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Magnetic droplet solitons are non-linear dynamical modes that can be excited in a thin film
with perpendicular magnetic anisotropy with a spin-transfer torque. Although droplet solitons have
been proved to be stable with a hysteretic response to applied currents and magnetic fields at
low temperature, measurements at room temperature indicate less stability and reduced hysteresis
width. Here, we report evidence of droplet soliton drift instabilities, leading to drift resonances,
at room temperature that explains their lower stability. Micromagnetic simulations show that the
drift instability is produced by an effective field asymmetry in the nanocontact region that can have

different origins.

PACS numbers: 75.78.-n, 75.78.Cd,85.75.-d,75.30.Ds

Nanometer-scale point contacts to ferromagnetic thin
films with a free magnetic layer (FL) and a fixed spin-
polarizing magnetic layer (PL) are known as spin-
torque nano-oscillators (STNO). In these nanocontacts,
it is possible to excite steady state spin-precession by
compensating the dissipation due to magnetic damp-
ing with spin-transfer torques from an electrical cur-
rent. A large enough current density provides suf-
ficient spin-transfer-torque effect to induce magnetic
excitations™. Such excitations are the building blocks
for new applications™ beyond binary computing and
memory devices?.

In layers with perpendicular magnetic anisotropy
(PMA) the spin-transfer torques are predicted to lead
to dissipative droplet solitons (herafter simply refered
as droplet solitons)lmI The spin torque compensates
the damping of the material, hence directly relat-
ing these kind of solitons to the conservative magnon
droplets in uniaxial (easy-axis type) ferromagnets with
no damping™2 Droplet solitons are dynamical exci-
tations that localize in the nanocontact region™3 and
are predicted to have their magnetization almost com-
pletely reversed relative to the film magnetization outside
the nanocontact [see Fig.[T{a)]. Recent experiments have
shown that at low temperature the predicted reversal of
the magnetization occurst., However, room-temperature
measurements proved there is an abrupt threshold in
both current and field at which excitations occur and
showed that spin-precession frequencies were below the
FMR frequency™ 17 but there was no evidence for fully
reversed magnetization beneath the nanocontact.

Here, we report observation of drift instabilitied!08
in droplet-soliton excitations at room temperature. We
studied the effect of magnetic fields and current densi-
ties on the droplet dynamics. Our modeling shows that
drift instabilities—caused by small asymmetries in the
system, namely a variation of either the effective field
or the magnetic anisotropy in the nanocontact region—
create a low-frequency dynamics (hundreds of MHz) in
the soliton that can be detected electrically. Further,

through simulations we have confirmed that drift insta-
bilities force the soliton to shift out of the nanocontact
region and to annihilate while at the same time a new
soliton emerges at the center of the nanocontact result-
ing in a drift resonance.
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FIG. 1. (Color Online) (a) Schematic of the STNO. An elec-
trical current flows through a nanocontact (150 nm in di-
ameter) to a thin ferromagnetic layer (free layer, FL) and
a spin-polarizing layer (PL). (b) Schematic configuration of
a droplet soliton centered beneath the nanocontact (left im-
age) and the same soliton moved sideways (right image). (c)
Schematic dc resistance and (d) ac response, showing the spin
configuration of PL and FL for a nanocontact as a function
of the out-of-plane field.

Our samples were fabricated with a free layer (FL) with
PMA and an in-plane fixed polarizing layer (PL). The FL
is a 5-nm-thick multilayer of cobalt (Co) and nickel (Ni)
[6x(0.2C0]0.6Ni) capped with 0.2Co|3Pt, where thick-
nesses are given in nm|, and the PL layer, a 10-nm-thick
NiggFeqq, Permalloy (Py) [grown on a 5 nm seed layer
of Tantalum (Ta) and a 40 nm bottom electrode of Cop-
per (Cu)]. Layer stacks were deposited by thermal and
electron-beam evaporation in an ultrahigh-vacuum cham-
ber. A spacing layer of 10 nm of Cu magnetically decou-
ples the two layers. SiOs was used as a dielectric and Au
for the nanocontacts and pads. The nanocontacts were



patterned through the dielectric by electron-beam lithog-
raphy with nominal diameters ranging from 80 to 150 nm.
All measurements reported here were done in nanocon-
tacts with nominal diameter of 150 nm. The effective
anisotropy field from the CoNi multilayer was measured
through ferromagnetic resonance spectroscopy, with an
applied field perpendicular to the film plane and resulted
in poHg[= po(Hx — Mg)] = 0.25 T, with uo the perme-
ability of free spacel?.

