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Droplet solitons are large amplitude localized spin-wave excitations that can be created in perpen-
dicularly magnetized thin films by a spin-polarized current flowing through an electrical nanocontact.
Here, we report a low temperature (4 K) experimental study that shows there are multiple and,
under certain conditions, combinations of droplet modes, each mode with a distinct high-frequency
spin precession (tens of GHz). Low frequency (< 1 GHz) voltage noise is used to assess the stability
of droplet modes. It is found that droplets are stable only in a limited range of applied field and
currents, typically near the current and field at which they nucleate, in agreement with recent pre-
dictions. Applied fields in the film plane favor multiple droplet modes, whereas fields perpendicular
to the film plane tend to stabilize a single droplet mode. Micromagnetic simulations are used to
show that spatial variation in the energy landscape in the nanocontact region (e.g. spatial variation
of magnetic anisotropy or magnetic field) can lead to quantized droplet modes and low frequency
mode modulation, characteristics observed in our experiments.

INTRODUCTION

Droplet solitons are dynamical magnetic objects that
exist in materials with uniaxial anisotropy when the mag-
netic damping is suppressed’. An electrical nanocon-
tact providing spin-polarized current can generate a non-
equilibrium magnon population that promotes the cre-
ation of droplet solitons?. Magnetic droplets are GHz
nanometer-scale oscillators® capable of functioning at
zero applied field*—thanks to the uniaxial anisotropy—
and are tunable with current and magnetic field, which
makes them interesting for applications in information
processing, including for neuromorphic computing®Z.

There has been clear evidence for droplet soliton for-
mation in ferromagnetic materials with perpendicular
magnetic anisotropy (PMA)® including direct images
taken using X-ray microscopy®8. Electrical measure-
ments of voltage across the nanocontact, both ac and dc,
provide an understanding of droplet modes due to the
giant magnetoresistance (MR) effect. Droplet creation
produces both a step increase in the dc resistance associ-
ated with the partially reversed spins and the appearance
of a GHz peak in the nanocontact’s noise spectrum asso-
ciated with the precessing spins. There is an additional
low-frequency (< 1 GHz) signal due to droplet motion be-
neath the nanocontact, which are a signature of droplet
instabilitiest 214419,

An intriguing feature associated with droplet modes re-
ported in experiments is the appearance of multiple small
steps in the dc resistance® X284l and the existence of dif-
ferent peaks in the noise spectra at high frequencyt%12
when varying the applied current or the applied mag-
netic field. If there were multiple droplet modes accessi-
ble by varying experimental conditions, it would mean
that droplet nano-oscillators could encode more than
one oscillation state, each with a certain tunability—

nanocontact

'l+ %T
op electrode
(100 to 150 nm)_
= :

- Bias-T.
— 4 Ej}ﬂm Spectrum
free layer ([Co/Nil,) 7
Current
source

. spacer (Cu)
TLfolarizer Py T
x Cur:ent

FIG. 1. Schematic of the experimental setup and the mag-
netic droplet in a multilayer. A current flows through the
nanocontact region from the free layer (FL), consisting in 4
nm of a Co/Ni multilayer, to the polarizer layer (PL), made
of 10 nm of Py. A positive current is defined by the electron
flow from FL to PL. The sample is measured in a cryoprobe
station at T' = 4 K, which is equipped with two supercon-
ducting magnets: an out-of-plane magnet to apply fields up
to 1T (H.) and an in-plane magnet to apply fields up to 0.1T
(Hz). A droplet consists in a nearly reversed magnetization
region with spins precessing in the x — y plane.

a useful feature for coupled oscillators used in pattern
recognition. In this article we report experimental data
on multi-mode droplet solitons including the existence of
mode combinations. In order to minimize thermal effects,
such as thermally induced mode hopping, we measured
nanocontact dc and ac voltage signals at low temperature
as a function of applied current and magnetic fields. We
found that there is a range of fields and currents where
droplet modes are stable—in agreement with predictions
made by Wills et al??.



