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Easy-plane spin Hall oscillator

Eric Arturo Montoya," 2 * Amanatullah Khan,! Christopher Safranski,’ Andrew Smith," and llya N. Krivorotov': f

! Department of Physics and Astronomy, University of California, Irvine, California 92697, USA
2Department of Physics and Astronomy, University of Utah, Salt Lake City, Utah 84112, USA
(Dated: January 24, 2023)

Spin Hall oscillators (SHOs) based on bilayers of a ferromagnet (FM) and a non-magnetic heavy metal (HM)
are electrically tunable nanoscale microwave signal generators. Achieving high output power in SHOs requires
driving large-amplitude magnetization dynamics by a direct spin Hall current. The maximum possible amplitude
of such oscillations with the precession cone angle nearing 90° is predicted for FM layers with easy-plane mag-
netic anisotropy and spin Hall current polarization perpendicular to the easy plane. While many FMs exhibit
natural easy-plane anisotropy in the FM film plane, the spin Hall current in a HM|FM bilayer is polarized in this
plane and thus cannot drive large-amplitude magneto-dynamics. Here we present a new type of SHO engineered
to have the easy-plane anisotropy oriented normal to the film plane, enabling large-amplitude easy-plane dynam-
ics driven by spin Hall current. Our experiments and micromagnetic simulations demonstrate that the desired
easy-plane anisotropy can be achieved by tuning the magnetic shape anisotropy and perpendicular magnetic
anisotropy in a nanowire SHO, leading to a significant enhancement of the generated microwave power. The
easy-plane SHO experimentally demonstrated here is an ideal candidate for realization of a spintronic spik-
ing neuron. Our results provide a new approach to design of high-power SHOs for wireless communications,

neuromorphic computing, and microwave assisted magnetic recording.

Introduction

Manipulation of magnetization by spin-orbit torques
(SOTs) forms the basis of several promising spintronic
technologies such as spin-orbit torque memory (SOT-
MRAM) [1-6], spin-orbit torque oscillators [7-9], neu-
romorphic computing devices [10-14], and SOT-based
magnonic logic [15, 16]. Additionally, spin-orbit torque
oscillators serve as a test bed for fundamental studies of
strongly nonlinear magnetization dynamics in nanoscale
ferromagnets [17].

The simplest type of spin-orbit torque oscillator is the
spin Hall oscillator (SHO) [18-23]. SHO is based on a
bilayer of a ferromagnet (FM) and a non-magnetic heavy
metal (HM), as illustrated in Fig. 1(a). A direct electric
charge current in the HM layer flowing along the z-axis
gives rise to a pure spin current density js along the z-
axis (grey dashed arrow) with its magnetic polarization
parallel the y-axis (green arrows). Interaction of js with
the FM magnetization M gives rise to spin Hall torque
Tst ~ Js opposing the Gilbert damping torque 4. We
use the term polarization to refer to direction of electron
magnetic moment of spin current.

When j5 exceeds a critical value proportional to the
FM Gilbert damping parameter «, Ts overcomes the
damping 74 and excites persistent auto-oscillatory mag-
netization precession (shown by small black arrows)
around the equilibrium direction of M. The lowest crit-
ical current is observed for M magnetized in the —y-
direction by an applied field H.

For easy-plane magnetic anisotropy coinciding with
the FM layer plane, the precession trajectory is ellip-
tical as shown in Fig. 1(a). The precession frequency
increases with increasing H and the anisotropy field H,,
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and decreases with increasing precession amplitude due
to the negative nonlinear frequency shift in this geome-
try [24]. The amplitude of precession first increases with
increasing js but then saturates at precession cone angles
typically not exceeding 20° due to the nonlinear damp-
ing mechanism [21, 25, 26]. The current-driven auto-
oscillations of M generate microwave voltage due to the
FM magnetoresistance. The frequency and amplitude
of this microwave voltage depend on js and thus SHOs
are electrically tunable microwave signal generators of
nanoscale dimensions [24].

SHO generators of microwave signals with high output
power and low phase noise are desirable for applications
[10, 27]. Large-amplitude persistent magnetization dy-
namics with the precession cone angle of nearly 90° has
been predicted for easy-plane FMs upon injection of spin
current polarized normal to the easy plane [28-30]. Such
type of an easy-plane SHO (EP-SHO) with the magnet-
ically easy xz-plane is shown in Fig. 1(b). In contrast to
the conventional SHO in Fig. 1(a), large-amplitude pre-
cessional dynamics in EP-SHOs is excited immediately
above the critical current [28].

The EP-SHO magnetization is tilted out of the easy-
plane by the spin Hall torque 7y whereupon it precesses
with large amplitude around the anisotropy field H, par-
allel to the y-axis. [31]. The critical current for these
dynamics is defined by a smaller magnetic anisotropy
present within the dominant easy-plane anisotropy rather
than by the FM Gilbert damping [28-30]. The EP-SHO
can operate in zero external magnetic field, which is de-
sired for many applications. The EP-SHO system is es-
pecially attractive for realization of a magnetic spiking
neuron as has been proposed in several recent theoret-
ical publications [32-34]. The EP-SHO is predicted to
generate a large-amplitude sub-nanosecond output volt-
age pulse in response to an input current pulse exceed-
ing a threshold value. Null output is expected for sub-



threshold input pulses. This is the characteristic behav-
ior of a spiking neuron.

Large-amplitude easy-plane persistent dynamics
have been theoretically studied in spin-transfer-torque
nanopillar devices [30, 31], but have yet to be explored
in SOT devices, such as SHOs. Here we report ex-
perimental realization of a nanowire EP-SHO based
on a Pt|FM bilayer, where FM is a Co|Ni superlattice
[35-40]. The EP-SHO dynamics is achieved via tuning
the Co|Ni perpendicular magnetic anisotropy (PMA)
and the magnetic shape anisotropy of the nanowire to
manufacture an easy plane defined by the wire axis and
the film normal (zz-plane) as shown in Fig. 2(a). We
present measurements and micromagnetic simulations
demonstrating that the microwave power generated by
the SHO is maximized when the magnetic easy-plane
energy landscape is realized.

Our results are relevant for engineering of scalable,
high-power SHOs for wireless communications [41], neu-
romorphic computing [12, 42, 43], room-temperature ra-
dio frequency bolometers [27], and microwave assisted
magnetic recording [44].

Results

Device geometry and magnetoresistance. Fig-
ure 2(a) shows a schematic of the nanowire easy-plane
spin Hall oscillator device along with the coordinate sys-
tem used in this article. An applied direct electric cur-
rent flowing in HM Pt along the length of the nanowire
(x-direction) leads to a transverse spin Hall current [45]
flowing in the z-direction that is polarized in the —y-
direction. When injected into the FM, the spin Hall cur-
rent applies spin Hall torque to the FM magnetization
[46] and drives auto-oscillatory magnetization dynamics
[7].

