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Spintronic nano-oscillators and diodes with reduced non-linearity benefit from low phase
noise and improved device properties. Moreover, they could offer key advantages for realizing
neuromorphic applications such as spike-based neurons and frequency multiplexing in neural
networks. Here, we experimentally demonstrate the reduction in non-linearity of a spin-Hall
nano-oscillator (SHNO) by compensation of its effective magnetic anisotropy. The study
involves optimization of Co/Ni multilayer growth to achieve the compensation, followed by
spin diode measurements on patterned microstrips to quantify their anisotropy. The relation
between the second (Hkz = 0.47 mT) and the first order (Hk:®™ = — 0.8 mT) anisotropy fields
reveals the existence of an easy cone, thereby validating the presence of compensation.
Furthermore, we demonstrate a compensated spin diode which has a fixed frequency when the
input power is varied. We then study the current-induced auto-oscillation properties of SHNOs
on compensated films by patterning nano-constrictions of widths 200 and 100 nm. The
invariance of the resonance frequency and linewidth of the compensated SHNO with applied
dc current indicates the absence of non-linearity. This independence is maintained irrespective
of the applied external fields and its orientations. The compensated SHNO obtained has a

linewidth of 1.1 MHz and a peak output power of up to 1 pW/MHz.
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I. INTRODUCTION

Spintronic nano-oscillators are nano-scale microwave generators which undergo auto-
oscillations when the spin transfer or the spin orbit torque, due to the applied dc current,
counteracts the damping due to the magnetization precession [1-4]. Non-linearity is prevalent
in the magnetization dynamics of such nano-oscillators. In a non-linear auto-oscillator, the
frequency, f, has a component which depends on the precession amplitude or the effective

magnetization given by,

f=frmr + NP, 1)

where frmr is the frequency at ferromagnetic resonance, N is the non-linear frequency shift
coefficient and p is the term related to the amplitude of precession [5,6]. It is worth noting that
even in the complete absence of non-linearity (N = 0), the frequency of the oscillators could
still be offset from frvr ON account of internal fields. These internal fields could arise, for
instance, due to the device geometry, as was demonstrated in [7] for spin Hall oscillators based
on nano-constriction geometries. The non-linear frequency shit, N, emerges from an effective
anisotropy in the system, which results in non-circular trajectory of the precessing
magnetization. The magnetization dynamics in the ferromagnetic layer are inherently non-
linear due to the non-linear relationship between the applied magnetic field, the magnetization
and the resulting precession frequency. This non-linearity affects the frequency response of the
spintronic nano-oscillator, causing it to depend on the precession amplitude [6]. It leads to a
large frequency tunability with current which provides multifunctionality to these nano-
oscillators such as the possibility to be modulated or synchronized [8-10]. This has been
exploited in realizing numerous applications relevant to data communication [11-15] and
neuromorphic computing [16-19]. However, there are certain systems where it is possible to
reduce the effective anisotropy and, as a result, the non-linearity. In such compensated systems,
the anisotropy field is counterbalanced by the demagnetization field, resulting in circular
trajectories of the precessing magnetization [20]. The absence of nonlinearity, which results in
a constant frequency with respect to the injected input power or current, also offers key benefits
for realizing neuromorphic applications. For instance, multiply-and-accumulate (MAC)
operations using spintronic resonators employ frequency multiplexing to uniquely address input
radio frequency (RF) signals from neurons to the corresponding resonators [21,22]. This
requires the neurons and the corresponding spin diode-based synapses to resonate at a relatively

fixed frequency independent of the injected RF power. This paper will show that fixed
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frequency operation can be accomplished by compensating anisotropy in spintronic nano-
oscillators and spin diodes, respectively. Secondly, an absence of non-linearity can reduce the
phase noise of the nano-oscillator by removing the effect of amplitude noise on it. The

linewidth, A, of an auto-oscillator, which is a measure of its phase noise [23] is given by,

Af = Afthermal (1+

N%/Tei?), 2

where Afmermal is the contribution from the thermal generation linewidth and Ies is the effective
damping [5]. The second term, which is the contribution from the amplitude noise, can be
neglected if N is very small. Another application is the realization of spike-based neurons which
was recently demonstrated via macro-spin approach and micromagnetic simulations [24]. It
was shown that anisotropy compensation in a spin Hall geometry results in circular trajectories
of the precessing magnetization and the resulting output is a chain of spikes emulating the
biological neurons. Thus, it is important to study systems with compensated anisotropy.

