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We experimentally demonstrate a new type of spin Hall nano-oscillator based on a vertical
nanocontact fabricated on a Pt/[Co/Ni] multilayer. We analyze the spectral characteristics of the
nano-oscillator as a function of current, magnetic field, and temperature. At sufficiently large cur-
rents, the oscillator exhibits dynamics at a frequency far below the ferromagnetic resonance, which
at large fields exhibits a redshift with increasing current. At smaller fields and low temperatures,
the frequency becomes nearly current-independent, with a well-defined threshold current I;5,. These
distinct spectral characteristics of the demonstrated nano-oscillator can be explained by the forma-
tion of the magnetic droplet - a dissipative magnetic soliton stabilized by the local injection of spin
current produced by the spin Hall effect in Pt. The minimum linewidth exhibits a linear temperature
dependence, suggesting single-mode dynamics, and enabling coherent magnetization auto-oscillation
at room temperature. The demonstrated nano-oscillator geometry provides new opportunities for
the development of active nanomagnetic devices, and optimization of their spectral characteristics
for applications in microwave technology and spin-wave logic.

PACS numbers: 85.75.-d, 75.76.4+j, 75.30.Ds

I. INTRODUCTION

Spintronics emerged in the 1980s following the discov-
eries of giant and tunneling magnetoresistance effects in
magnetic heterostructures, and experienced a dramatic
resurgence in the last 20 years following the discovery
of spin current-driven spin torque (ST) effect enabling
electronic control of nanomagnetic systems [I, 2]. ST
can compensate the dynamical damping in magnetic sys-
tems, resulting in the excitation of coherent dynamical
magnetization states or changes of static magnetic con-
figuration [3]. Intense ongoing efforts are dedicated to ex-
ploring the relationship among the nature and the coher-
ence of the dynamical states in magnetic nano-oscillators
driven by ST, the magnetic properties, the layout of mag-
netic nanostructures, and the geometry of spin-current
injection [4, 5], with the goal of achieving active nanode-
vice characteristics optimized for applications in radio-
frequency electronics, magnonics and neuromorphic com-
puting. Early efforts focused on the development of ST-
driven nano-oscillators (STNOs) utilized point nanocon-
tacts on extended magnetic multilayers (NC-STNOs),
which provided a useful platform for the local genera-
tion of propagating SWs in extended active magnetic lay-
ers [6—8]. A recently developed alternative platform uti-
lizes current-induced spin orbit torques (SOTs) in bilay-
ers of ferromagnets (Fs) with heavy nonmagnetic metals
(Ns) [9, 10], topological insulators [1 1], or other materials
with strong spin-orbit interaction [12]. Among the ad-
vantages of this approach are the unprecedented geomet-
ric flexibility and the possibility to achieve high efficiency
by using spin-orbit materials with a large spin Hall an-

gle [10, 11]. Since the spin Hall effect (SHE) usually dom-
inates SOT in these F/N systems, they are commonly re-
ferred to as spin Hall nano-oscillators (SHNOs) [13, 14].

The SHNO geometry most extensively studied to date,
thanks to its simplicity and reproducibility, utilizes elec-
tric current locally injected into an extended F/N bi-
layer via two sharp closely spaced nonmagnetic elec-
trodes, forming an in-plane nano-contact [13-17]. This
geometry is commonly referred to as nano-gap SHNO.
However, studies have shown that the spin injection ge-
ometry in the planar nano-gap SHNO favors simulta-
neous excitation of two dynamical modes [14, 18], re-
sulting in significant degradation of oscillation charac-
teristics at ambient temperatures, due to the thermal
magnon-mediated mode hopping [19]. In in-plane mag-
netized nano-gap SHNOs, the secondary mode is stabi-
lized mostly by the dipolar field of the primary bullet
mode, which creates two effective potential wells in the
regions localized near the edges of the center bullet mode
along the axis defined by the direction of magnetiza-
tion [18, 20]. The secondary mode localized in these po-
tential wells does not significantly spatially overlap with
the primary mode, enabling dynamics at two unrelated
frequencies. Multimodal dynamics is also commonly ob-
served in an alternative SHNO configuration based on
an F/N nanowire [21], due to the small frequency sepa-
ration among the dynamical modes in a relatively large
magnetic system. Meanwhile, SHNO layouts based on
bow tie-shaped nanoconstrictions in extended F/N bilay-
ers [22] or tapered nanowires [23-25] suffer from strong
mode localization by the dipolar edge fields, diminish-
ing their thermal stability. The same dipolar effects also
make it challenging to utilize such layouts for the gen-



