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Time-resolved imaging of magnetization dynamics in double
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Double nanocontact (NC) spin transfer vortex oscillator devices, in which NCs of 100-nm diameter have
center-to-center separation ranging from 200 to 1100 nm, have been studied by means of electrical measurements
and time-resolved scanning Kerr microscopy (TRSKM). The NCs were positioned close to the edge of the
top electrical contact so that the magnetization dynamics of the adjacent region could be probed optically.
The electrical measurements showed different ranges of frequency operation for devices with different NC
separations. For 900-nm NC separation, TRSKM showed magnetic contrast consistent with the formation of
a magnetic vortex at each NC, while for 200-nm NC separation a lack of magnetic contrast near the NC region
suggests that the magnetization dynamics occur closer to the NC and underneath the top contact. TRSKM also
reveals the presence of additional localized dynamical features far from the NCs, which are not seen by electrical
measurements; has not been reported previously for double NCs with different separations; and provides insight
into how the dynamic state of the phase-locked oscillators is established and stabilized.

DOI: 10.1103/PhysRevB.100.134439

I. INTRODUCTION

Since the prediction [1,2] and experimental observation
[3,4] of spin transfer torque (STT), great efforts have been
made to deliver large-scale integration of devices that exploit
its unique features [5]. STT is exerted upon the magneti-
zation of a magnetic material when it absorbs the angular
momentum carried by a spin-polarized current [6]. Typi-
cally, STT is observed within spin-valve structures where
it can either suppress the magnetic damping in the free
layer (FL), generate a persistent precession of the magne-
tization vector, or induce full reversal of the magnetization
[1,2,7]. Within a spin torque oscillator (STO) [3,8–11], a
steady precession combines with the magnetoresistance of
the device structure to generate a microwave voltage signal.
STOs promise to be a cornerstone for the development of
future technologies such as magnetic memories [12,13], mi-
crowave nanoemitters [14,15], and neuromorphic computing
[16], among others. Multiple designs have been studied in
the form of mechanical point contacts [3,17], lithographically
defined nanopillars [18–23], and nanocontacts (NCs) [24–31]
in order to resolve two critical bottleneck issues for the
realization of STO devices: The phase stability and low power
emission [24].

Placement of a NC on top of the FL of a spin valve is a
promising design due to its high quality factor and the ease
with which it can be combined with conventional semicon-
ductor technology.
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When the magnetization of the free and fixed layers lies
in the plane of the film, the Oersted field produced by the
DC current in the NC leads to the formation of a vortex
in the FL, while the STT sustains vortex gyration. In this
case the microwave emission of the NC-STO is driven by the
gyrotropic motion of a vortex instead of magnetization pre-
cession. Vortex-based devices exhibit multioctave frequency
tunability and higher power output than precession-based
oscillators [25,26,32,33]. However, the output power is still
too low, and the line width is too broad for technological
applications [34]. Phase-locked spin torque vortex oscillators
(STVOs) formed from multiple NCs on a spin-valve mesa
are anticipated to exhibit enhanced microwave power and
phase stability compared to single NC oscillators [35–39],
providing a solution to the drawbacks of the NC-STO in the
low-frequency regime (100 MHZ to 1 GHz).

