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Manipulating operation states of coupled spin-torque nano-oscillators (STNOs), including their

synchronization, is essential for applications such as complex oscillator networks. In this work, we

experimentally demonstrate selective control of two coupled vortex STNOs through microwave-

assisted switching of their vortex core polarities. First, the two oscillators are shown to synchronize

due to the dipolar interaction in a broad frequency range tuned by an external biasing field.

Coherent output is demonstrated along with strong linewidth reduction. Then, we show individual

vortex polarity control of each oscillator, which leads to synchronization/desynchronization due to

accompanied frequency shift. Our methods can be easily extended to multiple-element coupled

oscillator networks. Published by AIP Publishing. https://doi.org/10.1063/1.5012768

A growing interest has been witnessed on spin-torque

nano-oscillators (STNOs).1 They exhibit numerous advan-

tages in applications of modern electronics, such as nano-

scale geometry, microwave-frequency signal output, and

frequency tunability. Particularly, STNOs can be coupled to

each other leading to synchronization.2–8 This provides a

platform to study synchronization phenomena9 as well as to

mimic neural networks.10 A more advanced utilization of

STNO networks requires manipulation of synchronization

states or the ability to turn on or off synchronization. To this

aim, regular methods include tuning the biasing current

and magnetic field in order to vary the output frequencies.

However they usually also lead to a modification of the

device properties, which thus adds more complexity to the

system.

The introduction of vortex-based STNOs11–13 provides

an alternative solution. They have been shown to synchronize

efficiently with various coupling mechanisms.5,6,8,14 With the

additional parameter of vortex core polarity, defined as the

binary perpendicular direction of the magnetization at the vor-

tex core,15 the sign of the frequency tunability16 for each

STNO can be independently adjusted by dynamically switch-

ing the corresponding vortex polarity,17–19 without changing

the properties of other devices. This leads to a simple demon-

stration and control of synchronization.6,14 Moreover, the

inter-device coupling strength can be also changed from their

relative polarity alignments,6,14,20 which provides a means to

modify STNO networks.

In this work, we explore microwave-assisted vortex

polarity switching in a system composed of two dipolarly

coupled STNOs. First, by further reducing the inter-device

spacing of the two STNOs down to 50 nm compared with

our previous work,6 we show their improved synchronization

in a broad frequency range with coherent power output and

linewidth reduction due to stronger dipolar coupling.21,22

Then, we show that in the synchronized state, a microwave

field of well chosen frequency and amplitude can selectively

switch the vortex polarity of each STNO, leading to two dis-

tinct regions of reversal events in the switching portrait.

Owing to a nonzero biasing field, the polarity switching is

accompanied by a large shift of the auto-oscillation fre-

quency of the corresponding STNO, which results in the

turn-off of the synchronization. Furthermore, our measure-

ments of the switching portraits in the unsynchronized states

yield nearly identical regions for core reversal, which indi-

cates that the switching conditions of two strongly interact-

ing STNOs are mostly insensitive to their coupling. These

results provide a technique to selectively control coupled

vortex-based STNO arrays.

The sample consists of two adjacent cylindrical spin-valve

nanopillars with a layer structure of Py(15 nm)/Cu(10 nm)/

Py(4 nm) (Py¼Ni80Fe20). They have common top and bottom

electrodes and identical nominal diameters of 200 nm, with an

edge-to-edge separation of 50 nm which allows strong dipolar

coupling of the vortex gyrotropic motions.21,22 An antenna is

fabricated on top of the sample to generate an in-plane micro-

wave field hrf. During the experiments, the common dc current

is set to 41 mA which is twice the critical current for spin trans-

fer induced vortex core auto-oscillation. The auto-oscillation is

dominated by the Py(15 nm) layers, whose polarity states will

be referred to throughout the paper. The thinner Py layers, also

in the vortex state, act as the polarizers.23 A perpendicular bias-

ing field HB is applied to tune the output frequency.13,16 Details

of the vortex STNO operation can be found elsewhere.6,14

First, we demonstrate mutual synchronization of the two

STNOs, labeled as 1 and 2. Figures 1(a)–1(c) show the

power spectral density (PSD) as a function of frequency

xSA=2p measured by a spectrum analyzer (SA) for various

HB. Three polarity states, h1 " 2 #i; h1 # 2 "i, and h1 # 2 #i,
have been studied which are set by microwave-assisted

polarity switching as will be discussed later. The h"i (or h#i)
state is defined as the polarity pointing towards (or away

from) the positive HB direction. For each antiparallel polarity
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state [Figs. 1(a) and 1(b)], two branches of auto-oscillation

signals can be observed, with opposite frequency depen-

dence on HB due to different polarity alignments to the

field.16,24 We focus on the spectra of h1 #i and h2 #i STNOs

in the large positive-field region, where the lineshapes mea-

sured by SA are plotted in Figs. 1(d) and 1(e). Their output

frequencies are well separated (>100 MHz) from their h"i
neighbors [see extrapolations of the faint branches in Figs.