(a)

PMMA (~100

[Cog,Nig 310

Pt (10)

M

Je (X107 Alcm?)

e 8
—61 s
5 e
4 H00 .
(@) =
- in-Oersted ‘I;’
x,] A
=’ ¥

c 0 ¢
o

Mo

Normalized Jg

Figure 1: Structure and electronic characteristics of VNC-SHNO based on a Pt/[CoNi] bilayer: (a) Schematic of the device
structure and the experimental setup. (b-d) Color maps of the current distribution in the Pt layer (b), the in-plane Oersted
field in the [CoNi] layer (c), and of the spin current injected from Pt into CoNi (d), calculated using the COMSOL software.
The scales are indicated to the right of the corresponding plots. The dotted circle marks the nano-contact, and arrows show
the directions of the corresponding vector quantities. (e) Calculated magnitude of the current density and of in-plane Oersted
field, at a current I = 14 mA, along the section shown by the dashed lines in (b) and (c).

eration of propagating SWs in magnonic circuits. These
limitations of the existing SHNO geometries underscore
the need to explore alternative geometries and device op-
eration regimes.

Here, we experimentally demonstrate a new type of
SHNO based on a vertical nanocontact (VNC) fabri-
cated on an extended Pt/[Co/Ni| bilayer[26]. At small
currents, modest out-of-plane fields, and cryogenic tem-
peratures, the developed VNC-SHNO exhibits a low-
intensity, high-frequency spectral peak, and frequency
redshift with increasing current, as expected for the non-
linear self-localized bullet mode commonly observed in
SHNOs [13-15] and STNOs with in-plane magnetiza-
tion [27]. At increased temperatures, the bullet mode
rapidly broadens and disappears, also similar to the
behaviors commonly observed for the planar nano-gap
SHNOs. However, at larger currents and small fields,
the oscillator exhibits an abrupt onset of intense low-
frequency mode above a certain well-defined threshold
current Iy, which rapidly decreases with increasing ap-
plied magnetic field. The oscillation frequency of this
mode is nearly independent of the current. Based on
our observations, we identify this mode as a magnetic
droplet - a localized standing dissipative soliton nucle-
ated and stabilized by the local injection of spin current.
In contrast to the exponential temperature dependence
of the linewidth of the bullet mode in nano-gap SHNO
with in-plane magnetization, our VNC-SHNO exhibits a
linear temperature dependence of the linewidth, consis-

tent with thermal broadening of single-mode oscillation,
resulting in higher thermal stability and a small mini-
mum linewidth of 4.5 MHz at room temperature (RT).
Single-mode dynamics is facilitated by the geometry of
the droplet, which consists of an inverted core surrounded
by a region experiencing large-amplitude precession. In
contrast to the bullet mode, in this geometry the effective
dipolar potential well, produced by the fringe field of the
inverted core, is co-localized with the precessing region,
thus preventing the formation of a secondary mode. Our
findings indicate that the demonstrated VNC-SHNO pro-
vides a viable route for achieving spin Hall effect-driven
coherent single-mode dynamical states at RT.

II. DEVICE FABRICATION AND ELECTRONIC
CHARACTERISTICS

Our device geometry and experimental setup are
schematically shown in Figure 1(a). The device is based
on a Pt(10)/[Co(0.2) /Ni(0.3)]10 magnetic multilayer, de-
posited on annealed sapphire substrate by sputtering
at RT. Numbers in parenthesis are thicknesses given in
nanometers. Magnetic characterization [28] shows that
the magnetic film exhibits interfacial perpendicular mag-
netic anisotropy (iPMA) of ~3.6 kOe, which is smaller
than the demagnetizing field of ~7.0 kOe, resulting in
a modest net in-plane anisotropy. As a result, we ex-
pect that the film becomes obliquely magnetized at rela-