Recently, Jiang et al. have demonstrated a linewidth reduction of spin-valve based spin-
torque nano-oscillators (STNOs) by controlling the perpendicular magnetic anisotropy (PMA)
of their films using He-ion irradiation [25]. An alternate planar geometry based on heavy metal
and ferromagnetic layers, which utilizes spin current injected from the heavy metal by spin Hall
effect to sustain precession in the ferromagnet, benefits from ease of fabrication [26-28].
Moreover, spin Hall nano-oscillators (SHNOS), in the form of a nano-constriction geometry of
these layers, exhibit auto-oscillations by way of mode confinement in a potential well formed
by non-uniform magnetic field [29-31]. Divinskiy et al. demonstrated the suppression of
nonlinear damping by compensation of in-plane dipolar anisotropy with PMA in Co/Ni based
disks patterned on Pt heavy metal [32]. However, the detection of auto-oscillations was
performed by optical methods which are less suitable for on chip applications.

Usually, in systems with an interfacial anisotropy, the first order anisotropy (K1) dominates
over the second order anisotropy (K2). However, close to the spin re-orientation, when the
demagnetization field counter-balances the first order anisotropy field, K also starts to play a
crucial role. In this case, magnetization prefers to align itself along a continuous cone of
directions instead of a single axis. The easy cone has been exploited to reduce the switching
current of magnetic tunnel junction (MTJ) based memory devices [33-35], but to the best of
our knowledge, a demonstration of easy cone for the reduction of non-linearity in SHNOs is

still lacking.



Here, we experimentally demonstrate, by all-electrical measurements, a reduction of non-
linearity and linewidth of an SHNO, based on Co/Ni multilayers with compensated anisotropy
and a Pt heavy metal layer. Compensation is achieved by tuning the thicknesses of the Co/Ni
multilayers. The effective anisotropy is estimated using spin diode measurements performed on
microstrip waveguides. The relation between the second and the first order anisotropy terms
indicate the presence of an easy cone state which validates the existence of compensation. The
compensated spin diode thus obtained, does not show variation of its frequency with the
injected RF power and can potentially function as a synapse. Nano-constriction based SHNOs
with different widths are then patterned on the compensated stacks and the output microwave
spectra are analysed. The frequency is found to remain nearly constant as a function of dc
current for a wide range of magnetic field strengths and orientations. Moreover, an extremely
low linewidth close to 1 MHz (quality factor = 7500) is obtained, which does not increase
significantly at large applied dc currents. In contrast, as a control an SHNO was fabricated
with an in-plane anisotropy NigiFe1o/Pt stack, which exhibits significant shift of frequency and

linewidth with the applied dc current.

II. COMPENSATION OF ANISOTROPY IN SPIN HALL DEVICES

A. Sample preparation

The stacks consisting of Ta (5) /Pt (6) /[Co (X) /Ni (y)]s/Co (x) /Al (2) (thicknesses are in
nm) are deposited on high resistivity Silicon (001) substrates (resistivity > 10000 Q-cm) by dc-
magnetron sputtering at room temperature. Ta is used as a seed layer to promote adhesion
between silicon and the subsequent layer and Pt serves as the heavy metal layer. Co/Ni
multilayers are chosen for their large PMA and spin polarization which can be tuned by varying
layer thicknesses [36], as demonstrated previously for domain-wall based devices [37,38]. A
Co/Ni multilayer repetition of five was chosen to obtain a sizeable absolute magnetization [39].
Thicknesses of Co (x) and Ni (y) are varied to tune the anisotropy and the corresponding M-H
loops are measured for in-plane (IP) and out-of-plane (OOP) field orientations using alternating