The EP-SHO nanowires studied here were patterned
from substrate||seed[HM|FM|cap films deposited by mag-
netron sputtering. We used Pt(7 nm) for the HM layer
and a [Co(0.98 nm)|Ni(1.46 nm)], [Co(0.98 nm) superlat-
tice as the FM layer. The Co|Ni superlattice was selected
for its large anisotropic magnetoresistance (AMR) and
tunability of PMA via the Co and Ni layer thicknesses
[47]. Highly resistive Ta is employed for the seed (3 nm)
and capping (4 nm) layers [48]. Electron beam lithog-
raphy and Art ion milling were used to define 50 nm
wide, 40 pm long nanowires from the film stack. Ta(5
nm)|Au(40 nm)|Ta(5 nm) electric leads were attached to
the nanowire with the inter-lead gap varying from 50 to
450 nm. The spacing between the leads defines the active
region of the nanowire where current density exceeding
the critical value for the excitation of auto-oscillations
can be achieved. Figure 2(b) shows a scanning electron
micrograph of a typical EP-SHO device.

In this article, we study and compare two types of
SHOs: the standard SHO (S-SHO) similar to that shown
in Fig. 1(a) and the EP-SHO. In the S-SHO configura-
tion, moderate-amplitude auto-oscillatory dynamics are
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FIG. 1. Spin Hall oscillator dynamics. (a) Persistent
magnetization dynamics in a conventional spin Hall oscilla-
tor. The spin Hall current js (gray dashed arrow) from heavy
metal (HM) applies spin Hall torque 7 (orange arrow) that
compensates the Gilbert damping torque 74 (dark blue ar-
row) and drives persistent precession (black dashed arrows)
of the FM magnetization M (red arrow). The spin current is
polarized in the plane of the FM film (green arrows) and an
external field H is applied to define the precession axis (large
black arrow), leading to small-angle precession of magnetiza-
tion due to the effective field torque 71 (turquoise arrow). (b)
Easy-plane spin torque oscillator dynamics. In this geometry,
easy-plane magnetic anisotropy is perpendicular to the FM
layer plane and spin Hall current is polarized perpendicular
to the easy plane. Spin Hall torque 75 pulls M out of the
easy plane and the anisotropy torque T, (turquoise arrow)
drives large-amplitude magnetization precession around the
anisotrpy field H, that is perpendicular to the easy plane.

driven by the antidamping spin Hall torque around the
effective magnetic field often dominated by the applied
field H.

The maximum antidamping spin Hall torque efficiency
in this configuration is achieved for a saturating field H
applied parallel to the direction of the spin Hall current
polarization (along the y-axis: 8 = 90°, ¢y = 90°) [49].
However, the maximum efficiency of converting magneti-
zation oscillations to resistance oscillations due to AMR
oscillations is achieved at ¢ = 45°. For this reason,
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FIG. 2. Device schematics and magnetoresistance. (a) Schematic of easy-plane spin Hall oscillator (EP-SHO) based on a
heavy metal (HM=Pt) and a ferromagnetic metal (FM=Co|Ni superlattice) bilayer nanowire. A positive direct charge current
in the HM layer +/4c (black dashed arrow) generates a spin Hall current js (gray dashed arrow) flowing in the z-direction
with its polarization in the —y-direction (green arrows). Spin current js impinging on the FM applies spin Hall torque 7« to
magnetization M and pulls it out of the easy xz-plane. The magnetization then precesses about the easy-plane anisotropy field
H,||y as indicated by black arrows. (b) Scanning electron micrograph of an EP-SHO. The scale bar is 100 nm. (c) Resistance
of the EP-SHO device in (b) as a function of a 4kOe magnetic field direction in the zy-plane measured at T' = 4.2 K.

the external field is usually applied at an angle between
ou = 45° and ¢y = 90° as a compromise [50].

In the EP-SHO configuration, the applied field H is
nearly zero and the energy landscape is dominated by
internal fields: shape anisotropy and PMA. The goal is
to artificially manufacture an easy-plane in the zz-plane,
such that spin Hall current from the Pt underlayer is po-
larized orthogonal to the easy-plane. In this case, the
spin Hall torque pushes the magnetization out of the
easy-plane where it precesses about the effective easy-
plane field, as shown in Fig. 2(a).

Magnetic shape anisotropy for a nanowire of rectan-
gular cross section can be approximately described via
demagnetization fields along the three principal axes:
Hp, = —4nDMy, Hp, = —4rDyM,, and Hp, =
—4n D, M,, where D; are the demagnetization factors and
M; are the magnetization components in the i = x,y, 2-
directions. The saturation magnetization of the Co|Ni
superlattice is estimated from thickness dependent FMR
measurements to be My ~ 997 emucm~—3 (Supplemen-
tary Note S2). The demagnetization factors for the
Co|Ni nanowire used here can are calculated using an-
alytical expressions derived in ref. [51]: Dy = 1.4 x 1074,
Dy, = 0.121, and D, = 0.879. Upon patterning the
nanowire, the y-axis becomes a hard magnetic axis with
a maximum demagnetization field of Hp, = 1.52 kOe,
while the z-axis has a maximum demagnetization field of
only a few Oe. The demagnetization field in the direction
perpendicular-to-the-film plane is Hp, = 11.0 kOe. The
PMA field Hppa is always in the opposite direction as
Hp,; therefore to achieve an easy xz-plane, we require
the Hpypa = Hp, = 11.0 kOe in order to compensate the
demagnetization field along the z-axis.

To characterize the Hpya in the magnetic multilayers
used here, we made broadband ferromagnetic resonance
measurements (FMR) [52] prior to patterning of the mul-
tilayers into the nanowire devices. Using these measure-

ments, we adjusted the Co and Ni layer thicknesses such
that the sum of Pt|Co and Co|Ni interfacial PMA con-
tributions at room temperature is less than, but nearly
compensates the demagnetization field in the z-direction,
as described in Supplementary Note S2. Furthermore, we
find the PMA of the multilayer increases by 12% upon
cooling from 295 K to 4.2 K as discussed in the Supple-
mentary Note S3. For this reason, the equilibrium direc-
tion of magnetization in our nanowire devices at 4.2 K
is along the z-axis. However, this uniaxial anisotropy
is small and the dominant anisotropy is the easy-xz-
plane anisotropy. Furthermore, this small z-axis uniaxial
anisotropy can then be continuously tuned by temper-
ature from easy-z-axis to easy-z-axis, achieving perfect
easy-xz-plane anisotropy at the transition temperature.
In this work, we tune the temperature via Joule heating
by the applied direct current.