While the microwave emission due to the vortex gyration
beneath the NC can be characterized by electrical measure-
ments, the magnetization dynamics beyond the perimeter of
the NC cannot. Knowledge of the spatiotemporal character
of such dynamics is an essential prerequisite for successful
mutual phase locking of STVOs. In this work STVO devices
with pairs of NCs of 100-nm diameter and center-to-center
separation D = 200 to 1100 nm are studied by a combina-
tion of electrical measurements and time-resolved scanning
Kerr microscopy (TRSKM) [40–43]. Microwave emission is
studied for the full range of D values, and the associated
magnetization dynamics of the FL has been imaged with
TRSKM for D = 200, 300, and 900 nm. It will be shown that
vortices gyrate about the individual NCs for large D values
and are visible outside the footprint of the top contact, while
for small D values the dynamics are more tightly confined
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FIG. 1. (a) Schematic of the spin valve mesa stack (layer thicknesses in nanometers) with NCs of diameter d and separation D. Co(8)
and Py(4.5) are the reference and free layers, respectively. The DC current is injected via a CPW and two NCs of 100-nm diameter. (b) CPW
geometry with ground (G) and signal (S) electrical contacts. (c) Reflectivity image of a typical device corresponding to the section enclosed in
the dashed square in (b). The dots close to the short edge of the signal contact in (c) show the estimated position of the NCs. For a device with
D = 900 nm, the change in the magnetization in the x̂ direction in the presence of a −10-dBm rf current is shown at (d) 0 and (e) −15.5 mA
DC current. Similarly, for D = 200 nm, the change in the magnetization in the x̂ direction is shown for (f) 0 and (g) −21 mA DC current.

to the immediate vicinity of the NCs. Additional dynamic
structures appear at the corners of the top contact that may
result from the presence of antivortices.

II. EXPERIMENTAL METHOD

A. Sample details

All STVOs studied in the present work were formed
on 16 × 8 μm2 spin-valve mesas that comprised a
Si/SiO2 (thermally oxidized, 1 μm) substrate supporting
a Pd(8)/Cu(15)/Co(8)/Cu(7)/Ni81Fe19(4.5)/Cu(3)/Pd(3)
(thickness in nanometers) stack, as shown in Fig. 1(a). Co and
Cu(7) are the reference (RL) and spacer (SL) layers, while
the NiFe layer, an alloy known as permalloy (Py), forms the
FL of the STO in which magnetization dynamics associated
with nucleation and gyration are observed. A SiO2(30) layer
was deposited on top of the FL. Pairs of NCs of 100-nm
nominal diameter and center-to-center separation D ranging
from 200 to 1100 nm were then defined using electron-beam
lithography, followed by reactive ion etching. Cu NCs were
formed by the deposition of a Cu(1200)/Au(20) bilayer that
also formed a coplanar wave guide that had a characteristic
impedance of 50 � for microwave electrical contacts. A
detailed explanation of the fabrication process can be found
in Ref. [42].

B. Electrical measurements

Electrical transport measurements were performed to
probe the frequency of microwave emission stimulated by a
DC electric current IDC. The current was supplied to the STVO
via the coplanar wave guide (CPW) connected to a bias tee
that allowed the emitted microwave current to be separated
from IDC and directed into a spectrum analyzer. Negative DC
current is defined as electrons moving from the free layer to
the reference layer. We observed auto-oscillations only for
negative current, ruling out thermal excitation of the observed

auto-oscillations. To ensure that any initial nonuniform mag-
netic structure within the mesa was removed, an in-plane
magnetic field of ∼20 mT was first applied parallel to the
long edge of the mesa. The field was then reduced to a value of
3 mT before the IDC was applied. The IDC was swept from −40
to 0 mA to ensure the nucleation of the magnetic vortices due
to the high local Oersted field in the NC area. In order to phase
lock the magnetization dynamics of the STVOs for time-
resolved measurements an additional microwave current (IRF)
was injected using a microwave synthesizer and a circulator.
The amplitude of the IRF current was nominally −10 dBm,
which is typically ∼0.1IDC in the middle of the locking range.

