torque nano-oscillator via
enhanced negative feedback of power fluctuations, Phys.
Rev. B 88, 224411 (2013).

[39] J. M. Shaw, T. J. Silva, M. L. Schneider, and R.
D. McMichael, Spin dynamics and mode structure in
nanomagnet arrays: Effects of size and thickness on
linewidth and damping, Phys. Rev. B 79, 184404
(2009).

[40] See Supplemental Material at http://link.aps.org/supple
mental/10.1103/PhysRevApplied.11.054028 for free-run
ning frequency of MTJ as a function of applied external
magnetic field and the design of synchronized arrays.

[41] M. I. Rabinovich, P. Varona, A. I. Selverston, and H. D.
I. Abarbanel, Dynamical principles in neuroscience, Rev.
Mod. Phys. 78, 1213 (2006).

[42] W. T. Coffey, Yu. P. Kalmykov, and J. T. Waldron, The
Langevin Equation: With Applications to Stochastic Prob-
lems in Physics, Chemistry and Electrical Engineering
(World Scientific, Singapore, 2004), 2nd ed.

054028-10

https://doi.org/10.1038/srep30747
https://doi.org/10.1103/PhysRevB.88.224411
https://doi.org/10.1103/PhysRevB.79.184404
http://link.aps.org/supplemental/10.1103/PhysRevApplied.11.054028
https://doi.org/10.1103/RevModPhys.78.1213

	I. INTRODUCTION
	II. SAMPLE PREPARATION AND EXPERIMENTAL SETUP
	III. RESULTS AND DISCUSSION
	IV. NUMERICAL SIMULATION
	V. CONCLUSION
	ACKNOWLEDGMENT
	A. APPENDIX: DISCUSSION USING THE UNIVERSAL OSCILLATOR MODEL
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