In this article, we report measurements of a SHO de-
vice with an active region length [ = 145 nm made at T' =
4.2 K. Figure 2(c) shows the resistance of the EP-SHO
device as a function of in-plane angle ¢y (g = 90°) of
applied magnetic field H = 4kOe and a small probe cur-
rent of Igc = 0.1mA. From measurements of a similar
device, we find the magnetoresistance to be due to both
AMR and spin Hall magnetoresistance (SMR) [53, 54]
with approximately equal contributions.

Microwave emission experiment.

The auto-oscillatory magnetization dynamics in SHO
devices are excited by spin Hall torque [55] from a direct
current I4. exceeding a critical value I.. These magneti-
zation auto-oscillations give rise to the device resistance
oscillations due to AMR and SMR with the amplitude
0R,. and to a microwave voltage with the amplitude
Vac ~ I4cORac [56].

We first study the S-SHO configuration shown in
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FIG. 3. Microwave signal emission. Power spectral density (PSD) of microwave signal generated for the (a) high-field S-
SHO configuration and (b) low-field EP-SHO configuration. Integrated power for the (¢) S-SHO and (d) EP-SHO. Amplitude

of resistance oscillations for the (e) S-SHO and (f) EP-SHO.

Fig. 1(a) achieved by application of a large magnetic field
H = 2.2 kOe in the plane of the sample at ¢y = 68°,
fu = 90°. Figure 3(a) shows power spectral density
(PSD) measured in this S-SHO configuration as a func-
tion of I4.. The dynamics show a blue frequency shift
with increasing I4. above the critical current I, = 1 mA.
The observed blue frequency shift is a nonlinear effect
expected for the case of a saturating magnetic field ap-
plied perpendicular to the easy plane [24, 57]. Figure 3(c)
shows the total integrated microwave power P generated
by the SHO as a function of I4.. The integrated power
versus Iq. is non-monotonic and peaks at P = 74 pW
near I4. &~ 2.15mA. All values of microwave power given
in this article are those delivered a standard 50 2 load.

We next measure the same device in a nearly zero
external magnetic field — a configuration allowing us
to achieve the EP-SHO regime of operation. In the
EP-SHO configuration, the energy landscape is domi-
nated by PMA and the shape anisotropy fields. Fig-
ure 3(b) shows measured PSD as a function of I. for
H =140 0Oe and (¢y = 188°); similar results were found
for other small applied field values. A low frequency
auto-oscillatory mode labelled m1 is excited for currents
exceeding Ig. = 1.8mA. In contrast to the standard
high-field SHO regime, the emission frequency initially
red-shifts with increasing I4. and reaches a minimum of
0.78 GHz at Iq. ~ 2.44mA. For Iy. > 2.44mA, the
emission frequency blue-shifts. Figure 3(d) shows the
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Figures show zz-plane side view of nanowire device.

Dashed ellipsoids show

constant energy contours of magnetization in the easy xz-plane and double-headed arrows indicate easy-axis. (a) When the
perpendicular anisotropy field Hpma is larger than the demagnetization field Hp,, z-axis is an easy axis within the dominant
xz easy plane. (b) When Hpma = Hp,, perfect easy plane anisotropy is realized in the xz plane. (¢) For Hpma < Hp,, x-axis

is an easy axis within the dominant xz easy plane.

integrated power of the SHO in this low-field regime
as a function of I.. A non-monotonic dependence of
microwave emission power is observed with the maxi-
mum value of 217 pW reached at I3, = 2.39mA, near
the frequency minimum. We also observe 2nd and 3rd
harmonics of the mode m1, labelled as m2 and m3 in
Fig. 3(b). The presence of the harmonics is indicative of
large-amplitude nonlinear oscillations of magnetization.
A higher order mode not harmonically related to ml is
observed at frequencies near m2 and ma3.

The non-monotonic SHO frequency dependence on 4
in the low-field regime of Figure 3(b) is due to tun-
ing of Hpyma by Joule heating, which alters the en-
ergy landscape in the zz-plane as shown in Fig. 4.
With increasing temperature, the PMA is reduced. For
Iqe < 2.4mA, the perpendicular anisotropy field domi-
nates the z-axis demagnetization field Hpya > Hp, and
the energy landscape can be described as a dominant
easy zz-plane anisotropy with a secondary easy z-axis
anisotropy within the zz-plane, as shown in Fig. 4(a).
For Iq. > 2.5mA, the reduced Hpya can no longer com-
pensate Hp,, and the energy landscape becomes easy-xz-
plane with a secondary easy x-axis, as shown in Fig. 4(c).
The perfect easy xz-plane characterized by Hpma = Hp,
is achieved at the value of I, = 2.5mA as shown in
Fig. 4(b). Figure 3 shows that the microwave power
P = 217 pW in this EP-SHO regime is significantly en-
hanced compared to the maximum power P = 74 pW in
the S-SHO configuration.

The amplitude of resistance oscillations d R, (0RLT*® =
8Rac/V/2) shown in Figs. 3 (e) and (f) for the S-SHO and
EP-SHO respectively are calculated as [19]:

R (Iac) + Rso ( 2P >% W
[ Tac| Rso

where Rso = 50 is the load impedance and R (I4.) is
the resistance of the nanowire at current Iy, (Methods).

O0R =

Micromagnetic simulations. Micromagnetic simula-
tions of current-driven magnetization dynamics for both

the S-SHO and the EP-SHO configurations are carried
out using Mumax3 micromagnetic code [58] at T'= 0 K.
Geometry, cell-size, and material parameters used in
these simulations are listed in Methods and experimen-
tal measurement of material parameters are discussed in
Supplementary Note S2. Technical details of the simula-
tions are given in Supplementary Note S3.

Spin Hall torque is applied to the 145 nm long ac-
tive region in the middle of the nanowire. In addition,
we account for current-induced Oersted field and Joule
heating. The Oersted field applied to the FM magne-
tization in the —y direction arises from electric current
in the Pt layer. In Supplementary Note S3, we show
that the magnitude of this field is 66.9 Oe per mA I4c.
We also take into account current-induced reduction of
Hpya via Joule heating in the SHO active region. Out-
side the active region, we assume PMA to be equal to its
film value at T' = 4.2 K, Hppya = 11.7kQOe. This value
of PMA results in z-axis being the easy axis within the
easy-xz-plane outside of the active region. In the active
region, Hpya is assumed to be a linearly decreasing func-
tion of I4. with the experimentally determined slope of
—494 OemA ! as described in the Supplementary Note
S3. The combination of the Oersted field and reduced
Hpyma in the active region creates a magnetic potential
well for spin waves, resulting in localization of the auto-
oscillatory dynamics to the active region as observed in
our simulations.