C. Time-resolved scanning Kerr microscopy

Time-resolved Kerr images were acquired using laser
pulses from a Ti:sapphire oscillator that had ∼100-fs duration,
80-MHz repetition rate, and 800-nm wavelength. The spatial
resolution was previously determined to be ∼500 nm using
the knife edge technique [44,45]. In order to perform strobo-
scopic measurements, the laser and the microwave synthesizer
used to inject IRF into the STVO were phase locked to an
80-MHz master clock. The frequency of IRF was therefore
required to be an integer multiple of 80 MHz. In the present
work, the STVO was locked at a frequency of 160 MHz
for time-resolved (TR) measurements. The phase of IRF was
modulated through 180◦ at ∼3 kHz so that the change in
the magnetization could be recorded by lock-in detection.
Each image was acquired at a fixed phase of the injected rf
current, and the longitudinal and polar magneto-optical Kerr
effects were used to recover the three spatial components of
the dynamic magnetization simultaneously. The coordinate
system is defined in Fig. 1(a), where the x̂ direction lies
along the long edge of the mesa and the ŷ direction is along
the short edge. All TRSKM measurements were performed
with a 3-mT bias field applied parallel to the x axis. A
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FIG. 2. (a) Dependence of peak microwave emission (blue solid
circles) and the current (open red circles) at which peak emission
was observed upon NC separation. (b) Frequency (blue solid circles)
at which an emission of greater than 5 nV/

√
Hz was observed as IDC

was reduced from −40 to 0 mA and the current (red open circles)
value at which this occurred.

more detailed explanation of the experimental technique was
provided previously [42,43,46].

III. RESULTS

Electrical measurements were performed at remanent field
(�0.5 mT) upon devices with values of D ranging from 160
to 1100 nm. Figure 2(a) shows the peak microwave emission
(blue solid circles) and the current needed to observe such
emission (red open circles) for different D values. The peak
emission varies nonmonotonically from 7.9 nV/

√
Hz for D =

160 nm to 25.5 nV/
√

Hz for D = 300 nm. From these elec-
trical measurements alone it is unclear why different current
values of 15 and 25 mA are required to achieve emissions
with a similar amplitude at D = 200 nm and D = 300 nm,
respectively. One speculative explanation could be that a
single vortex gyrates about both NCs when D = 200 nm, so
that the magnetization beneath each NC rotates in phase. In
contrast, when D = 300 nm, if a separate vortex is localized
at each NC, then a larger current may be required to phase
lock their dynamic response in the presence of their respective
dynamic dipolar and exchange fields that may act to introduce
a phase difference [44,47].

Figure 2(b) shows the frequency at which the amplitude
of emission exceeds �5 nV/

√
Hz (blue solid circles) as IDC

is swept from −40 to 0 mA and the value of the current
(red open circles) at which this occurs. It is interesting to
note that, in general, the nonmonotonic variation of onset
frequency follows that of the current at which the onset is
observed. This is useful for applications since it shows the
optimum device geometry for operation at the lowest current.
For example, when D = 200 nm, it can be seen that the
onset of auto-oscillation occurs at a relatively small current of
∼24 mA compared to ∼37 mA for D = 300 nm. At the same
time Fig. 2(a) shows that the peak emission at D = 200 nm
requires the minimum current. The larger current required
at D = 300 nm may indicate an energetically unfavorable
transition from small to large NC separations, which support
a single vortex and multiple vortices, respectively.

From this initial screening, the devices chosen for TRSKM
measurements were those with D = 200 and 300 nm, due to
their large peak emission and higher frequency of operation
but quite different current requirements and number of modes,
and D = 900 nm, on account of its small peak emission and
lower frequency of operation, which may result from vortices
gyrating on each NC with a significant phase difference. This
choice of devices allows TRSKM to explore the suggestion
that single and multiple vortices form at pairs of NCs with
small and large values of D, respectively.

Figures 3(a) and 3(b) show the voltage spectral density
(VSD) of the emission from devices with D = 200 and
900 nm, respectively, with an external field of 3 mT applied
parallel to the x̂ axis. The value of IDC was swept from the
largest negative value to zero. For D = 200 nm, a single fun-
damental mode is observed for large negative IDC, which splits
at IDC = −15.2 mA before disappearing at IDC = −10.2 mA.
The inset in Fig. 3(a) shows the VSD for the same device
with zero external field, where a single broad mode splits into
two modes at IDC ∼ −25.5 mA. The lower-frequency mode
vanishes at IDC ∼ −15 mA, while the higher-frequency mode
persists until IDC ∼ −3.8 mA. On the other hand, for D =
900 nm, again with 3-mT external field applied, two modes
are observed that coexist between IDC ∼ −24.5 and −17.6
mA. Thereafter, only the higher-frequency mode is observed
until it disappears at IDC ∼ −7.6 mA. The inset in Fig. 3(b)
shows the VSD of the same device for zero external field. In
this case, two modes coexist until IDC ∼ −7 mA, while the
remaining mode vanishes at −5 mA.