EXPERIMENTAL DETAILS

The experiments were performed on electrical
nanocontacts patterned on metallic multilayers consist-
ing of a perpendicularly magnetized free layer (FL) and
an easy-plane polarizer layer (PL), see Fig.[ll The multi-
layers are composed of Permalloy (Py, NigoFesq), Copper
(Cu), Nickel (Ni), and Cobalt (Co), with the following
stack 10Py|10Cu|[0.2C0|0.6Ni]x 6 (numbers in nm) de-
posited on a 50 nm Cu bottom electrode on an oxidized Si
wafer. Py is the PL and has the magnetization in the film
plane; Co|Ni is the FL layer and has perpendicular mag-
netic anisotropy??. The Cu layer magnetically decouples
the two layers but allows for an effective spin-transport
(it is thinner than the spin diffusion length).

We defined electrical contacts of 100 - 150 nm in diame-
ter to the multilayer stack using e-beam lithography. The
resulting device structure is shown in Fig. |1} where the
nanocontact is indicated as a non-shaded area on top of
the FL. Electrons flow from the free layer to the polariz-
ing layer for positive current polarity (I>0). A magnetic
field is applied perpendicular to the film plane to tilt the
magnetization of the PL and to control the spin polar-
ization of the applied current. The FL magnetization is
illustrated in Fig. [1| by a grid of arrows.

The spin-polarized current carrying angular momen-
tum flows through the FL and creates a torque on the
magnetization, eventually producing collective excita-
tions. Variations of the FL magnetization beneath the
nanocontact can be measured through variations of the
nanocontact resistance caused by changes in the relative
alignment between PL and FL magnetization™. All mea-
surements reported here were done at 4 K in a commer-
cial cryoprobe station, which is equipped with two su-
perconducting magnets to apply out-of-plane fields (H,)
and an in-plane fields (Hy).

RESULTS

The creation of a droplet produces an increase in dc-
resistance caused by the partial reversal of magnetiza-
tion in the nanocontact. There is also a characteristic
decrease of the noise frequency associated with droplet
formation®®M which has a different (lower) effective
field compared with the uniformly magnetized film. The
droplet onset occurs at a spin-polarized current that de-
pends on the applied magnetic field®15, Figure [2] shows
measurements of ac and dc resistance for a current sweep
at a fixed applied field of 850 mT in the z direction and
50 mT in the z direction. In panel a, at low currents (<
12.5 mA) no excitations are detected. Increasing the cur-
rent value (>12.5 mA) produces a high-frequency peak
at ~ 26 GHz associated with the FMR mode with a qual-
ity factor of ~ 590, Fig. Zh. At a current of 14.9 mA the
peak in frequency decreases about 2 GHz and the sig-
nal becomes higher in amplitude—with a quality factor
up to 2050 (see inset in Fig. [2h)—and the dc resistance
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FIG. 2. Both ascending and descending branches of a current
sweep. High-frequency (a and d) and low-frequency (b and e)
and dc (c¢) MR as a function of the applied current at fixed
perpendicular field of 850 mT and in-plane field applied of 50
mT. In (a), the droplet nucleates at 14.9 mA, where a step in
the dec MR is observed (c), blue line, together with a decrease
of the peak noise frequency by several GHz (a). A further in-
crease of current leads to the appearance of multiple droplet
modes accompanied by a low-frequency noise (b) and changes
in trend in the dc MR (c). A single parabola is subtracted
from the dc MR data. Data on current sweep down can be
observed in panels (d) and (e), high and low frequency respec-
tively. Red line in panel (c¢) shows the MR for the descending
branch showing a small hysteresis that can also be found in
panel (d). The inset in panel (a) shows the spectra for the
FMR mode at I = 13.5 mA, red line with a quality factor of
590, and the droplet mode at I = 15 mA, white line with a
quality factor of 2050.

curve presents an abrupt step increase (see Fig. , blue
line). These signals are signatures of the nucleation of a
droplet&14,