tively large nearly normal fields applied in our measure-
ments [28]. Additionally, because of the scale-dependence
of the dipolar effects, these [Co/Ni] multilayer films are
also expected to support nanoscale vortex-like or mag-
netic domain structures under a certain range of out-of-
plane magnetic fields [29]. Therefore, in the following we
will refer to the studied magnetic system as exhibiting
PMA. The nanocontact structure, fabricated by multi-
step e-beam lithography, consists of a 4 pm-wide and
10 pm-long Pt/[Co/Ni] multilayer strip with a ~100 nm
circular Au nanocontact on top, and two micrometer-
scale Au electrodes attached to the Au nanocontact and
to the edge of the multilayer strip. The electrodes are
electrically insulated by a 100 nm-thick cross-linked in-
sulating polymer (PMMA).

We now briefly discuss the characteristics of the VNC
SHNO expected based on its geometry. The current dis-
tribution, as well as the resulting Oersted field, were
numerically calculated with the COMSOL Multiphysics
package [30] using the resistivity of 20 u€2 - ¢cm for the
[Co/Ni](5) layer, 14 u) - em for the Pt(10) layer, and
1.7 42 - em for the Au electrodes. Because of the ra-
dial current flow in the bottom electrode formed by the
Pt/[CoNi] multilayer, the current density in Pt reaches
its largest values near the edges of the nanocontact
[Fig. 1(b)]. The current generates a chiral Oersted field
in the Co/Ni multilayer, which is also the largest close
to the edges of the nanocontact [Fig. 1(c)]. COMSOL
simulations showed that the out-of-plane component of
the Oersted field contributes less than ~5% to the total
Oersted field in the vicinity of the nanocontact. Thus,
only the in-plane component of Oersted field H;,— o, was
taken into account in the micromagnetic simulations dis-
cussed below. Additionally, the current-induced spin Hall
effect in Pt produces a local spin current injected into the
[Co/Ni] multilayer [Fig. 1(d)]. Figure 1(e) shows a sec-
tion through the center of the device of the calculated dis-
tribution J.(z) of the current density in Pt, together with
the distribution H;,_o. of the in-plane Oersted field in
Co/Ni. These results indicate that both H;,_o. and J.
(and consequently J related to J. by the spin Hall angle
Ospr) decrease by about a factor of two within a distance
of about 100 nm from the nanocontact edge. The strong
localization of spin current injection results in efficient
excitation of local magnetization dynamics, as discussed
below. Several features distinguish this geometry from
the previously studied SHNO. First, in-plane polarized
spin current is known to excite dynamical states only if
in-plane component of magnetization is also finite. How-
ever, in the studied geometry the magnetization is almost
normal to the film plane. Second, previously studied
SHNO utilized quasi-uniform spin current polarization.
Meanwhile, in our SHNO the polarization is chiral [see
Fig. 1(d)], averaging out to zero over the device area.

III. EXPERIMENT

A. Spectral characteristics of VNC-SHNO at 295 K
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Figure 2: (a) Microwave generation spectra (symbols) ob-
tained at I = 14 mA, T = 295 K and the labeled values of
the magnetic field H. The curves are the results of fitting
by the Lorentzian function. (b) Auto-oscillation frequency
fe (solid circle) and the ferromagnetic resonance (FMR) fre-
quency frumr (square) vs field H. frarr was measured by
the ST-FMR technique.

To experimentally explore the dynamical states in-
duced by spin current in the VNC-SHNO structure, we
performed spectroscopic measurements with magnetic
field H tilted by angle ¢ = 82° relative to the film plane
[Fig. 1(a)]. Tilting of the field enabled electrical detection
of the oscillating magnetization based on the anisotropic
magnetoresistance effect (AMR) in the [Co/Ni] multi-
layer. Figure 2(a) shows representative auto-oscillation
spectra acquired at I = 14 mA, with field H ranging from
800 Oe to 1200 Oe. Additional measurements showed
that dynamical states can be also excited by negative
currents, consistent with the chiral symmetry of spin cur-
rent polarization in the studied structure [see Fig. 1(d)].
The spectra can be well approximated by the Lorentzian
function, as shown by curves in Fig. 2(a), indicating that
single-mode dynamics is achieved even at room temper-
ature. To establish the nature of the observed dynam-
ical mode, we analyze its relation to the ferromagnetic
resonance (FMR) frequency frarr of the [Co/Ni] layer,
which was measured using the spin-torque ferromagnetic
resonance (ST-FMR) technique [31]. Figure 2(b) shows
the field dependence of fryrgr, together with the auto-
oscillation frequency f. obtained at I = 14 mA. These
data show that f. is far below frar, indicating that the
auto-oscillation forms a localized mode.