The changes in mode frequency observed as |IDC| is de-
creased are associated with a change in the trajectory of vortex
precession, which results from a reduction of the Oersted field
that, in turn, modifies the equilibrium magnetization within
the vicinity of the NC [48]. In a similar way, the mode
character also depends upon the value of the external field
[42]. It is interesting to note that, when an external field is
applied, for IDC = −21 mA and D = 200 nm, the two modes
observed at zero field turn into a single mode with lower
frequency, higher amplitude, and smaller linewidth, as can be
seen in Fig. 3(e). This is consistent with the formation of a
single vortex that gyrates about both NCs [49].

However, for a device with D = 900 nm and IDC =
−12.9 mA, there are again two modes at zero field that turn
into a single mode when the field is applied. At remanence the
emission hops between single- and multimode states when the
magnitude of the current is reduced from approximately 16
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FIG. 3. Voltage spectrum density (VSD) of the emission from
devices with (a) D = 200 nm and (b) D = 900 nm, with an external
magnetic field of ∼3 mT applied parallel to the x axis. The inset
figures show similar measurements made in zero external field. VSD
of emission from devices with (c) D = 200 nm and (d) D = 900 nm
when the vortex gyration frequency is injection locked at 160 MHz.
The green dashed lines indicate the current values for which TRSKM
images were acquired. Frequency dependence of VSD at (e) IDC =
−21 mA for D = 200 nm and (f) IDC = −12.9 mA for D = 900 nm
for IRF = 0, zero applied field (blue curve), and 3 mT applied parallel
to the x axis (red curve).

to 8 mA. This suggests either that the lower-frequency mode
corresponds to two vortices oscillating with a substantial and
variable phase difference such that when they oscillate out of
phase, the emission vanishes or that the system is hopping
between a single- and multivortex state [49]. However, it is
not possible to determine the dynamic magnetization configu-
ration of the sample from the electrical measurements alone.

Figures 1(d)–1(g) show the x component of the change in
magnetization observed in TRSKM measurements for devices
with D = 200 and 900 nm. The x component has been
chosen because it is easier to identify the main features
of the dynamics, but all three components of the dynamic
magnetization, for all devices and all values of the phase of the
injected microwave current, can be found in the Supplemental
Material [50], in addition to measurements on a device with
D = 300 nm. There are clear differences between the images
acquired for finite [Figs. 1(e) and 1(g)] and zero [Figs. 1(d)
and 1(f)] IDC values. In both cases the value of IDC has been
chosen to yield emission at 160 MHz. The images demon-
strate that the dynamics observed in Figs. 1(e) and 1(g) are in

response to STT delivered by IDC and not excited by the IRF

Oersted field alone, as confirmed in [42].
Figure 4(a) shows TRSKM images obtained from the