We first simulate the S-SHO configuration by apply-
ing in-plane external field H = 2.2kOe at ¢y = 68° and
fu = 89.9°. The tilt of the external field by 0.1° away
from the film plane is used to eliminate simulation arti-
facts possible in highly symmetric systems. The system
is initialized to uniform magnetization along ¢y and then
relaxed to its minimum energy state prior to turning on
the spin Hall torque. We conduct a series of simulations
for applied currents in the range from Ig. = 0.5mA to
3.0mA. The resulting « and y components of the dy-
namic magnetization, m, (t) and m,, (t), are used to cal-
culate variation of the sample resistance with time due
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to AMR and SMR,
Rac (t) = ARanr (my (8))? — ARsur(my ()2, (2)

where ARavr = 0.4 is the experimentally measured
magnitude of AMR, ARgyr = 0.4 is the experimen-
tally measured magnitude of SMR and (...) represents
averaging over the active region of SHO.

Figure 5(a) shows the spectra of the current-driven
auto-oscillatory dynamics calculated via fast Fourier
transforms (FFT) of R, (¢). This figure shows that auto-
oscillatory dynamics appears at Iq. exceeding 1.25 mA.
The magnitude of the resistance oscillations strongly in-
creases when Iy, exceeds 2.25mA. For Iq. > 2.25mA,
the observed auto-oscillatory mode exhibits a nonlinear
blue frequency shift. Figure 5(c) shows the amplitude of
resistance oscillations d R,. versus Iqc.

Simulations in the EP-SHO dynamics were made for
H = 1400e, ¢y = 188°, and Oy = 89.9°. These simu-
lations revealed bi-stable behavior of the system in the
presence of Iq.: at a fixed current above the critical,
the system can be either in a dynamic state of large-
amplitude magnetization oscillations or in a static state.
Example of this behavior is shown in Supplementary Fig.
S5. We thus expect that the system may exhibit random
telegraph switching between the dynamic and the static

states. While such switching is detrimental to the oper-
ation of this device as a coherent microwave source and
must be suppressed via design improvements, it may be
beneficial for operation of the device as a neuron because
small external stimuli result in large-amplitude output
voltage spikes [10, 32, 34]. This type of random telegraph
noise between large-amplitude dynamics and static states
has been previously observed in spin transfer torque os-
cillators based on nanopillar spin valves [59].

The bi-stability of the dynamic and static states in the
EP-SHO regime warrants the use of time domain anal-
ysis described in the Supplementary Note S3 instead of
the FFT analysis in order to determine the amplitude of
magnetization and resistance oscillations in the dynamic
state. Fig. 5(b) shows the bias current dependence of the
auto-oscillation frequency determined from this analysis.
The data reveals a frequency minimum arising from the
heating-induced rotation of the easy axis between z and
x axes. These simulation data are in excellent agreement
with the experiment as illustrated by the nearly perfect
overlap of the micromagnetic and experimental data in
Fig. 3(b).

Figure 5(d) shows the amplitude of resistance oscilla-
tions d R, versus Iq. given by our micromagnetic simu-
lations in this EP-SHO regime (see Supplementary Note



S3 for details). The data show that the amplitude of
resistance oscillations is maximized near the frequency
minimum where the perfect easy-xz-plane anisotropy is
realized. This non-monotonic dependence of the ampli-
tude of auto-oscillations on Iy, is expected for the EP-
SHO dynamics and is consistent with the experimental
data in Fig. 5(d).

Supplementary Movie 1 shows spatially resolved
time evolution of current-driven magnetization dy-
namics given by our micromagnetic simulations for
Iqe = 2.44mA, which corresponds to the maximum of
O0Rac(Igc). Figure 6(a)-(c) show three snapshots from
this Movie within one period of the auto-oscillations.
Figure 6(a) shows the dynamic micromagnetic state in
the active region at ¢ = 20.18 ns after application of
spin Hall torque. At this time, the magnetization in the
active region points predominantly in the +z-direction.
The magnetization in the active region subsequently pre-
cesses towards the +z-direction, as shown in Fig. 6(b)
at t = 20.69ns. These dynamics are consistent with
those expected for an ideal EP-SHO shown in Fig. 1(b).
The next expected stage of the ideal EP-SHO dynamics
is precession of magnetization towards the —z-direction.
Instead of these ideal dynamics, the magnetization of the
nanowire EP-SHO rotates towards the —y-direction, as
shown in Fig. 6(c) at ¢t = 20.93 ns. From here, the mag-
netization precesses towards the —z-direction before re-
turning to the +z-direction just like in the case of the
ideal EP-SHO in Fig. 1(b). This precession cycle repeats
with small cycle-to-cycle variations of the micromagnetic
states, as may be expected for a nonlinear dynamical sys-
tem with many degrees of freedom [60].

Supplementary Movie 2 shows the auto-oscillatory dy-
namics of the magnetization vector averaged over the EP-
SHO active region. Figure 6(d) displays a frame from this
Movie showing the path traced by the averaged magne-
tization vector for two consecutive cycles of precession.
Fig. 6(d), illustrates that large-angle dynamics expected
for an EP-SHO are indeed excited by spin Hall torque.
However, compared to the ideal EP-SHO, these dynam-
ics are limited to the +z half-space. This departure from
the ideal EP-SHO dynamics is due to exchange coupling
to the static magnetization outside of the active region
that is magnetized along the +z-direction. Supplemen-
tary Movie 3 and Supplementary Fig. 6 show the corre-
sponding S-SHO auto-oscillatory dynamics of the mag-
netization vector averaged over the S-SHO active region.

Discussion

Our experimental data in Fig. 3 demonstrate that the
easy-plane regime of SHO operation results in a signif-
icant power boost compared to the conventional SHO
regime. For the nanowire SHO geometry, we observe a
power increase by a factor of three in the EP-SHO regime.
Micromagnetic simulations of magnetization dynamics
for the EP-SHO and the S-SHO regimes are in quali-
tative agreement with the experimental observations.
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FIG. 6. Micromagnetic snapshots of EP-SHO auto-
oscillations at Isc = 2.44mA. (a) magnetization stars
from predominantly +z-direction at ¢ = 20.18ns, (b) then
precesses towards the +z-direction at ¢ = 20.69ns, (c) and
subsequently rotates towards the —y-direction at ¢ = 20.93 ns.
Black dashed lines indicate boundaries of the active region.
(d) Average magnetization of the active region traced over
two periods of auto-oscillations.