gradient force magnetometry (AGFM). Starting with in-plane anisotropy (IPA) for Co (0.5 nm)



and Ni (0.8 nm) [Fig. 1(a)], the thickness of Co is reduced to 0.4 nm and PMA is obtained [Fig.
1(c)] due to interfacial anisotropy overcoming the demagnetization field. Henceforth, in this
article, Co (0.5 nm) /Ni (0.8 nm) and Co (0.4 nm) /Ni (0.8 nm) multilayers are referred to as
IPA and PMA stacks, respectively. Further, when the thickness of Ni is increased to 0.9 nm,
the PMA reduces but the anisotropy is neither fully in-plane nor out-of-plane [Fig. 1(b)]. As
will be described in what follows, the intermediate anisotropy obtained with Co (0.4 nm) and
Ni (0.9 nm) has been compensated and this film is referred to as the compensated stack. The
anisotropy fields were extracted using spin diode measurements [27,40]. To carry out the
measurements, the multilayers were patterned into microstrip waveguides of width 10 um and
length 25 um using optical lithography and Ar ion beam etching techniques. Ti (15 nm)/Au
(150 nm) metal stacks are deposited as electrodes and patterned into coplanar waveguides
overlaying the microstrips using optical lithography and lift-off techniques. The resulting

samples are henceforth referred as IPA, PMA and compensated devices, respectively.
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FIG. 1. Alternating gradient magnetometry measurements for Ta (5) /Pt (6)/ [Co (x) / Ni (y)]5/
Co (X)/ Al (2) (thicknesses are in nm) films with (a) in-plane anisotropy (x = 0.5, y = 0.8), (b)
compensated anisotropy (x = 0.4, y = 0.9) and (c) perpendicular anisotropy (x = 0.4, y = 0.8).



B. Spin-diode measurements and estimation of effective anisotropy

Figure 2 shows the spin-diode measurement set-up. A microwave current with a power of
8 mW (9 dBm) is injected into the microstrip device to generate microwave frequency spin-
orbit torque (SOT) on the ferromagnetic layers due to the heavy metal Pt [27]. The mixing
between the oscillating magneto-resistance and the microwave current produces a dc rectified
voltage, Vqc, at the ferromagnetic resonance, which is detected by using a lock-in amplifier.
The external field is swept close to the OOP direction for the PMA device (0 = 5deg) and is
swept IP (¢ = 45 deg) for the compensated and IPA devices, where 6 and ¢ are the polar and
azimuthal angles, respectively. By keeping the field orientation close to the anisotropy of the
devices we can eliminate the artefacts due to geometry induced local anisotropy variation and
simplify the analysis [41]. All measurements are performed at room temperature. Resonance
plots obtained for the PMA, the compensated and the IPA devices are shown in Figures 3 (a),
(b) and (c), respectively. The amplitudes observed in the resonance plots are not corrected for
the non-flat frequency response of the wire bonds and the cabling in the set-up. However, in
our analysis we are only interested in the estimation of the resonance fields which are
independent of amplitude losses. The plots can be well fit by the sum of symmetric and
antisymmetric Lorentzian curves [27]. The resonance field, Hy is extracted for each of the
injected microwave frequency (fres) and the Kittel functions (fres Vs Hy) are plotted for each of
the three configurations. The linear relation obtained in Figure 3 (d) for the PMA device is well
explained by the Kittel formula, fres = y/27(Hy — poMest ) [42], where