device with D = 200 nm and with IDC = −21 mA. Two
regions of strong contrast may be seen close to the corners
of the signal contact of the CPW [regions B and C in
Fig. 4(b)]. One possible explanation for the position of these
dynamics is that antivortices (formed at the same time as
vortex nucleation) have drifted away from the NC and have
become pinned close to the corners of the top signal contact.
Similar displacement of antivortices far from the NC have
been observed in micromagnetic simulations for single NC
devices [42,51]. The antivortices then oscillate in response to
the rf field and/or dynamic dipolar interaction with vortices
close to the NCs. Such dynamics have also been observed in
single NC devices, and further studies with enhanced spatial
resolution are required to elucidate their origin [42,46]. The
electrical measurements shown in Fig. 3 indicate that when
the DC current is applied with zero external magnetic field,
a magnetic vortex is created within the vicinity of each NC
for D = 200 and 900 nm, and each vortex has its own
characteristic frequency of gyration corresponding to the two
observed modes [insets in Figs. 3(a) and 3(b)]. However, when
an external field of 3 mT is applied along the short edge of
the top contact, only a single mode is observed in electrical
measurements when s = 200 nm [Fig. 3(a)]. In this case
either the gyration of one vortex is favored, while the other
is expelled outside of the NC and no longer contributes to the
electrical signal, or one of the vortices has been annihilated
by the antivortex formed during the nucleation process. It was
not possible to directly image the dynamics associated with
this single mode when D = 200 nm. The clear observation
of the single mode in the electrical measurements means that
the vortex is strongly localized in the vicinity of the NCs, and
therefore, its associated dynamics do not extend beyond the
edge of the top contact for optical detection. The observed
change in electrical behavior with the applied magnetic field is
most likely due to one vortex remaining near the NC, perhaps
with the trajectory of its core enclosing both NCs. This would
yield the observed decrease in the observed frequency of
gyration and the presence of only a single emission line [49].

For the device with D = 900 nm, there are three current
values of interest when the microwave emission is locked
at 160 MHz, as shown in Fig. 3(d). For IDC = −12.9 mA
[Fig. 4(c)], the dynamics outside the short edge of the top
contact [region A in Fig. 4(b)] are weak, inhomogeneous, and
not indicative of stable vortex gyration observed previously
[42]. There is also a subtle change in contrast at the top corner
of the top contact [Fig. 4(c) at 0◦, see arrow]. The amplitude
of the Kerr signal of this region increases as IDC is changed
from −12.9 to −15.5 mA [Fig. 4(d)] and then to −17.5 mA
[Fig. 4(e)], while along the short edge of the top contact
pad localized dynamics emerge outside the vicinity of the
NC. For these latter IDC values, the observed contrast along
the short edge is consistent with the formation of a vortex
on each NC [42]. The similar intensities of the two regions
of localized dynamics at −17.5 mA are consistent with the
interpretation that the pair of vortices gyrates in phase. At
−15.5 mA a difference in the size and intensity of these
two regions indicates that the vortices oscillate with a phase
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FIG. 4. (a) TRSKM images acquired for different values of the phase of IRF, with IDC = −21 mA and a 30-Oe bias field applied parallel
to the x axis, for a device with D = 200 nm. (b) Full reflectivity image of a typical device, where the dashed line shows the region studied in
TRSKM measurements, and the red dots show regions of specific interest, with A being the region close to the NCs and B and C being close
to the corners of the top contact. Similar measurements to those made in (a) were made upon a device with D = 900 nm for IDC values of (c)
−12.9 mA, (d) −15.5 mA, and (e) −17.5 mA. All images show the change in the x component of magnetization when the STVO is injection
locked at a frequency of 160 MHz. The gray scale represents the output voltage of the optical bridge detector. Each pixel in each image was
normalized to its corresponding pixel in the reflectivity image for each phase. The reflectivity image was first normalized to a region in the
mesa layer far away from the top signal contact. Yellow arrows point to the spatial position of a significant change in contrast associated with
magnetic structures such as vortices on antivortices.

difference. Note that this will not appear as an out-of-phase
mode because both NCs are injection locked by the same rf
current, which forces a similar phase of the gyration. Instead,
the presence of dynamic interaction between two oscillators
in the presence of the same rf source will introduce a phase
difference in a way similar to that observed in Refs. [44,52].

At −17.5 mA the enhanced contrast of the localized dy-
namics is consistent with enhanced STT due to the larger
value of IDC [42]. The enhanced STT will lead to a larger
radius of gyration. The contrast of the localized regions will
also be enhanced when their area becomes comparable to or
larger than the optical spot size, so that the contrast is no
longer suppressed by the spatial resolution, which may be the
case at −12.9 mA.