The movement of a droplet beneath the nanocontact
results in variation of the contact resistance and low-
frequency noise (voltage oscillations below GHz frequen-
cies) that have been linked to drift resonances21415,
which are periodic processes of shifting, annihilation, and
creation of droplets. Figure plots the low-frequency
noise (0-150 MHz) in the same range of currents as in
[2h. Between 14.9 and 21 mA the droplet is stable, with
a powerful high-frequency peak and no associated low-



frequency noise. We note that the frequency has a step
down at around 16 mA, which is completely reproducible
and reversible (see also Fig. [2d and [2¢ for the descending
branches of the current sweep). For currents higher than
21 mA the situation changes completely and the main
high-frequency peak splits into a combination of three
weaker peaks with lower frequencies and associated low-
frequency noise. Furthermore, the dc MR shows a change
in trend, which might be caused partially by an increase
in the droplet size: the blue line in Fig. 2k shows the dc
resistance curve with a parabola subtracted to account
for a heating proportional to the square of the applied
current. The red curve is the MR for the descending
branch. The region with multiple peaks and with low-
frequency noise extends from 21 to 26 mA; a quality fac-
tor of 320 is measured at I = 23.2 mA. Higher current
values produce a faint high-frequency signal, an almost
invisible low-frequency signal, and another change in the
trend of dc resistance.
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FIG. 3. High-frequency and integrated low-frequency noise
(between 10 MHz and 1 GHz) as a function of the applied
current at fixed perpendicular field of 850 mT and at different
in-plane fields: in (a) 10 mT, in (b) 50 mT and in (c¢) 100
mT. A sharp increase of the integrated low-frequency MR
is observed at high currents (above 21 mA) when the main
droplet mode splits into multiple modes. The in-plane field
also promotes the splitting of the main droplet mode at I = 16
mA (b) and I =20 mA (c).

There is a correlation between ac and dc MR and
both measurements show the existence of distinct droplet
modes. On the one hand droplets present a mode with a
single and strong high-frequency peak and without low-
frequency noise; on the other hand droplets appear as a
combination of high-frequency peaks and a strong low-
frequency noise. This behavior of droplet modes as a
function of the applied current in Fig. [2| is reproducible
and reversible, except for a small hysteretic response. A
current sweep down retraces the steps in both ac and
de MR (see Fig. and , for high and low frequency

spectra, respectably). Combinations of droplet modes—
modes appearing simoultaneously at a same applied field
and current—appear at different external fields as shown
in the appendix A and also in samples from the same
batch.

Next, we investigated the control of the observed mul-
tiple droplet modes by means of an applied in-plane mag-
netic field. Oersted fields associated with the electrical
current in the nanocontact generate an azimuthally sym-
metric landscape of in-plane field that can be of the or-
der of 25 mT at the perimeter of the nanocontact (for
the currents used in our experiments). There are also
in-plane components of the magnetic field caused by ma-
terial or contact inhomogeneities, which are azimuthally
non-symmetric and that could produce variations in the
droplet localization®22. Tt is expected!® that any imbal-
ance of the in-plane field results in a shift of the droplet
causing drift resonances (the droplet shifts outside of the
nanocontact where it dissipates, a new droplet is cre-
ated beneath the nanocontact). Our experiments show
that applying a large enough in-plane field not only pro-
duces the appearance of drift instabilities—with associ-
ated low-frequency noise—but also favors the generation
of multiple droplet modes.

Figure [3] shows the high-frequency and the integrated
low-frequency noise (between 10 MHz and 150 MHz) for
the same current sweep shown in Fig. [2| under differ-
ent in-plane fields. The in-plane field splits the single
droplet mode into two modes at 17 mA for field values
of 50 and 100 mT (Figs. and ¢) and at 20 mA for
a field value of 100 mT (Fig. [3t). However, there is no
low-frequency noise associated with the mode changes.
At currents above 21 mA the droplet splits again into
a different mode (at ~ 23.5 GHz) with associated low-
frequency noise; this time the in-plane field also promotes
the appearance of additional modes in between the two
modes at I = 21 mA in Fig. Bh. The presence of mul-
tiple droplet modes is not always associated with low-
frequency noise and, conversely, low-frequency noise ap-
pears in cases with a single droplet mode. In sum, we
found that the effect of in-plane fields when increasing
the applied current consists in favoring the splitting of
droplet modes with little effect on the modes stability
(i.e., no associated low-frequency noise).