_— amplifier

FIG. 2. Schematic illustration of spin-diode measurement set-up



MoMert = HMoMs — Hy, is the effective anisotropy field; symbols y, uo, Ms, Hk denote the
gyromagnetic ratio, vacuum permeability, saturation magnetization and perpendicular
anisotropy field, respectively. The fit of the equation yields an Met = —35 mT. The negative
sign of Mest confirms the existence of PMA. Figures 3 (e) and (f) depict the fres vs Hr plots for
the compensated and the IPA devices, respectively which are well fit with the equation, fres=
y2r[Hr(Hr + HoMer)]Y? [27]. The extracted values of Met are 0.5 mT and +86.6 mT for the
compensated and the IPA devices, respectively. As a comparison, the Kittel function

corresponding to Mest = 0 is also plotted together with the as obtained fits for each of the three
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FIG. 3. Spin diode resonance plots at different injected microwave frequencies for (a) PMA,
(b) compensated and (c) IPA stacks based microstrip waveguides. Resonance frequency as a
function of the resonance field for (d) PMA, (e) compensated and (f) IPA stacks based
microstrip waveguides. Solid red lines are Kittel fits and dotted blue lines, plotted for
guidance, corresponds to Mess = 0.
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FIG. 4. Schematic illustration of spin-diode measurement set-up when external field is rotated
out-of-plane.

devices. Clearly, the compensated stack-based device is closest to the near zero effective
anisotropy.

Given that the first order anisotropy is close to zero in the compensated device, the possible
influence of the second order anisotropy needs to be taken into consideration. The following
equations are the more generalized forms which take the second order anisotropy into

consideration,

= y/2r(HiH2)Y? (3)
with
H1 = Hr cos(Bn — Om) + Hia® cos?m — Hiecos O,
Hz = Hr cos (@1 — Om) + Hia®cos 20m — Hie/2(cos 26m + cos 46w), (4)

where 01, Om correspond to the angle of the external magnetic field and the magnetization angle
measured from the sample normal, respectively. Hin®"and Hi. correspond to the first and the
second order effective anisotropy fields, respectively [43]. By adopting Hi®", H: and y as
adjustable parameters, the 61 dependence of Hy yields the first and the second order anisotropy
fields. The energy minimum conditions 6F/06m = 0 and 0°F/00m> > 0 are used to extract the
value for v, where F is the magnetic energy density [43].

Spin-diode measurements are performed by sweeping the magnetic field at different out-
of-plane angles, 6, in the y-z plane as shown in the schematic of Figure 4. In this geometry,
the signal strength of the output voltage is larger due to the spin pumping contributions [44].
The resonance fields, H:, are extracted from the sum of symmetric and antisymmetric

Lorentzians for each of the angles. The measurements are first performed for the IPA and the
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PMA devices. The extracted Hy as a function of 64 are shown in Figures 5 (a) and (b), with
input microwave frequencies fixed at 3 GHz and 4 GHz for the IPA and the PMA devices,
respectively. The curves display a monotonic behaviour, where the Hr is minimum close to the
in-plane angle (64 = £90 deg) for the IPA device and close to the out-of-plane angle (61 = 0
deg) for the PMA device. The nature of the curves is independent of the input microwave
frequency, different values are selected for the two devices based on the signal quality. The
measurements have been performed for the compensated device at a frequency of 5 GHz and
the corresponding Hr vs 0 plots are shown in Figure 5 (c). The curves display a non-monotonic
behaviour, where the Hy is minimum at an intermediate angle close to 50 deg. This is referred
to as the cone angle and its existence is an indication of compensation of the anisotropy [34,45].
The curves are well fit with (4) and are used to extract Hu®" = — 0.8 mT and Hk2 = 0.47 mT.
The obtained parameters also satisfy the following conditions for the existence of an easy cone:
Hia®" < 0; Hie >0 and Hiz > —Hia®/2 [34]. These measurements, thus demonstrate that a device
with compensated anisotropy has been fabricated. It would be further employed to demonstrate
fixed frequency applications.
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FIG. 5. Resonance field vs field angle for the microstrip waveguide with (a) IPA stack,
microwave frequency fixed at 3 GHz (b) PMA stack, microwave frequency fixed at 4 GHz and
(c) compensated stack, microwave frequency fixed at 5 GHz.