To gain further insight into the nature of the dynam-
ical states in VNC-SHNO, we analyze the dependence
of the spectral characteristics on the excitation current
I, at different magnetic fields [Fig. 3]. The frequency
of auto-oscillation exhibits a small, almost linear, de-
crease with increasing current for all three values of field
in Fig. 3, while the integral power monotonically in-
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Figure 3: Dependence of the microwave generation character-
istics on current at 7" = 295 K. (a)-(c). Pseudocolor plots of
the spectra obtained at I varied between 9 and 15 mA in 0.3
mA steps, at fields H = 800 Oe (a), 960 Oe (b) and 1090 Oe
(c). (d)-(f) Dependence of the central generation frequency
fe (d), FWHM (e), and integral intensity Pin: (f) on current
at H = 800 Oe (squares), 960 Oe (circles) and 1090 Oe (tri-
angles). The value of f., FWHM and Pi»: were determined
by fitting the power spectra with the Lorentzian function. (g)
Dependence of the auto-oscillation onset current I,,, of SHNO
on the external field H.

creases with current. Meanwhile, the linewidth exhibits a
non-monotonic dependence on current, reaching a min-
imum FWHM value ~ 4.5 MHz at I ~ 13.5 mA and
H = 1090 Oe. We note that this value is significantly
smaller than the minimum linewidth ~ 40 MHz observed
at room temperature for planar-nanogap SHNOs based
on the Pt/Permalloy bilayer with in-plane magnetization
and nanopatterned spin injector [22]. The dependence
of spectral characteristics on the excitation current is
similar to that observed in multilayer NC-STNOs with
out-of-plane magnetized Co/Ni free magnetic layers [32].

We now discuss the relation between the behaviors of
VNC-SHNO and other magnetic nano-oscillators, and
the implications for the nature of the dynamical mode
in our VNC-SHNO. Since the oscillation frequency f.
is below the spectrum of propagating spin-wave modes,
the dynamical mode must be localized. The localization
cannot be attributed entirely to the effects of the Oer-
sted field, because the direction of this field is almost
in-plane, while the static magnetization and the exter-
nal field are both out-of-plane. Furthermore, the mag-
nitude of the Oersted field [see Fig. 1(c)] is too small to
account for the large frequency difference between the
auto-oscillation and the FMR mode [Fig. 2(b)]. Thus,
the localization is likely caused by the effect of injected
spin current, resulting in the formation of a nonlinearly
localized soliton. This conclusion is supported by the
calculations presented in Figs. 1(c),(d).

Prior theoretical calculations and experiments have
identified two different types of localized dynamical soli-
tonic modes stabilized in magnetic nanooscillators by
spin torque: the spin wave bullet and the droplet
modes [13-15, 27, 33-36]. The magnetic droplet is a
dissipative solitonic mode that consists of a static cen-
tral core with the magnetization direction opposite to
the surrounding magnetic film, separated from the latter
by a region where the magnetization experiences large-
amplitude dynamics. This dynamics is driven by the
current-induced spin torque, which together with the
magnetic anisotropy also stabilizes the inverted core. The
possibility to stabilize the magnetic droplet by the spin
current was proposed theoretically [35] and confirmed
experimentally for conventional multilayer STNO with
in-plane magnetization of the spin-polarizing layer and
PMA of the free magnetic layer, at large fields normal
to the film plane [33, 34]. It was also suggested that a
nanoscale magnetic bubble can become trapped in the re-
gion of non-saturated magnetic film with PMA subjected
to local spin current injection, resulting in the dynami-
cal bubble mode with spatial and spectral characteristics
similar to those of the droplet mode [15].