1(a) and (b) shown by dashed red and blue lines, respec-

tively]. Thus, the influence of inter-device dipolar coupling

is negligible and the two spectra can be taken as the individ-

ual outputs of the STNOs 1 and 2 with h#i polarity states.

Then, we move to the parallel polarity state h1 # 2 #i.
Instead of two peaks corresponding to the superposition of

the h1 #i and h2 #i spectra, only one auto-oscillation peak is

observed in Fig. 1(f), with a much stronger amplitude and

smaller linewidth in a broad frequency (biasing field) range.

The frequencies, full-width half-maximum linewidths, and

integrated powers are extracted and plotted in Figs.

1(g)–1(i), respectively. For the h1 # 2 #i state, the linewidth

is greatly reduced from the two individual peaks [Fig. 1(h)]

by more than a factor of two in the entire field range; the out-

put power, plotted with the green curve in Fig. 1(i), is larger

than the sum of the two individual devices marked by the

black dashed curve. All those evidences show that the two

STNOs are mutually synchronized, with coherent output and

reduced phase noise. It agrees with our previous observations

of mutual synchronization due to dipolar coupling.6,14

Next, we examine the vulnerability of the synchroniza-

tion state to external perturbation, a weak microwave field in

our case. For the three polarity states in Fig. 1, we set the

biasing field to l0HB ¼ 97 mT where clear auto-oscillation

spectra can be observed [Figs. 2(a)–2(c)]. Then, a microwave

power of Pe ¼ �16 dBm is applied, which corresponds to a

linear amplitude of l0hrf ¼ 0:13 mT. By sweeping its fre-

quency xe=2p, phase-locking to the microwave field is

FIG. 1. (a)–(c) Power spectral densities of (a) h1 " 2 #i, (b) h1 # 2 "i, and (c) h1 # 2 #i polarity states as a function of l0HB. (d)–(f) Zoomed-in spectral line-

shapes of (a)–(c) in the white box regions, from 35 mT to 110 mT. (g)–(i) Field dependence of (g) frequency, (h) linewidth, and (i) integrated powers extracted

from (d)–(f). In (i), the black dashed curve shows the power sum of red and blue curves.
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observed25,26 for h1 #i [Fig. 2(d)] and h2 #i [Fig. 2(e)] peaks

with locking bandwidths De=2p of 10 MHz and 5 MHz,

respectively. In contrast, the h1 # 2 #i peak is barely influ-

enced by the microwave field and the phase-locking band-

width is negligible [Fig. 2(f)]. In fact, its resilience to the

external microwave field is intrinsically connected to the

much smaller output linewidth. Owing to the coherent emis-

sion, the synchronized two-STNO system is more resistant to

environmental noise which is the main source of linewidth

broadening.27–29 The observations in Fig. 2 prove that

dipolar-field-induced synchronization can improve the noise

stability of STNOs.

In the presence of a strong microwave field, however,

the response of the synchronization state is completely dif-

ferent from that in Fig. 2(f), which provides the opportunity

to address the vortex polarities independently. In Fig. 3, we

show our main results of microwave-assisted polarity switch-

ing for vortex auto-oscillators. This technique has already

been demonstrated on a passive vortex.17–19 For our samples,

we first set the polarity state to the h1 # 2 #i state with a

strong negative field l0HB ¼ �300 mT and move to l0HB

¼ 97 mT, which favors the h"i states. In contrast to Fig. 2, a

much stronger microwave power Pe is then applied through

the antenna for 3 s in order to switch the vortex polarity, and

the final state is read through its associated emission spec-

trum [e.g., Figs. 2(a)–2(c)]. Figure 3(a) shows the switching

results as a function of Pe and xe=2p. Four different colors

represent all possible polarity states. For example, at Pe

¼ 6:5 dBm using xe=2p ¼ 590, 610 and 630 MHz will set

the system to (i) h1 # 2 "i, (ii) h1 " 2 "i, and (iii) h1 " 2 #i
final states, respectively. The switching portrait can be cate-

gorized into two cone regions whose boundaries are marked

by dashed lines: red for flipping h1 #i to h1 "i and blue for

flipping h2 #i to h2 "i. The cone-shaped switching boundary

agrees well with previous reports on the polarity switching

of a passive vortex.19

To study the relation between the two cone regions and

the two STNOs, we repeat the switching experiments for dif-

ferent initial polarity states where oscillators are not synchro-

nized, as h1 # 2 "i in Fig. 3(b) and h1 " 2 #i in Fig. 3(c). The

noise in Fig. 3(c) is mainly due to h1 " 2 #i initialization

errors. The boundaries of the new switching portraits are

depicted by the dotted lines, which are plotted in Fig. 3(d)

together with the dashed lines in Fig. 3(a). Due to the

absence of synchronization, the switching condition of h1 #i
and h2 #i should be different from measured in Fig. 3(a).