C. Input independent spin-Hall diode with fixed frequency

A synapse can be realized using spin-diodes. Leroux et al. demonstrated a MAC operation
using magnetic tunnel junctions as spin diodes [22]. In a MAC operation, the output voltage Uj
can be represented by a weighted sum of the input power, U; = ZPiW;;. The above equation can
be mapped to a spin-diode equation in the linear zone close to resonance, where the weights are
represented by the resonator frequencies. During the frequency multiplexing in a MAC
operation, each injected input power Pj, should be able to uniquely address the corresponding
synapse by its frequency. This imposes a constraint on the frequency of the synapse which
should not change with the injected rf power. In a spintronic resonator, this criterion is usually
not satisfied on account of the inherent non-linearity. However, the compensated spin diode has

the potential to function as an input independent synapse with a fixed frequency. Figure 6 (a)
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FIG. 6. (a) Comparison of shift in resonance field as a function of input rf power for a spin
diode in IPA, compensated and PMA configuration. (b) Resonance curves as a function of input
rf power for (b) IPA and (c) compensated (synapse) spin diodes
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shows the shift in Hy as a function of the injected input rf power for the IPA, the compensated
and the PMA spin diodes. Starting at the minimum input power ( = 1 mW), the shift is
normalized to O for all the three devices. As the input power is increased, the IPA and the PMA
devices exhibit an increase in the shift of H;, whereas, the compensated device shows a
negligible shift in H,. Figure 6 (b) and (c) show the comparison of the resonance plots for the
IPA and the compensated devices, respectively, as a function of the input power. Clearly, there
is no visible shift in the resonance field and the equivalent frequency with the injected rf power
for the compensated device as compared to the IPA device. Thus, the compensated spin diode

has the potential to function as an input independent spin-Hall synapse.

I11. AUTO-OSCILLATIONS IN COMPENSATED SPIN HALL DEVICES -

FIXED FREQUENCY AND LOW LINEWIDTH

A. Device fabrication and measurement set-up
Nano-constrictions with widths of 200 nm and 200 nm are fabricated on the compensated
Co/Ni stacks using electron-beam lithography and Ar ion beam etching. Ti (15 nm)/Au (150
nm) metal stacks are deposited as electrodes and patterned into coplanar waveguides overlaying
the nano-constrictions using optical lithography and lift-off. The device geometry is similar to
the one used in previous reports for realizing an SHNO [30,31]. As a comparison, in-plane
SHNO based on Py/Pt stacks are also patterned into nano-constrictions (Py = Permalloy =

NigiFeio).

The scanning electron microscopy image of a 200 nm nano-constriction along with the

measurement set-up to detect the auto-oscillations is shown in Figure 7 (a). A dc current, lqc, IS
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FIG. 7. (a) SEM image of 200 nm nano-constriction and a schematic to study the microwave
emission from the SHNO. (b) Auto-oscillation spectra for the compensated Co/Ni SHNO obtained
at lac =+ 2.8 mA, Hext =300 mT (6+ = 15 deg, ¢1 = 50 deg). (c) Auto-oscillation spectra for the in-
plane Py/Pt SHNO obtained at lgc = — 3.5 MA, Hext = 50 mT (6n = 85 deg, ¢n = 42 deg). Linewidth
as a function of lq¢c sweep for (d) compensated Co/Ni SHNO and (e) in-plane Py/Pt SHNO. Power
spectral density plots showing frequency vs lqc sweep for (f) compensated Co/Ni SHNO and (g) in-
plane Py/Pt SHNO.
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injected into the nano-constriction via the dc port of a bias-tee. An external magnetic field is
applied at an in-plane angle, ¢x and an out-of-plane angle, 4. The SHNO emits microwave
power which is extracted from the rf port of the bias-tee and amplified by 38 dB using a low
noise wide-band amplifier. The output spectra are sampled using a spectrum analyzer. All

measurements are performed at room temperature.