It is expected that gyration of the vortices about the NCs
is driven solely by the STT. However, the magnetic structures
localized at the corners of the top contact are also observed
to oscillate, even though no STT is expected to act upon this

region. It was also observed that there is a difference in the
phase of oscillation between the dynamics near the NC and
those at the corners of the top contact, as can be seen by
comparing regions A and B in Figs. 4(c)–4(e). Previously, it
was determined that such a phase difference exists between
dynamics driven by STT and those driven by the rf Oersted
field [42]. Since the dynamic features at the corners of the
contact pad are not observed when IDC = 0, we conclude that
they are either antivortices or additional vortices that formed
within the free layer in the process of vortex formation by the
DC Oersted field, which then oscillate due to the rf Oersted
field.

It is interesting to note the number of modes observed in
electrical measurements and the number of dynamic features
far from the NC. When D = 900 nm, it is clear from the
Kerr images that dynamics associated with a vortex gyrating
are observed close to each NC [Figs. 4(d) and 4(e), arrows
at 225◦]. At the same time there is a single dynamic feature
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pinned at the top corner of the center contact pad [Figs. 4(d)
and 4(e), arrows at 90◦]. Previously, we ascribed this feature to
an antivortex, in accordance with micromagnetic simulations
[51]. On the other hand, when D = 200 nm, two dynamic
features are observed at the top and bottom corners of the
contact pad [Fig. 4(a), arrows at 45◦]. Since a single mode was
observed in the electrical measurements, this suggests that one
of the vortices has been expelled from the NC region and has
become trapped in the electrostatic pinning potential of the top
contact pad. Previous micromagnetic simulations of a single
NC showed that a vortex expelled from the NC can survive
outside the NC provided that its paired antivortex also remains
in the film [42]. While the magnetic character of the dynamic
features cannot be determined from Fig. 4(a), the presence of
two features in comparison to the single feature in the device
with D = 900 nm supports the interpretation of an expelled
vortex. This is of particular importance when considering the
arrangement of vortices and antivortices in continuous films
for dynamic coupling of more than two NCs, such as that
described in Ref. [35].

IV. SUMMARY

In summary, combined electrical and time-resolved scan-
ning Kerr microscopy measurements have been performed
on double NC STVOs. Time-resolved images acquired for
devices with center-to-center NC separation of D = 200 and
900 nm have been presented. The electrical measurements are
richly featured, often exhibiting multiple modes and their har-
monics. The frequency, output power, and associated values of
IDC all showed nonmonotonic variation as the NC separation
was reduced.

TR Kerr images acquired from the two selected devices
showed spatial contrast of very different character. For D =
900 nm, localized regions of magnetization dynamics were
observed close to each NC, with each region having spatial
character similar to that found within single NC devices,
suggesting that a separate vortex had formed at each NC

[41,42]. However, for a pair of NCs with 200-nm separa-
tion, no dynamics were observed in the region close to the
NCs. At the same time, large-amplitude dynamics were also
observed at a distance of some microns from the NCs. In
accordance with the number of modes observed in electrical
measurements we speculate that these dynamics are due to
the oscillation of vortices and/or antivortices that are pushed
away from the NCs, pinned by stray DC electromagnetic fields
from the top signal contact, and then excited by the stray rf
Oersted field.

The dynamics at the corners of the top electrical contact
are observed only when a DC current is applied, which results
in the nucleation of a vortex-antivortex pair. This rules out
the excitation of the FL film in response to the RF Oersted
field associated with the microwave current. Such excitation
is not expected since the spin wave spectrum of the film has
a frequency of 1–10 GHz and should not be readily excited at
160 MHz. At the same time the spin torque excitation at the
position of these corners is expected to be weak. This suggests
that the dynamics near the NCs may be linked to the dynamics
at the corners of the top contact through dynamic dipolar
interactions or, indeed, through interactions within the film
for particular equilibrium states in the presence of IDC [46].
However, to advance the understanding of these dynamics,
further experiments and simulations are needed. An improved
understanding of the interaction of pairs of NC STVOs is
crucial for the realization of networks of phase-locked NC
STVOs that share common magnetic layers.
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