Surprisingly, they coincide pretty well. For comparison, the

output lineshapes of h1 #i and h2 #i are also plotted in Fig.

3(d). The optimal switching frequencies at the bottom of the

cone regions are shifted to slightly higher values than the

corresponding auto-oscillation peaks, by 13 MHz for h1 #i
and 29 MHz for h2 #i.

For two interacting vortices, usually their dynamics can-

not be disentangled. The polarity states of a coupled vortex

pair have been manipulated by resonant microwave excita-

tions, which can only determine the relative polarity state

without addressing the state of individual vortices.30–32 In

this scenario, the microwave field acts most effectively at the

frequency of the hybridized modes. In the case of two cou-

pled auto-oscillating vortices, however, the most effective

switching frequency is independent of their mutual synchro-

nization dynamics. Instead the switching pattern in Fig. 3(a)

almost equals the superposition of Figs. 3(b) and 3(c). The

observation can be explained by the different nature of the

phase equation for an auto-oscillator, in which the dipolar

inter-device coupling competes with microwave-oscillator

coupling instead of adapting to it. Our experiments indicate

that at the threshold of polarity switching, the dipolar

FIG. 2. (a)–(c) Power spectral densities of (a) h1 " 2 #i, (b) h1 # 2 "i, and (c) h1 # 2 #i states at l0HB ¼ 97 mT. (d)–(f) Power spectral density of (a)–(c) in the

presence of a microwave field (Pe ¼ �16 dBm) at various frequencies xe=2p.
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coupling is overwhelmed by the stronger microwave cou-

pling. We justify this argument by comparing the two cou-

pling strengths at the switching threshold. For switching

powers which are 20 dB larger than those used in Figs. 2(a)

and 2(b), the microwave coupling strength D=2p is in princi-

ple ten times greater,26 which is around 50 MHz for STNO 1

and 100 MHz for STNO 2. On the other hand, the dipolar

coupling X=2p is estimated to be around 10 MHz in the par-

allel polarity state14,20 and is negligible compared with the

microwave couplings. The upshift of the optimal switching

frequency from the auto-oscillation frequency is due to the

nonlinear frequency adjustment as the vortex gyration ampli-

tude increases.33

Finally, we compare the switching power with the

threshold value of a single vortex core. The latter is well

understood, where the gyrating vortex core reaches a critical

amplitude (velocity) at which its spatial deformation reaches

a dynamical instability.34–36 For Py, the critical velocity36

is about 320 m/s for an exchange stiffness of 12 pJ/m.37

At resonance, using the Thiele equation to calculate the gyra-

tion amplitude,38 we obtain the vortex core velocity as

v ¼ cl0hrf R= 3
ffiffiffi
2
p

ag
� �

, where R¼ 100 nm is the radius of

the nanodisc, a is the Gilbert damping of Py, and g � 1:7 is

the topological renormalization of the damping.33 The factorffiffiffi
2
p

accounts for that the microwave field is linearly polar-

ized. Using a ¼ 0:008 for Py, the critical microwave field for

vortex polarity switching is l0hrf � 1 mT, which is around

2 dBm for the geometry of our antenna. The measurements

in Fig. 3 yield similar switching powers for STNOs 1 and 2,

which indicates that the injected dc current and correspond-

ing spin transfer torque do not essentially change the behav-

ior of a single vortex at large microwave drives.

In summary, we have experimentally demonstrated coher-

ent and robust synchronization of two vortex STNOs coupled

by their dipolar interaction in a broad frequency range. Their

synchronization state can be controlled by microwave-assisted

vortex polarity switching. We highlight this device-selective,

coupling-insensitive, and channel-sharing polarity switching

FIG. 3. Microwave switching portraits of vortex polarities for (a) h1 # 2 #i, (b) h1 # 2 "i, and (c) h1 " 2 #i initial polarity states as demonstrated in

Figs. 1(a)–1(c). The bias field is set to l0HB ¼ 97 mT. The power range is 3.0 to 6.9 dBm in (a) and (c) and 5.4 to 6.9 dBm in (b). The power steps are 0.3 dBm

and the frequency steps are 2 MHz. The dashed and dotted lines define the boundary of polarity switching events. (d) Switching boundaries plotted in one fig-

ure. The blue and red cones correspond to the switching of STNOs 1 and 2, respectively. The two lineshapes show the auto-oscillation peaks of h1 #i and

h2 #i, as measured in Figs. 2(a) and 2(b).
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technique, which is a technical requirement in small and

densely packed STNO networks. We also note that energy-

efficient switching is possible with microwave pulses17,19 for

the operation of such networks. Our results provide insights

into the interacting mechanism of a strong microwave to two

coupled auto-oscillators and show potential of dipolarly cou-

pled vortex STNOs for the implementation of coupled oscilla-

tor networks.
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