B. Electrical microwave measurements for compensated and in-plane devices

Figure 7 (b) shows the emission spectra for the 200 nm SHNO realized using the
compensated Co/Ni stack at lgc =—2.8 mA (+ x-direction) and Hext = 300 mT (0w = 15 deg, ¢H
= 50 deg). The linewidth (4f) obtained from the Lorentz fit is 1.1 MHz with the peak power
spectral density (PSD), after subtracting the amplifier gain, as high as 1 pW/MHz. To the best
of our knowledge, the quality factor (Q = 7500) obtained is more than the highest reported
using a single constriction based SHNO [18,46]. As a comparison, the above measurements
are also performed on Py/Pt based SHNO devices. Figure 7 (c) shows the corresponding spectra
obtained at lgc = +3.5 mA and Hext = 50 mT (6 = 85 deg, ¢n = 42 deg). The field orientation is
maintained close to the in-plane direction for this device to excite the in-plane modes. In this
case, the sign of l4c is positive as the SOT is from the top interface, whereas for the Pt/Co/Ni
multilayers the sign of l4c is negative, since the SOT is from the bottom interface. The minimum
linewidth obtained from the Lorentz fit is 7.85 MHz and is much larger than that achieved using
the compensated Co/Ni SHNO. The above observations can be explained from (2), which
indicate a reduction of Af'if N is reduced. To further validate this claim, we sweep the injected
lac and record the variation of the frequency and 4f for the two SHNOs at the above-mentioned
external fields and orientations, respectively. Figures 7 (d) and (e) show 4fas a function of lqc
for the compensated Co/Ni and the in-plane Py/Pt SHNOs, respectively. Figure 7 (d) is plotted
for lqc larger than the critical current of auto-oscillations (Ic = —2.7 mA), which is the region of
interest, and the inset shows the data for I < Ic as well. When lg < I, Af increases with the
reduction in current for both the devices, as expected. At large lqc, the Py/Pt SHNO shows an
increase in Af due to the inherent non-linearity, which is not the case with the compensated
Co/Ni SHNO which shows a near constant Af. The evidence for the absence of non-linearity in
the compensated Co/Ni SHNO becomes stronger when we compare its frequency vs lgc shown
in the power spectral density plots in Figure 7 (f) to that obtained for Py/Pt SHNO in Figure 7
(9). Clearly, the rate of change of frequency with the current (df/dl) is minimal for the
compensated Co/Ni SHNO (= 10 MHz/ mA) and significant for the in-plane
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Py/Pt SHNO (=500 MHz/mA). However, for l¢c >—4.5 mA, some non-linearity can be observed
in Figure 7 (f), which could be ascribed to the device heating or frequency shift due to the
Oersted field or the field-like torque [39]. The above observations are a direct validation of a

reduction in the non-linearity as indicated in (1). The measurements are repeated at different
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the compensated Co/Ni SHNO with 100 nm width. (b) Comparison of frequency vs l4c Sweep

when Hext = 180 mT is applied along out-of-plane angles of 22, 30 and 46 deg to the 100 nm
compensated Co/Ni SHNO
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applied external magnetic fields to the compensated Co/Ni SHNO and are shown in Figure 8.
As is the case, the external fields only change the frequency of the ferromagnetic resonance and
not the slope which are nearly zero for the compensated Co/Ni SHNO.

To further validate the existence of compensation across different devices, the
measurements are repeated on a 100 nm constriction. Figure 9 (a) shows the variation of Af vs
lqc for this device, performed at Hext = 180 mT (61 = 15 deg, ¢n = 50 deg). The plot indicates a
high Af for lsc < Ic (= —1.8 mA), as shown in the inset, upon which it does not increase
significantly at higher currents. A larger Af in excess of 5 MHz as opposed to 1.1 MHz is
obtained when the width of the constriction is reduced from 200 to 100 nm, which is expected
due to a smaller mode volume. We also performed frequency vs lqc for this device at different
orientations of the external magnetic field (Hext = 180 mT). The measurements are performed
for three different angles, 61 = 22, 30 and 46 degrees, respectively keeping ¢n fixed at 90 deg.
Figure 9 (b) shows the results of frequency vs lq at different out-of-plane angles of the external
field. At each angle, the frequency is different as expected, and is minimum at 46 deg which is
close to the cone angle of precession. However, the frequency remains nearly constant with
respect to lqc, even at different angles, thus providing a strong evidence for the absence of non-
linearity in the compensated SHNO device.