We find full quantitative agreement between the mea-
sured and simulated dependence of the EP-SHO gener-
ation frequency as a function of direct current bias I4.
as shown in Fig. 3 (b). The frequency minimum in these
data is observed at the bias current corresponding to the
perfect easy-xz-plane anisotropy achieved via PMA tun-
ing by Ohmic heating.

The experimentally measured dependence of the am-



plitude of resistance oscillations d R,. on I4. in the EP-
SHO regime shown in Fig. 3(f) is qualitatively simi-
lar to that given by the simulations in Fig. 5(d): in
both cases the auto-oscillation amplitude maximum is
observed near I4. corresponding to the perfect easy-xz-
plane anisotropy. However, the experimentally measured
auto-oscillation amplitude is higher than that predicted
by the simulations. We attribute this discrepancy to
weak exchange coupling between crystallographic grains
of the FM film. The reason for the auto-oscillation am-
plitude being limited to the 4z half-space in the simula-
tions is strong exchange coupling to static magnetization
outside of the active region. Therefore, a decrease of ex-
change coupling to the static magnetization is expected
to extend the auto-oscillatory dynamics into the —z half-
space, increase § R, and bring the auto-oscillations closer
to the ideal EP-SHO shown in Fig. 1(b). Recent stud-
ies clearly demonstrate significant granularity in Co|Ni
superlattices deposited by magnetron sputtering and the
associated weakening of the inter-grain exchange in such
films [61].

A recent paper [34] presented micromagnetic simula-
tions of auto-oscillatory dynamics in a geometry simi-
lar to that studied here. The auto-oscillatory dynamics
found in these simulations are similar to those in an ideal
EP-SHO shown in Fig. 1(b). These simulations assume
the same value of PMA in the active region and outside
of the active region, which is challenging to realize due
to the enhanced Ohmic heating of the active region. Our
simulations show that inclusion of the enhanced heating-
induced PMA reduction in the active region may decrease
the amplitude of the auto-oscillations of EP-SHO com-
pared to the ideal case.

We also find qualitative agreement between the exper-
iment and simulations for the high-field S-SHO regime.
The frequency in the S-SHO regime is found to blue shift
with increasing Iq. in the experiment (Fig. 3 (a)) and a
clear blue frequency shift is seen in the simulations for
Iqc > 2.25mA as shown in Fig. 5(a). This blue shift is
a nonlinear dynamical effect expected for a spin torque
oscillator with an easy plane magnetic anisotropy and
saturating applied magnetic field with a large component
perpendicular to the easy plane [24, 57].

However, the auto-oscillation frequency seen in the ex-
periment is approximately 1 GHz higher than that pre-
dicted by the simulations. This discrepancy is explained
by the assumption of ideal magnetic edge of the nanowire
used in the simulations: the simulations assume that the
FM material properties at the nanowire edge are the same
as in the middle of the wire. This assumption has been
previously shown to be incorrect in real devices [19, 62]
due to the non-ideal properties of the magnetic edge such
as edge roughness [63] and magnetic edge dilution [64]. Tt
has been previously shown that the experimentally mea-
sured frequency of spin wave modes in transversely mag-
netized thin-film nanowires are higher than expected due
to the magnetic edge modification [65]. The magnetic
edge modification is also likely to be responsible for de-

viations of the measured S-SHO frequency from the sim-
ulations in the low bias current regime Iq. < 2.25mA.
The magnetic edge modification has the largest impact
on the spin wave frequency for magnetization saturated
near the y-axis [65]. This is the reason for a much smaller
impact of this effect on auto-oscillation frequency in the
EP-SHO regime.

In the high-field regime of S-SHO operation, the
simulations predict a continuous increase of the auto-
oscillation amplitude dR,. with increasing Iq. up to
the largest currents used in the simulations as shown
in Fig. 5(c). In contrast, the experimentally measured
OR.c(Iqc) shown in Fig. 3 (e) has a maximum near I3, =
2.15mA. The experimentally observed non-monotonic
dependence dR,.(l4c) is consistent with previous studies
of S-SHOs [7, 50]. The decrease in the auto-oscillation
amplitude in the high current regime has been previ-
ously observed in S-SHO nanowire devices and explained
[21] via nonlinear magnon scattering [66] of the auto-
oscillatory mode to thermal magnons. The population
of thermal magnons increases in the high-current regime
due to the unavoidable Joule heating, resulting in an
enhancement of the nonlinear scattering from the auto-
oscillatory mode and the associated decrease of its am-
plitude.

Micromagnetic simulations do not account for thermal
magnons, and thus the auto-oscillation amplitude con-
tinues to increase with increasing I4. in the simulations
as shown in Fig. 5(c). It has been demonstrated that
nonlinear magnon scattering in S-SHOs increases with
increasing ellipticity of the spin wave modes [25]. Given
the nearly easy-zz-plane character of anisotropy in our
SHO devices, one may expect low ellipticity of spin wave
modes and thus low nonlinear scattering rates in the stan-
dard mode of the SHO operation when magnetic field is
applied along the y-axis. However, magnetic field in our
experiment is applied at a significant angle with respect
to the y-axis (¢u = 68°) and its magnitude is similar to
the easy-xz-plane anisotropy field. This results in a sig-
nificant ellipticity of spin wave modes in the system and
turns on the nonlinear scattering to thermal magnons.
For this reason, the auto-oscillatory mode amplitude in
the high-current regime decreases with increasing Iy, as
seen in the experimental data in Fig. 3 (e).

Three major pathways to enhance the microwave
power output of spin-orbit torque oscillators are: (i) in-
crease the amplitude of magnetization auto-oscillations,
(ii) increase conversion efficiency of magnetic oscillations
into electric microwave signal and (iii) take advantage of
phase locking in arrays of spin torque oscillators to har-
ness phase coherence of their collective dynamics. While
it is likely that the ultimate future high-power spin-
orbit torque oscillator devices will combine all three ap-
proaches, an important immediate task is to find optimal
solutions to all three individual approaches prior to com-
bining them into a device with the ultimate high-power
performance. It is interesting to note that this problem
has been largely solved for spin transfer torque oscilla-



tors where the large amplitude of magnetization oscil-
lations is achieved in vortex-based oscillators [67], high
conversion efficiency is achieved via tunneling magneto-
resistance (TMR) in MTJs [68] and phase locking of sev-
eral of vortex oscillators has been demonstrated [69, 70].
Achieving this degree of success is a grand challenge for
spin-orbit torque oscillators. If realized, this goal can
lead to high-power spin-orbit torque oscillator devices
that are more energy-efficient than spin transfer torque
oscillators and operate at higher microwave frequencies
than vortex-based oscillators.