Another localized solitonic mode, termed the spin-
wave bullet, is a non-propagating spin-wave mode self-
localized due to the dynamical magnetic nonlinearity. In
contrast to the droplet, the bullet mode is characterized
by large-amplitude precession of the central region, with
the spatial characteristics determined by a combination
of exchange stiffness, nonlinearity, and spin torque [27].
This mode is commonly observed in SHNOs and the
conventional multilayer STNOs with in-plane magnetic
anisotropy, or PMA free layer at sufficiently large in-
plane fields [13, 15, 19, 36]. The magnetic droplet mode
is generally expected to exhibit larger spectral intensi-
ties than the bullet mode, due to the large precession
angle of magnetization in the dynamical domain wall.
Furthermore, the frequency of the droplet mode is gen-
erally expected to fall far below frpyrr, because the dy-
namics is driven by small torques associated with the
unstable domain wall configuration. In contrast, the dy-
namics of the bullet mode is driven by the much larger
direct effects of exchange interaction, and its frequency
is generally only slightly below frasr due to the nonlin-
ear dipolar effects associated with large-amplitude pre-
cession [13, 27, 36]. Based on these distinct character-
istics, we tentatively conclude that the dynamical mode
observed in VNC-SHNO is a dissipative droplet soliton.
We provide further evidence for this conclusion below.

B. Spectral characteristics of VNC-SHNO at 60 K

Prior experimental and theoretical studies have shown
that the bullet mode emerges from the linear spec-
trum of spin-waves above a critical current determined
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Figure 4: Dependence of the microwave generation character-
istics on current at 7' = 60 K. (a)-(e). Pseudocolor plot of the
spectra obtained at I varied between 10.6 and 17.2 mA in 0.3
mA steps, and fields H = 620 Oe (a), 800 Oe (b), 960 Oe (c),
1090 Oe (d) and 1200 Oe (e). (f)-(h) The center frequency
fe (f), FWHM (g), and the integral intensity Pjn: (h) of the
low-frequency mode m; vs. I extracted from the spectra in
panels (a)-(e), at the labeled fields. (i)-(k) Field dependence
of the threshold current Iy, (i), the minimum FWHM (j), and
Pint (h) of m; mode obtained at the current I, defined in the
main text.

by damping, without any energy barrier for its forma-
tion [13, 14, 19]. In contrast, the droplet mode in-
volves an inverted static core, whose nucleation is as-
sociated with a certain energy barrier. This barrier is
likely too small to affect the dynamics at room temper-
ature, but its effects can become pronounced at lower
temperatures [19, 37, 38]. To investigate these effects, we
have performed additional spectroscopic measurements
at cryogenic temperatures. Figure 4 shows the microwave
generation spectra acquired at the experimental temper-
ature T'= 60 K, at fields varied between 620 and 1200 Oe.
We note that the actual temperature of the active device
area is expected to reach 120 K at current I = 14 mA, as
estimated from the COMSOL simulation of Joule heat-
ing [30]. In contrast to the room-temperature spectra
that exhibit only a single low-frequency mode m; at suf-
ficiently high currents, the cryogenic-temperature spec-
tra reveal a low-intensity peak associated with a differ-
ent mode my, that emerges at small currents and disap-
pears at larger currents, followed by an abrupt onset of
a high-intensity spectral peak at a significantly smaller

frequency that closely matches the auto-oscillation fre-
quency at 295 K [Fig. 3]. The frequency of the mode my,
is somewhat below frasr, and exhibits an approximately
linear redshift with increasing current. The two modes
do not coexist under any experimental conditions, sug-
gesting that they are mutually exclusive. Furthermore,
the transition between the two modes occurs at a current
value of I, that decreases with increasing out-of-plane
field [Fig. 4(i)], suggesting that the mode my, is destabi-
lized by out-of-plane field. Indeed, the current range of
the mode my, shrinks with increasing field, and it is no
longer observed at H > 1200 Oe [Fig. 4(d)].

The field- and current-dependent microwave gener-
ation characteristics discussed above suggest that the
high-frequency mode my, is a localized bullet commonly
observed in STNOs [27, 36] and SHNOs [13, 15, 18] with
in-plane magnetization. In contract to the bullet mode
myp, the low-frequency mode m; is characterized by a
well-defined threshold current I;;, above which the in-
tensity abruptly increases, indicating the existence of a
barrier for the formation of this mode, as expected for
the droplet mode. Similarly to the magnetic droplets in
NC-STNOs with PMA and out-of-plane field [33], the
frequency of the droplet mode m; is almost indepen-
dent of current, except for a weak blueshift close to Iy
[Fig.4(f)]. This behavior can be contrasted with the bul-
let mode, which experiences a redshift with increasing
current [14, 18]. We also note that the spectra obtained
at fields H < 960 Oe exhibit the second harmonic of
the mode m;, consistent with the large amplitude of the
magnetization dynamics expected for the droplet mode.