The electrical response in our measurements is associ-
ated with the giant magnetoresistance effect; the in-plane
polarizer allows us to detect variations of the free layer
magnetization in the nanocontact region. The resistance
of the nanocontacts depends on the relative magnetiza-
tion orientation between the FL mgy,, and PL mpy,, be-
ing the fractional change MR = Ro(1 — mgy, - mpy)/2,
with Ry = (Rap — Rp)/Rp, Rap p being the resistance
between the device antiparallel (AP) and parallel (P)
magnetization states. An applied magnetic field perpen-
dicular to the film plane tilts the Py magnetic moments
out of the film plane, mpr, -z = H/Mg for H < Mg with
woMg =~ 1 T; the CoNi magnetization remains perpendic-
ular to the film plane. Therefore, at large applied fields,
H > Mg, the magnetization of the two layers forms a P
state.

Figure c) shows schematically the nanocontact re-
sistance as a function of the applied out-of-plane field;
the resistance decreases linearly with the applied field for
H < Mg and saturates when H > Mg. The measured
maximum overall MR of the STNO (Ry = 0.2 %) corre-
sponds to twice the difference between resistance at zero
field, where the magnetization of the PL and FL are or-
thogonal, and the resistance at a large field (H > Mg),
where the PL and FL are in a P state, divided by the
resistance of the P state. The dashed curve in Fig. c)
illustrates the expected resistance for a reversed FL. mag-
netization (i.e., magnetization opposite to the applied
field). This curve is obtained by reflecting the measured
resistance about the horizontal line, R(H = 0).

In our experiments we detected dc variations of the
resistance that marked the onset of droplet soliton ex-
citations, the FL magnetization orientation changes at
a threshold current while the PL magnetization remains
fixed. We were also able to detect oscillations in the
resistance, and thus in the voltage response, associated
to the oscillations of the in-plane component of the FL
magnetization. We note that the latter produces a volt-
age signal for fields lower than the saturation field of the
PL (i.e., when the polarizing layer has a component of
magnetization in the film plane) and vanishes when the
PL is saturated in the same direction as the FL magne-
tization [see Fig. [[d)]. Finally, we also measured a low-
frequency signal with a characteristic timescale of hun-
dreds of MHz (similar to domain-wall resonances®’ 2.
The low-frequency signal does not vanish when the PL
is saturated, contrary to the high-frequency precession
of the FL magnetization [see Fig. d)], suggesting a
drift resonance of the overall soliton structure beneath

the nanocontact area.

We first studied the onset and annihilation of droplet
excitations through dc measurements of resistance. We
fixed an applied field out of the film plane and swept the
applied current. These measurements show an abrupt
increase in the resistance when the droplet forms when
sweeping the current up—and an abrupt decrease as the
droplet annihilates when sweeping the current down.

Figure [2fa) shows the resistance curves as a function
of the current at different fields. At each field, the cur-
rent was swept up to 35 mA and then back down to
0. Although we detected the onset of the excitations
at fields 0.5 T < poH < 0.9T, it is not until larger
field values, puoH > 0.9T, that we observed hysteresis
phenomena: while sweeping the current up, the droplet
creation occurs at higher currents than the annihilation
when sweeping it down. In the Fig. 2[b) we plot a state
map representing creation and annihilation currents for
all measured fields.

The hysteresis was already observed and character-
ized at low temperature!®., However, room-temperature
measurements showed much smaller hysteretic effects!®.
We note here that we measured several devices and al-
though the onset maps for the droplet excitations were
almost identical, the hysteretic responses were consid-
erably different: all samples showed hysteresis at larger
fields, poH > 0.9 T, but the size of the hysteresis varied
between 0.5 and 5 mA.

The size of the jumps in resistance—representing the
difference between no excitation and droplet excitation,
AR—are field dependent, as the angle of the PL mag-
netization increases with field. The measured maximum
change in resistance is AR = AR/Rp ~ 0.08 % for fields
above the saturation of the FL magnetization (~ 1 T),
smaller than the maximum total change of Ry = 0.2 %
for the AP configuration (being only AR/Ry ~ 1/3).
Thus we conclude that the spins are not fully reversed
during the measurement, which is a time-average mea-
surement of the nanocontact resistance. One hypothesis
is that the magnetization of the FL precesses at an ef-
fective angle of about 70 degrees in the nanocontact re-
gion; another possibility is that the excitation is smaller
than the nanocontact size, or that the excitation moves
beneath the nanocontact during the measurement time
(drift instabilitiestV8).