Our experimental demonstration of an EP-SHO
solves the problem of achieving large-amplitude auto-
oscillations in a single spin-orbit torque oscillator. A
common approach to increasing the amplitude of mag-
netic auto-oscillations in spin transfer torque devices is
excitation of auto-oscillations of a magnetic vortex [67].
However, vortex oscillators driven by spin Hall torque
have not been realized due to the direction of the current
polarization being in the FM|HM bilayer plane. The ar-
tificial easy-plane approach shown to work in this paper
presents a practical solution for large-amplitude SHO de-
vices.

Recently, tunable PMA in a SHO based on a Pt|Co|Ni
multilayer was used to decrease the detrimental nonlinear
magnetic damping via minimizing the ellipticity of mag-
netization precession [25]. This SHO based on a 0.5 ym
diameter disc was shown to operate with small nonlinear
damping in the standard high-field SHO regime. How-
ever, the disc geometry does not support the artificial
easy-rz-plane anisotropy demonstrated in this work.

High conversion efficiency of magnetic auto-oscillations
into electric microwave signal can be achieved in SHO
devices with high magnetoresistance. To this end, the
most promising approach is SHOs utilizing TMR, such as
3-terminal devices where a nanoscale MTJ is patterned
on top of the HM material [7, 71]. In such SHOs, the
drive and the readout currents can be separately con-
trolled, which allows for low power consumption com-
bined with high output power. Another promising ap-
proach to boosting SHO output power while keeping
Ohmic losses low utilizes current-in-plane giant magne-
toresistance in a 2-terminal device [50]. This approach
takes advantage of the identical angular symmetries of
spin Hall torque giant magnetoresistance to simultane-
ously maximize the amplitude of resistance oscillations
and spin Hall torque efficiency.

Finally, phase locking in one- and two-dimensional ar-
rays of SHOs [14, 72] has been experimentally demon-
strated to significantly boost the SHO output power.
Therefore, with the addition of the present work, all
three individual components needed for making high-
power SHO oscillator systems have been experimentally
demonstrated. We thus expect that integrated SHO de-
vices capable of generating the ultimate high microwave
power are now within reach.

In conclusion, our work provides the first experimen-
tal realization of an easy-plane spin Hall oscillator. This

oscillator can operate without a bias magnetic field and
generate high output microwave power due to the large-
amplitude of resistance auto-oscillations excited by spin
Hall torque. The easy plane magnetic anisotropy per-
pendicular to the film plane is engineered via tuning the
nanowire shape anisotropy and interfacial perpendicular
magnetic anisotropy. Our micromagnetic simulations of
the oscillator performance are in good qualitative agree-
ment with the measurements. Our results set the stage
for the development of artificial spiking neuron driven by
spin Hall torque [34] and for further enhancement of the
oscillator output power via integration with a tunneling
magnetoresistance readout [7].

Methods

Sample description. The multilayer films were de-
posited by dc magnetron sputtering on AloO3(0001) sub-
strates in 2 mTorr of Ar process gas. Highly resistive,
amorphous Ta seed layer was used to reduce film rough-
ness and absorb spin Hall current from Pt propagating
opposite to the Co|Ni superlattice. The highly resistive
Ta cap was used to prevent oxidation of the Co|Ni. The
multilayers were patterned into 50 nm wide, 40 pm long
nanowires by means of electron-beam lithography using
DOW-Corning HSQ negative resist and Ar ion mill etch-
ing. The electrical leads to the nanowire were patterned
via electron-beam lithography using a methyl methacry-
late /poly(methyl methacrylate) positive resist bilayer fol-
lowed by the sputter deposition of Ta(5 nm)/Au(40 nm)/
Ta(5 nm) and liftoff. The spacing between the leads de-
fined a SHO active region ranging in length from 50 nm
to 450 nm long in the central part of the nanowire.
Microwave emission measurements. The microwave
power emitted from the SHO was detected using a stan-
dard circuit based on microwave spectrum analyser [56].
A direct current I4. was applied to the sample through
the low-frequency port of a bias tee. The signal from
the SHO was amplified by a low-noise microwave ampli-
fier with 45dB gain, applied to the high-frequency port
of the bias tee and recorded by the microwave spec-
trum analyzer. For these measurements, the sample
was placed in a He flow cryostat at a bath temperature
of T = 4.2K. The values of the microwave power re-
ported here are those delivered to a 502 load with the
frequency-dependent circuit attenuation and amplifica-
tion calibrated out. Resistance oscillations are calculated
by treating the SHO as a mismatched microwave genera-
tor connected to a 50 €2 transmission line terminated with
matched load (spectrum analyzer) [73].

Micromagnetic simulations. Micromagnetic simula-
tions were made using the Mumax3 software. We simu-
late a 4 pm x 50 nm X 5.85 nm ferromagnetic nanowire
composed of 2048 x 16 x 1 micromagnetic cells repre-
senting the length, width, and thickness, respectively.
The simulations were made using the experimentally de-
termined material parameters of the Co|Ni superlattice:
saturation magnetization M, = 997 emucm 3, Gilbert
damping o = 0.027, and Landé g-factor g = 2.18.



Exchange constant Ae = 1 x 107 %ergem™! and spin
Hall angle fsg = 0.07 were used. Constant PMA of
Hpya = 11.7kOe was used outside of the SHO active
region. Current-dependent PMA was used in the SHO
active region to capture the effects of Joule heating on
anisotropy (see Supplementary Note S3 for details).

Data availability
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cluded in this published article and are available from the
corresponding author on reasonable request.
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Supplementary Note 1: Multilayer film deposition

Pt7 nm

Ta3 nm

Al,05(0001)
Supplementary Fig. 1. Multilayer film wused in
this work. FM layer is a Co|Ni supperlattice

[Co(dco)|Ni(dni)], |Co(deo), where dni = 1.5dco are the
thickness of the individual Ni and Co layers. The FM thick-
ness dru is given by the total thickness of the Co|Ni supper-
lattice. Note: individual layer thicknesses are not to scale.

Multilayer films were deposited by magnatron sputter-
ing on Al;O3(0001) substrates at room temperature in 2
mTorr Ar. The base pressure of the deposition system
was below 3.0 x 1078 Torr. Supplementary Fig. 1 shows
a cartoon representation of the multilayer films used in
this paper. A 3 nm Ta seed layer was used for all sam-
ples to promote smooth multilayer growth [1] and 4 nm
Ta capping layer was used to prevent oxidation of the
ferromagnetic layers. A 7 nm thick Pt layer served as
the spin Hall heavy metal (HM) for all samples.