The power density plots for fields H = 620, 800 and
960 Oe [Figs. 4(a-c)] show that the linewidth of the
droplet mode m; is very broad close to its onset, as
confirmed by the dependence of FWHM on current in
Fig. 4(g). These behaviors are likely related to the drift
instability due to the asymmetry of the effective field
and/or the spatial inhomogeneity of the magnetic energy
landscape associated with the local variations of PMA in
the [CoNi] layer, and are consistent with the existence
of energy barrier for the droplet nucleation [38-10]. At
higher currents, the power rapidly increases, while the
linewidth decreases, consistent with the theory of non-
linear oscillators [41, 42]. Figure 4(h) shows that the in-
tegral microwave generation intensity decreases with in-
creasing out-of-plane field H > 960 Oe, suggesting that
the size of the precessing region and/or the amplitude of
dynamics decrease with increasing field, consistent with
the previous studies of the droplet mode [15, 38, 43]. The
minimum full width at half maximum (FWHM) and the
integral intensity P;,: of spectra obtained at the current
I, corresponding to the highest peak PSD [Figs. 4(j-k)]
are the largest at small fields, with the largest FW H M of
11 MHz observed at H = 800 Oe. The linewidth broad-
ening at small fields is likely associated with the phase
noise due to the inhomogeneous distribution of the ef-



fective field (including the local variations of magnetic
anisotropy and current-induced Oersted fields) coupled
with the droplet drift instabilities [38-10, 43-15].

C. Temperature dependence of spectral linewidth
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Figure 5: Minimum generation linewidth vs. T for H =
1090 Oe (circles) and 1200 Oe (triangles). The dashed lines
are linear fits to the data.

We now address the thermal effects on the spectral
coherence of the generated microwave signals, and their
relation to the dynamical mode structure of VNC-SHNO.
Previous theoretical and experimental studies of STNOs
showed that, because of the nonlinearity, fluctuations of
oscillation amplitude can couple to the phase noise, dra-
matically reducing the oscillation coherence. These ef-
fects are particularly significant close to the transitions
between different dynamical modes, where the nonlin-
earity can become very large, often causing a complex
temperature dependence of linewidth [46-49]. To avoid
these anomalous contributions, we analyze the behaviors
at current corresponding to the minimum value of the
linewidth, at the selected magnetic field and tempera-
ture, where such anomalous effects are expected to be
small. Figure 5 shows that the minimum linewidth of
the low-frequency mode m; follows a linear dependence
on temperature, as illustrated for two large fields. This
dependence is consistent with the nonlinear theory of
thermal broadening [50] and thermal noise model [51] for
a single-mode auto-oscillator, as was previously shown
for NC-STNO and magnetic vortex oscillators [52, 53].
The single-mode nature of the magnetization dynamics
is confirmed by the Lorentzian line shape of the spec-
tra [Fig. 2(a)]. These behaviors can be contrasted with
the thermal effects in the planar-nanogap Py/Pt-based
SHNO, where the linewidth increases exponentially with
temperature, due to the presence of a secondary dynam-
ical mode, and the spectral lines exhibit significant devi-
ations from the Lorentzian shapes [14].

IV. MICROMAGNETIC SIMULATIONS OF
AUTO-OSCILLATION

To obtain more insight into the experimentally ob-
served dynamical state in the VNC-SHNO geometry, we