We have measured the high-frequency resistance signal
of the droplet excitations. Figure[3|shows high-frequency
spectra at a field of ygH = 710 mT. At the onset cur-
rent the characteristic frequency of the droplet excita-
tion is f ~ 20.3 GHz, below the corresponding FMR
frequency (27.5 GHz, measured in the same film), and
close to the Zeeman frequency (the precession frequency
when the effective field is given solely by the external field
vuoH = 19.9 GHz, where ~ is the gyromagnetic ratio).
As the current increases, the frequency increases (there
is a blueshift) until it jumps to a lower frequency where
it continues shifting with the same trend. In the inset
of Fig. |3| we have plotted the power spectra at a fixed
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FIG. 2. (Color Online) (a) Measured normalized resistance
R = R/Rp as a function of applied current for fields ranging
from 0.5 to 1.1 T. (b) Stability map of the droplet soliton:
on the hysteretic area, triangles show creation of the droplet,
and dots annihilation.

applied current of I = 30 mA to show that the qual-
ity factor of the droplet oscillations is good (@ =~ 2000),
having peak widths of about 10 MHz. Resonance fre-
quencies increase with the applied field having a nominal
value always below the FMR (between 5 and 8 GHz).
We measured similar current-dependence spectra at dif-
ferent applied fields. We note here that with increasing
the applied field the microwave signal vanishes because
the magnetization of the PL saturates perpendicular to
the film plane in the same direction as the FL [see Fig.
a))-

Next, we measured voltage signal at much lower fre-
quencies (hundreds of MHz) in order to find oscillatory
dynamics related to the droplet soliton as a whole ob-
ject. Along with the creation of droplet excitations, we
found a strong and broad oscillating signal at about 300
MHz with a weak dependence on applied field and cur-
rent. The low-frequency signal appears together with
the step in resistance and we associate it with the cre-
ation of the droplet excitation, see Fig. All samples
in the droplet state showed this low-frequency voltage
signal in the range of 100-800 MHz but the shape of
the peaks were considerably different, having a well de-
fined peak structure in some cases and a much broader
structure in others. Further, we measured hysteresis in
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FIG. 3. (Color Online) High-frequency spectra, color scale in
dB above the baseline noise, as a function of applied current
for a field of 710 mT. (Inset) Signal at a fixed current of
I = 30mA (white dashed line). The fitted data (red dashed
line) shows a narrow peak with a FWHM = 10 MHz, and
quality factor @ =~ 2000.

the appearance of the low-frequency signal along with
the hysteresis in resistance (see Supplemental Material
S1)23. At applied fields that do not saturate the PL we
observe different modes with increasing the current [see
Fig. [{a),(b)] and, interestingly, at fields that saturate
the PL [see Fig. [4[c),(d)] the signal remains strong hav-
ing a single peak. The magnetoresistance signal caused
by the FL spin precession around the effective field van-
ishes when the PL is saturated because spins in both PL
and FL are aligned, see Fig. d); we thus infer that the
origin of the low-frequency signal is not a precessing dy-
namics of the FL. magnetization but motion of the whole
droplet as schematically indicated in Fig. b).

Moderate in-plane fields increase the power of the
low-frequency signal. We measured both dc and low-
frequency MR signals as a function of the angle of the
applied field, # = 0 degrees being a field perpendicular to
the film, and obtained that the droplet annihilates and
does not form again at angles above § = +15 degrees,
depending on the applied current. The dc-resistance sig-
nal stayed at a higher value (corresponding to droplet
state) constant as a function of the angle until it drops
to the lower value (no droplet) at a certain angle; the low-
frequency signal increased with the angle (increased with
the in-plane field) (See Supplemental Material S1)23.
We measured a stronger low-frequency signal for 8 > 0
than 6 < 0 indicating that the low-frequency dynamics
strongly depends on the geometry of the in-plane field.

We modeled the nanocontact and the droplet excita-
tions with micromagnetic simulations using the open-
source MuMax code?d, and performed parallel calcula-
tions with a graphics card with 2048 processing cores.

The material parameters taken were those we deter-
mined experimentally with FMR, (see above) and we con-
sider no temperature effects. A circular nanocontact of
150 nm in diameter was modeled to fit the nominal di-
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FIG. 4. (Color Online) Low-frequency spectra, color scale in
dB above the baseline noise, as a function of applied current
for fields of (a) 650 mT, (b) 889 mT, (c) 975 mT, and (d)
1046 mT.

ameter of the measured samples. We used a damping
parameter @ = 0.03 for the FL and adjusted the spin-
torque efficiency to obtain a droplet onset map similar
to the measured in Fig. We also considered the ef-
fects of the Oersted fields. (Full codes are available in
the Supplemental Material S2/4%) Additionally, we simu-
lated time frames of hundreds of nanoseconds in order to
resolve the slow motion of the solitons.
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FIG. 5. (Color Online) Time evolution of the droplet soliton
in an applied field of 1.1 T perpendicular to the film plane first
and with an additional in-plane field (y direction) of 0.15 T for
times ¢ > 5 ns. The upper panels show magnetization maps
for m., and m, at particular times of the simulation. Images
correspond to a 400 x 400 nm? field view. The nanocontact
region is outlined in black. The lower panel shows the time
evolution of the perpendicular component of the magnetiza-
tion m,, averaged in the nanocontact area.