The results above highlight notable differences in device properties and oscillation
conditions for the 200 nm and 100 nm width nano-constrictions. These variations in width lead
to distinct internal fields due to geometry and fabrication-related variability. Factors such as
shape-induced anisotropy modification and etch-induced reduction of PMA affect smaller
nano-constrictions more significantly [47]. Consequently, different fields and applied angles
alter the effective fields, resulting in dissimilar oscillation frequencies for the two widths.
Furthermore, the effective anisotropy for nano-constriction geometries of varying widths would
also differ.

In a previous estimation, the Mes for the micron-sized device was calculated to be 0.5 mT
(Figure 3(e)). To estimate the Mesr In nano-constrictions, we conducted spin-diode
measurements on the 100 nm and 200 nm nano-constrictions using the methods outlined
in [48]. The Mefs values were determined to be +9.4 mT and +5.2 mT for 100 nm and 200 nm
nano-constrictions, respectively. As anticipated, these values are significantly larger than the
estimated value for the microstrip (0.5 mT). The positive sign suggests a reduction of PMA,
with the 100 nm nano-constriction exhibiting weaker PMA. Nevertheless, the effective
anisotropy remains an order of magnitude lower than previously reported values [48] and

continues to display reduced frequency tunability with current.
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It should be noted that the data presented for minimum linewidths represent the best device
obtained. However, factors such as device-to-device variability, as previously discussed, and
fabrication process artifacts can also influence the minimum linewidths across different devices
with the same widths. Furthermore, Joule heating and current-induced Oersted fields could
impact the results. We conducted measurements for five different devices for each nominal
width of the nano-constriction, with details provided in Supplemental Material [49]. The
linewidth for the 100 nm nano-constriction is determined to be 6.2 + 1.8 MHz, while for the
200 nm nano-constriction it is found to be 1.8 + 0.6 MHz. Although the effects of device-to-
device variability are more pronounced near anisotropy compensation, the obtained linewidths
are considerably lower than those reported for uncompensated Co/Ni-based PMA oscillator
devices [50,51].

IV. CONCLUSION

In this work, we experimentally demonstrate a significant reduction of non-linearity in the
magnetization dynamics of an SHNO by compensating its effective magnetic anisotropy using
Co/Ni multilayers with a Pt heavy metal. By tuning the thicknesses of Co and Ni, we were able
to obtain an easy cone anisotropy for the compensated stack when the perpendicular magnetic
anisotropy was counterbalanced by the demagnetization field. The spin-diode signal is shown
to be independent of the input power, making it a promising candidate for synapses in
neuromorphic computing applications.

We also investigated auto-oscillations in the compensated SHNO using nano-constrictions
and compared them with Py/Pt based SHNOs with an in-plane anisotropy. Our results
demonstrate that the frequency and linewidth of the compensated SHNO are independent of the
applied dc current, external fields, and orientations, with a linewidth as low as 1.1 MHz and a
peak emission power as high as 1 pW/MHz. This indicates the possibility of realizing nano-
oscillators with improved device performance, potentially reducing phase noise by decoupling
amplitude noise from it.

Our study also opens up possibilities for neuromorphic applications such as frequency
multiplexing in a multiply-and-accumulate operation. The compensated SHNO could function
as a neuron of low linewidth and a fixed frequency, uniquely addressing a compensated spin
diode as a synapse. Additionally, it opens up prospects for generating voltage spikes emulating

spike-based neurons by exploiting easy-plane oscillations in a compensated SHNO. These
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findings suggest exciting prospects for the development of neuromorphic devices with

improved performance and functionality.
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