In order to understand the correlation between mul-
tiple droplet modes and low-frequency noise we studied
the effect of variation of an applied field in the z direc-
tion at fixed current values—constant current induced
Oersted fields. Figure 4| shows high frequency spectra,
and integrated low-frequency spectra, for a perpendicu-
lar magnetic field sweeps at a constant applied current
of 18 mA and for different applied in-plane fields. At
an electrical current of 18 mA droplet modes form at
a low applied field (< 300 mT). By increasing the ap-
plied field the precessing frequency increases as well with
a slope of ~ 28 GHz/T, which corresponds to the gy-
romagnetic ratio, v/2w. The droplet mode at low fields
has associated low-frequency noise indicating a low sta-
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FIG. 4. High-frequency and integrated low-frequency noise

(between 10 MHz and 1 GHz) as a function of the applied
field at fixed current of I = 18 mA and for different in-plane
fields: in (a) 10 mT, in (b) 50 mT and in (¢) 100 mT. Multiple
droplet modes are present at low applied fields together with
low-frequency noise. At field values higher than 580 mT (a),
690 mT (b) and 720 mT (c) a single peak with high quality
factor of 2450, 2730 and 1300 respectively, together with the
vanishing low-frequency noise, indicate the stability of the
droplet mode.

bility. A further increase of the applied field produces
a variation of droplet modes with a split into different
modes—including a range of fields showing a combina-
tion of droplet modes. There is an applied field where the
low-frequency noise vanishes corresponding to the exis-
tence of a single and higher amplitude peak in the high-
frequency spectra. We marked those field values with
colored lines in Fig.[d Quality factors of 2450, 2730 and
1300 are obtained right after the marked field values. Our
data indicates that higher fields tend to stabilize droplet
modes. The presence of in-plane fields shifts the stabi-
lizing values towards higher fields. These results are in
agreement with Wills et al™ that predicted that droplet
modes would be stable only close to its boundaries of nu-
cleation, which means either at low currents for a given
field or at large fields at a fixed current.

We have created a toy model to show that a non-
uniform energy landscape of the internal applied field of
the FL can result in the appearance of discrete droplet
modes with slightly different precession frequencies and
dimensions. Using micromagnetic simulations we defined
an artificial energy landscape for the applied field consist-
ing of a uniform field perpendicular to the film plane of
850 mT, as in experiment, plus a small region of about
35 nm where the applied field decreases smoothly down
to 780 mT (see the supplementary material for the code
and details=?).

An applied current of 21.5 mA localizes first the
droplet mostly beneath the nanocontact with a small
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FIG. 5. (a) Evolution of the magnetization, m., under a 100
nm diameter nanocontact for applied currents of I =21.5, 17.5
and 13.5 mA and an applied field perpendicular to the plane
of 850 mT. Insets: droplet snapshots correspond to the state
at I =21.5 mA and I =13.5 mA. The black circle indicates the
position of the nanocontact and the green circle indicates the
20 for the Gaussian function of 50 mT reducing the overall
applied field. (b) Diagram of the droplet state as a function
of the applied current and the in-plane field for a out of plane
field of 850 mT. For a fixed value of the current, the in-plane
can tune the mode of the droplet. For higher values of the
in-plane field a combination of droplet modes emerge.

shift towards the region where the applied field is smaller.
The precession frequency is 24.49 GHz. A much smaller
current of 13.5 mA still maintains the droplet mode but
now the droplet lies precisely at the region with a smaller
field®22. The precession frequency is now 25.21 GHz.
An intermediate applied current of 17.5 mA produces
a combination of the two mentioned modes with an os-
cillating frequency of ~230 MHz. Figure [Bh shows the
magnetization in the perpendicular direction within the
nanocontact region for a current sweep having values of
1 =13.5, 17.5 and 21.5 mA. Snapshots of the droplet are
plotted as insets showing the two different modes.

Next, we add an in-plane field to the same simulation
routine;, we sweep down the applied current from a large
value of 21.5 mA and record the moment when the com-
bination of droplet modes appear. Figure shows a
phase diagram of the droplet state as a function of the
in-plane field and the applied current at a fixed value of
the out-of-plane field of 850 mT. At high currents the
droplet is stable occupying the full nanocontact (yellow
region). When the current decreases a combinantion of
droplet modes appears, as seen in Fig. [Bh, and the ap-
pearance depends on the applied in-plane field: a larger



in-plane field requires a larger current for stabilization.