performed micromagnetic simulations using the OOMMEF
software [54], for a circular [Co/Ni] disk with the diam-
eter of 1 um divided into 5 x 5 x 1 nm? cells. The
simulation included the effects of spin torque produced
by the spin current and the effects of Oersted field, both
calculated using the COMSOL simulations illustrated in
Fig. 1. However, the effects of finite temperature and
magnetic inhomogeneities/defects were neglected. The
material parameters used in the simulations were: the
saturation magnetization My = 560 kA /m, anisotropy
constant K, = 0.6x10° J/m?, Gilbert damping constant
a = 0.03, spin Hall efficiency P = 0.05, and exchange
stiffness A = 10 pJ/m. These parameters were reasonable
and consistent with the values estimated from the ferro-
magnetic resonance (FMR) measurements of the stud-
ied films [28], as well as previously reported values for
similar systems. In addition, to avoid parasitic effects
of spin-wave reflections from the boundary of the sim-
ulated disk [shown by circles in Fig. 6(b,c)], whose di-
ameter of 1 pm is significantly smaller than that in our
experiments, a highly absorbing boundary was adopted
with the damping constant « = 1. Figure 6(a) shows a
representative calculated auto-oscillation spectrum, ob-
tained by micromagnetic simulations at current I = 14
mA, and out-of-plane magnetic field H = 1000 Oe tilted
by angle ¢ = 85° relative to the film plane, similar to the
parameters used in some of the measurements discussed
above. The spectrum is consistent with single-mode os-
cillation characterized by the fundamental harmonic at
frequency f ~ 1.24 GHz, and the second harmonic at
2.48 GHz. The oscillation frequencies are in a reasonable
agreement with the experimental observations discussed
above. To gain more insight into how spin current due
to SHE in the Pt layer drives the magnetization auto-
oscillation in VNC-SHNO, we also calculated the normal-
ized spatial power maps of the observed dynamical mode,
obtained from the time dependence of the local magne-
tization component m? [Fig. 6(b)] and m? [Fig. 6(c)] by
performing point-wise temporal FFT over the simulated
area of the [Co/Ni] disk. Figs. 6(b),(c) show that the dy-
namical mode exhibits an asymmetric elongated spatial
profile, with the direction of elongation nearly perpendic-
ular to the in-plane component H;y,_piane of the applied
magnetic field, and the largest power density localized
close to the edge of the nanocontact corresponding to
the maximum amplitude of current density. These re-
sults confirm that localized standing spin waves can be
excited by spin current due to SHE in the VNC-SHNO
geometry, and that their spatial characteristics can be
efficiently controlled by the in-plane components of the
applied and Oersted fields. This conclusion is consistent
with the previous theoretical studies of spin-waves exci-
tation due to spin accumulation-induced spin torque in
a single-layer spin torque nanocontact [55]. One can also
expect that broken-symmetry magnetic configurations,
involving spin torques arising from SHE and interfacial
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the applied oblique field.

Rashba effect, interfacial Dzyaloshinskii-Moriya interac-
tion (iDMI), and interfacial PMA, can facilitate other
stable dynamical states that can be achieved by varying
the material and device parameters. These possibilities
warrant further experimental studies, theoretical analy-
sis and numeric modeling of the VNC-SHNO geometry
presented here.

V. SUMMARY

We have demonstrated a spin-Hall nano-oscillator
formed by a vertical nanocontact fabricated on a
Pt/[Co/Ni] bilayer. Several distinct dynamical features
were observed when varying the field, current and tem-
perature. At cryogenic temperatures, two distinct local-
ized spin-wave modes were observed, a high-frequency
mode at small currents, and a much lower-frequency
mode at large currents. The former exhibits a nonlin-
ear redshift with increasing current, and is suppressed
by the large out-of-plane field, allowing us to identify
this mode as the localized bullet mode commonly ob-
served in magnetic nano-oscillators with in-plane magne-
tization. Meanwhile, the low-frequency mode exhibits an
almost negligible nonlinearity, abrupt onset, and becomes
increasingly stable with increasing out-of-plane magnetic
field in the moderate field range. This mode is identified
as the dissipative magnetic droplet stabilized by the lo-
cal spin current, similar to that previously observed in
spin-torque nanocontact nano-oscillators based on mag-
netic multilayers with PMA. A linear temperature depen-
dence of the minimum linewidth, observed in our VNC-
SHNO, indicates coherent single-mode auto-oscillation
with thermal broadening dominated by intrinsic ther-
mal noise, enabling us to achieve a small linewidth of 4.5
MHz at room temperature. Our results further expand
the geometric flexibility of spin Hall oscillators, which
may facilitate their applications in spin wave-based elec-

tronic (magnonic) devices and spin-reservoir neuromor-
phic computing.
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