Our simulations show that droplet solitons form and
annihilate at different critical current values. The hys-
teresis describes the stability of the object (with no
temperature effects) and corresponds to a larger value
than twice the anisotropy (2uoH, = 0.5 T, Our

experiments showed however a much smaller hysteresis,
~0.1T.

When we only applied a magnetic field perpendicu-
lar to the film plane, our simulations did not show drift
instabilities and thus no low-frequency dynamics. How-
ever, we found that a small in-plane field (pgH ~ 0.1
T) causes a dramatic change: droplet excitations shift in
the direction perpendicular to the applied in-plane field
and annihilate as they get out of the nanocontact region
because of the damping. Immediately, a new droplet soli-
ton is created beneath the nanocontact'!. This process
has a frequency, for the simulated parameters, of about
150 MHz and hardly depends on the out-of-plane field
and applied current.

Figure[5|shows the evolution of the droplet soliton in an
applied field of 1.1 T perpendicular to the film plane and
then with an additional in-plane field of 0.15 T (equiva-
lent to a magnetic field with an angle of 6 ~ 8 degrees).
The upper panels show magnetization maps, for the com-
ponents perpendicular to the plane, m,, and in the plane,
myg, at particular times of the simulation. The lower
panel shows the time evolution of m, in the nanocontact
area. During the first 5 ns we apply only a perpendic-
ular magnetic field of 1.1 T and observe how a droplet
forms having all spins precessing in phase (see panels for
t =3 ns). At ¢t > 5 ns we apply an in-plane field, 0.15 T,
in the y direction. This creates a drift instability, an im-
balance in the precession phases that shifts the droplet in
the z direction (perpendicular to the applied field) un-
til it annihilates (see panels for ¢ = 6 and 10 ns). At
12 ns it seems that the droplet has dissipated but a new
excitation is being created (see panels for ¢ = 12 and
13 ns). We note that the time average of m, beneath the
nanocontact—that is the measurable quantity using any
dc technique—is only a 36 % of the total, or equivalent

to a precession angle of 73 degrees!.

In order to understand why we have observed low-
frequency dynamics even when the applied field was per-
pendicular to the film we introduced asymmetric parame-
ters in the simulations (see Supplemental Material $243).
We found that a variation in the anisotropy of only 1 %
between the two halves of a nanocontact produces the
same effect—with almost the same annihilation and cre-
ation frequency. In general we found that any asymmetry
in the effective field causes a drift instability and results
in an oscillatory signal (drift resonance) of hundreds of
MHz corresponding to annihilation and creation of the
soliton excitation.

Although it seems counter intuitive that hysteresis can
exist when the droplet soliton is being created and anni-
hilated, hysteresis still appears in our simulations. How-
ever, the size in field of the hysteresis cycle reduces con-
siderably in our micromagnetic simulations (from ~0.6
T to ~0.1 T). The reason the soliton presents certain
stability even in the presence of drift instabilities is that
when a soliton moves away from the nanocontact area,
the magnetization beneath the nanocontact is still pre-
cessing at a some finite angle.



Drift instabilities were described as a consequence of
magnetostatic interactions between the effective dipole
moment of the droplet and an effective field gradient, as-
sociated with the Oersted field!? or with differences in
the anisotropy. A small in-plane field or a small gradi-
ent in the effective field creates an asymmetric landscape
that dephases the precession of magnetization between
edges in the soliton boundaries resulting in a magnetic
force that acts on the soliton and shifts it. Some ex-
periments have shown the presence of side bands in the
precession frequency of the soliton® suggesting that the
soliton might be undergoing drift instabilities. Micro-
magnetic studies have also predicted the side bands and
attributed them to drift instabilities®42.

Our direct observation of the low frequency dynam-
ics proves the existence of drift instabilities and explains
why dc measurements fail to measure full magnetization
reversal-—showing on average just a fraction of the mag-
netization reversed.

We note that the measured high-frequency dynamics,
associated with the spin precession, has a blueshift with
the applied current, different to predictions™ and mi-
cromagnetic results?”. We cannot explain it with our

model and we attribute such effect to the appearance of
an effective field perpendicular to the film plane due to
the applied current (likely an Oersted-field effect from
the leads). The overall change is always smaller than
500 MHz that would correspond to a magnetic field of
20 mT.

In conclusion, we have observed and measured drift
resonances in magnetic droplet solitons and have proved
that droplet solitons exist and are stable at room temper-
ature. We suggest that the drift instability is produced
by an effective field asymmetry in the nanocontact region
that can have different origins.
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