Our experiments have been done at low temperature
to minimize the thermal effects that might cause mode
hopping. Although the nanocontact temperature could
be much higher than the bath temperaturé®, our re-
sults indicate that existence of combinations of droplet
modes is not driven mainly by thermal energies. The mi-
cromagnetic modeling illustrates the possibility of hav-
ing different droplet modes given by the energy land-
scape. In the example presented in Fig. | we observe that
one mode is preferred over the other depending on the
applied current—which changes both the spin-transfer
torque and the Oersted fields associated with the charge
current. The FL has a grain size of the order of tens of
nanometers and variations of the FL magnetic anisotropy
can exist on this scale, which could explain the mod-
ulation of the magnetic energy in the FL. The results
would also explain both the variations of observed droplet
modes in different nanocontacts and the reproducibility
of measurements with a combination of droplet modes
within a same nanocontact.

CONCLUSIONS

We have studied multiple droplet modes—including
combination of droplet modes—in a spin nanocontact.
We have observed the existence of different and quan-
tized droplet modes that are accessed by varying applied
fields and currents. We found that droplet modes at low
currents have a larger high-frequency amplitude and a
better quality factor with no associated low-frequency
noise, independent of number of droplet modes. When
droplet modes destabilize—at large currents or at low
fields—there is an associated low-frequency noise, which
is even larger when there is a existence of a combi-
nation of droplet modes. Our study shows that spin
torque nano oscillators based on droplet solitons have
many different accessible modes in addition to their non-
linearity and stochasticity, which could be exploited in
neuromorphid® @ or reservoir computing?326.
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APPENDIX A: EFFECT OF IN-PLANE FIELDS.

High frequency data as a function of the applied cur-
rent at 750 mT out of plane field is provided for different
in-plane fields in Fig.[6] For currents lowers than 15 mA
a FMR like signal is observed about 24 GHz. Then, at 15
mA, a 3 GHz step decrease indicates the droplet nucle-
ation and the high frequency peak becomes larger. The
droplet remains stable until 20 mA where another step
decrease is observed accompanied by an increment of the
low frequency noise and a decrease of the high frequency
signal power, as can be observed at Fig. [Bd.

The effect of the in-plane field can be observed in pan-
els b (20 mT), ¢ (50 mT) and d (100 mT). The in-plane
field promotes the appearance of a combination of droplet
modes just after the nucleation of the droplet, shifting
the stable droplet mode towards higher applied currents
(from 15 mA without in-plane field to 17.5 mA for a 100
mT of in-plane field).

f(GHz)

f (GHz) f (GHz)

f (GHz)

FIG. 6. High frequency spectra as a function of the current
for different in-plane fields and fixed out of plane of 750 mT.
In-plane fields introduce instability while promoting the ap-
pearance of a combination of droplet modes.



950

850 ®
= STABLE d
E 750 ’
E FM
= a0 DROPLET 7

550 > /l’

-~ COMBINATION
450
12 14 16 18 20 22
I (mA)

FIG. 7. Phase diagram of the droplet states for the 100 nm
diameter sample at zero in-plane field. For lower current the
droplet can not be excited. Blue squares represent the on-
set data of the droplet and blue line is the onset boundary.
Red circles represent the boundary between the stable droplet
state and the combination of droplet modes obtained from
current sweeps for a fixed values of the out of plane field. The
red square data point is obtained from a field sweep for a fixed
value of the current, 18 mA.

APPENDIX B: PHASE DIAGRAM OF DROPLET
MODES

Combining the high and low frequency data from both
current and field sweeps, we plot a phase diagram of the
droplet states. Figure [7] shows the state of the droplet
as a function of the applied current and the out of plane
magnetic field at zero in-plane field. Blue squares repre-
sent the onset data for the droplet from current sweeps—
and the blue line is the onset boundary. Inside the droplet
region we can distinguish between stable droplet and a
combination of droplet modes regions, marked as red cir-
cles (experimental points were the multiple modes with
low frequency noise appear). An additional red square is
added from measurements from a field sweep for a fixed
value of the current, 18 mA, where the combination of
droplet modes disappear.

Figure [§| shows the high and low frequency noise spec-
tra for applied fields of 500, 750 and 850 mT out of the
film plane at zero in-plane field. Data corresponds to the
points used to create the diagram of Fig. [7}
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