The ferromagnetic metal (FM) was a Co|Ni super-
lattice [Co(dco)|Ni(dni)l, |Co(dco), where do, and dyi
are the thickness of the individual Co and Ni layers.
We fix the individual relative Co and Ni thicknesses to
dni = 1.5d¢c, and vary the total superlattice FM thick-
ness dpy to determine magnetic anisotropy and damp-
ing properties at the film-level as described below. Note
the total thickness ratio of Co:Ni is 1:1, as there are 3
Co and 2 Ni layers in total. Using the anisotropy and
damping optimization described in the next section, we
select the final film stack of Al;O3(0001)||Ta (3 nm)|Pt (7
nm)| [Co(0.98 nm)|Ni(1.46 nm)], |Co(0.98 nm)|Ta (4 nm)
to pattern into nanowires as described in the Methods

section of the main article. The total FM thickness is
dFM = 5.85 nm.

Supplementary Note 2: Broadband ferromagnetic
resonance

We employed a conventional broadband ferromag-
netic resonance (FMR) technique to measure magnetic
anisotropy and magnetic damping at the film level [2].
All film-level FMR measurements were performed at dis-
crete frequencies in a field swept, field modulated configu-
ration using a broadband microwave generator, coplanar
waveguide, planar-doped detector diode, and lock-in am-
plifier, as detailed in Ref.[3]. The measured FMR data
are described by an admixture of the X, and X“ compo-
nents of the complex transverse magnetic susceptibility,
X = X/ + iXN. The FMR data are fit as described by
Ref. [3].

The FMR magnetization dynamics are well described
by the Landau-Lifshitz-Gilbert (LLG) equation:

aé\j:—'y[Mchﬁ]—i—a[Mx(‘Z?], (S1)
where M is the instantaneous magnetization vector with
magnitude My, m is the unit vector parallel to M, Heg
is the sum of internal and external magnetic fields, v =
gus/h is the absolute value of the gyromagnetic ratio,
g is the Landé g-factor, up is the Bohr magneton, f is
the reduced Planck constant, and « is the dimensionless
Gilbert damping parameter.

A. Interfacial perpendicular magnetic anisotropy

The Co|Ni supperlattice films are polycrystalline and
were found to display negligible in-plane anisotropys;
therefore, the in-plane ferromagnetic resonance condition
is well described by:

2
w
<7> = (Hrmr) (Hpumr + 47 Meg) (52)
where w = 27 f is the microwave angular frequency,
Hpyr is the resonance field,
47‘(‘Mcff = 47TDZMS - HPMAa (83)

where Mj is the saturation magnetization, D, is the de-
magnetization factor for the z—axis, and Hpya is the



a6 b 200
] |
1 150
5] -
- j)
< 34 S 100
B I
z 3 J
T 2-
- 50 -
1— -1
0 L) l L) l L) l 'l 0 L) l L) l L) l 'l
0 5 10 15 20 0 5 10 15 20

frequency (GHz) frequency (GHz)

Supplementary Fig. 2. Ferromagnetic resonance field
and linewidth. Ferromagnetic resonance (a) field Hrmr
and (b) linewidth AHrwmr as a function of frequency.

uniaxial perpendicular anisotropy field [4]. For an ex-
tended ultrathin film, D, ~ 1 [5]. The first term on the
right-hand-side of Supplementary Fig. S3 represents the
demagnetization field that is present when the extended
film magnetization direction lies perpendicular-to-film-
plane (z—axis). The demagnetization field acts to force
the magnetization in the film plane and is proportional
and opposite in direction to the z—component of mag-
netization, Hp, = 4wD,M,. Hpyma acts opposite to the
z—axis demagnetization field, forcing the magnetization
perpendicular-to-film-plane. We find that in our samples
the bulk contribution to PMA is negligible and that the
interfacial contributions from the Co|Pt and Co|Ni in-
terfaces dominate [6]. The total uniaxial perpendicular
anisotropy field is given by [4]:

2K L,
Mden’

(S4)

Hpyia =

where Kd-’s is the total interfacial perpendicular-to-film-
plane uniaxial anisotropy energy.

First we used room-temperature FMR measurements
of the dependence of 47M.g on FM thickness dpy to
quantify the perpendicular anisotropy. Supplementary
Fig. 2(a) shows example data of Hpyr as a function of
frequency for the film used to make the device described
in the main article. The data are fit using equation S2
to extract 47 Mg and g; the solid line in Supplementary
Fig. 2(a) is the resulting fit. We find that all samples
have g ~ 2.18. Supplementary Fig. 3(a) shows 47 Mg as
a function of the inverse FM film thickness 1/dgy. The
solid line is a fit using Supplementary Fig. S3 and S4 with
D, = 1, which is used to extract the magnetic material
parameters 47 Mg = 12.5kOe (Mg = 997 emucm~3) and
Kis = 2.9ergcm~2. We find that experimentally deter-
mined saturation induction is in good agreement with an
expected value of a Co|Ni superlattice 47w My = 12.0kOe
(Ms = 953 0e), which is estimated by taking volume
weighted average of bulk M; for Co and Ni: 1422 Oe
and 484 Oe, respectively [7]. Note the thickness ratio 1:1
for Co:Ni gives a volume ratio of 1:1; therefore, the esti-
mated Mj is simply the average of that of Co and Ni in
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Supplementary Fig. 3. Magnetic anisotropy versus in-
verse ferromagnetic film thickness. (a) Effective satu-
ration induction 47 Meg and (b) corresponding perpendicular
anisotropy field Hpma as a function of inverse FM thickness
1/dpm. A positive 41 Mg indicates a magnetic easy plane co-
inciding with the film plane, while a negative value indicates
a magnetic easy perpendicular-to-film axis.

our particular case. We have plotted the bulk-like value
as the horizontal dashed line in Supplementary Fig. 3(a).
Supplementary Fig. 3(b) shows Hpya as a function of

B. Magnetic damping

The measured FMR linewidth defined as half-width of
the resonance curve [3] is well described by Gilbert-like
damping,

AH(w) = a% + AH(0), (S5)

where AH(0) is the zero-frequency line broadening due
to long-range magnetic inhomogeneity [5, 8].
Supplementary Fig. 2(b) shows data of AH as a func-
tion of frequency for the dpy = 5.85 nm film used to
make the devices in the main article. The data are fit us-
ing equation S5 to extract the parameters o = 2.7 x 1073
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Supplementary Fig. 4. Temperature dependence of mag-
netic anisotropy. (a) Effective saturation induction 47 Meg
and (b) corresponding perpendicular anisotropy field Hpwna
as a function of bath temperature T'.

and AH(0) = 90e. This damping parameter is used in
the micromagnetic simulations.

C. Temperature dependence of perpendicular
anisotropy

We carried out FMR measurements in a continuous
flow “He cryostat to determine the temperature depen-
dence of perpendicular anisotropy in the Co|Ni super-
lattice. Supplementary Fig. 4(a) shows the saturation
induction 47rM.g for a dpyy = 6nm film as a func-
tion of bath temperature T'. Supplementary Fig. 4(b)
shows the corresponding change in uniaxial perpendic-
ular anisotropy field Hpyma (7). We find that the per-
pendicular anisotropy increases approximately linearly in
temperature by 12% upon cooling from 295K to 4.2 K.
We additionally measured device resistance R as a func-
tion of bath temperature T at a small probe bias cur-
rent of I4. = 0.1 mA. We subsequently use these R(T)
data to estimate the nanowire device temperature from
its resistance (T'(R)) when large I4. is applied to the de-
vice resulting in significant Ohmic heating (R(I4.)) (in

e.g. SHO microwave emission measurements). Combin-
ing the measurements of Hpypa (T), T(R) and R(I4c), we
establish the bias current dependence of the perpendic-
ular anisotropy field Hpya (Iqe) used in the micromag-
netic simulations of current-induced magnetization auto-
oscillations in nanowire SHOs.

Supplementary Note 3: Micromagnetic simulations

A. Device geometry and materials parameters

Micromagnetic simulations are carried out using Mu-
Max3 micromagnetic simulator [9] at zero temperature
(T = 0K) with experimentally determined material pa-
rameters: saturation magnetization My = 997 emu cm 3,
Gilbert damping o = 0.027, and Landé g-factor g = 2.18.
We assume an exchange constant Aq, = 1 x 1075 erg/cm
[10].

The simulation geometry consists of a nanowire with
total length I = 4 pm, width w = 50nm, and thick-
ness dpy = 5.85nm. Spin Hall torque is applied to the
145 nm long active region at the center of the nanowire
lenghtwise. The micromagnetic system is composed of
2048 x 16 x 1 cells, yielding cell sizes of 1.95 x 3.13 X
5.85nm3. At the lengthwise ends of the wire we have im-
plemented absorbing boundary conditions via ramping
up the damping parameter. We conducted preliminary
relaxation simulations with varying K is to determine the
value in which the nanowire easy axis transitions to out
of plane. We found that the relaxed magnetization of the
entire nanowire undergoes transition from in plane to out
of plane from K-, = 2.895 erg cm ™2 (Hpya = 9.927kOe)
to Ky, = 3.050ergem™2 (Hpya = 10.46kOe), which
agreed well with our experimental results. The perpen-
dicular magnetic anisotropy outside the active region and
in the active region at zero bias current is taken to be
Kul,s = 3.4ergem™2 (Hpya = 11.7kOe), resulting in an
easy-z-axis similar to the experiment.

B. Current induced effects

The spin Hall torque resulting from the charge current
flowing in the Pt layer is calculated using the Slonczewski
spin torque solver available within the Mumax3 software.
The spin Hall torque magnitude is set by the value of
spin Hall angle sy = 0.07 and electric current density
flowing in the Pt layer. The spin Hall angle was tuned
to the value sy = 0.07 to match the experimental onset
of auto-oscillations for low and high field SHO operation.
This value matches well the intrinsic value measured by
Wang et al. [11] (fsg = 0.068) and is within the range
measured for sputtered Pt thin films [12]. For positive
I4c, the spin current is polarized in the —y direction. The
charge current density in Pt is calculated from the wire



cross sectional area and the estimated fractional current
flow through Pt, which for similar nanowires was found
to be IVt = 0.714c [13].

We also include an Oersted field Hoe(z) parallel to
the y axis that scales with charge current in Pt IFt. We
estimate the Oersted field applied to the FM layer as that
produced by a thin Pt ribbon with uniform sheet current
density, taking the y-axis component [14]:

0.713. = Ty
Hoe (y,2) = — [ arctan [ 2
0 (1:2) w  27|z| (arc an( 2] )

5ty 47 Oem
+arctan( B 000 4 ) (S6)

Here the origin of the y- and z-axes are taken to be the
geometric center of the Pt layer cross-section. The coor-
dinate system matches that in the main text (see main
text Fig. 2(a)): x-axis along the length of the wire (pos-
itive Iy, flows in positive z-direction), z-axis normal to
the substrate surface, and y-axis in-plane and perpendic-
ular to the nanowire.

In the simulations, we apply a uniform Ho, in the ac-
tive region taken from Ho, (y, z) averaged over the cross-
section of the FM wire:

1 dFM+d% 5
Hoo=—— |, Hoe (y,2) dydz.  (S7)
wdpy J dpe

wlg

We therefore set the Oersted field in the active region to
scale with I3, as 66.9 Oe per mA. From the temperature
dependent anisotropy and resistivity data we determined
that Hpya (Kj,) shifts by —493 Oe (—0.1438 erg cm™?)
per mA for Ij. near the magnetic reorientation transi-
tion. The combination of the Oersted field and current-
dependent Hpma (K ) in the active region creates a
magnetic potential well for spin waves, resulting in the
localization of auto-oscillations within the active region.

C. EP-SHO dynamic to static state transition.

Simulations of the easy-plane spin Hall oscillator (EP-
SHO) dynamics reveal bi-stable behavior of the system
in the presence of I4.: the system can switch from large
amplitude dynamic state to static state at fixed current
above the critical current. Supplementary Fig. 5 shows
example of this behavior for the maximum amplitude dy-
namic state achieved in simultations at Iq. = 2.484 mA.
This behavior warrants using time domain analysis of
the dynamic state to convert magnetization oscillations
to resistance oscillations using Eq. (2) of the main text as
opposed to fast Fourier transforms (FFT) as used for the
standard spin Hall oscillator (S-SHO) configuration. We
include the temporal transient regime in order to cap-
ture the shifting frequency modes with increasing cur-
rent. The system is evolved for 75ns. These results are
shown in main text Fig. 5 (b) and (d).

Large-amplitude auto-oscillations | | Static State |
I 1 I 1
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Supplementary Fig. 5. Dynamic to static state transition
in simulations of the EP-SHO regime. time dependence
of the normalized, averaged over the active region compo-
nents of the FM layer magnetization (a) ms, (b) my, and (c)
m, in the EP-SHO regime at Iq. = 2.484 mA. the simula-
tions data show switching from the large-amplitude regime of
persistent auto-oscillations to a static state of magnetization.
(d) All three components, ms, m, and m, are shown over a
shorter time scale to illustrate details of the auto-oscillatory
dynamics.

D. S-SHO dynamics visualization.

Supplementary Movie 3 shows dynamics of the average
magnetization in the active region for the S-SHO config-
uration. Supplementary Fig. 6 displays a frame from
this Movie showing the path traced by the average mag-
netization over 2 periods of auto-oscillations.
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