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Auto-oscillation of a ferromagnet due to spin-orbit torques in response to a dc current is of
wide interest as a flexible mechanism for generating controllable high frequency magnetic dynamics.
However, spin wave mode degeneracies and nonlinear magnon-magnon scattering impede coherent
precession. Discretization of the spin wave modes can reduce this scattering. Spatial localization
of the spin wave modes by the strongly inhomogeneous dipole magnetic field of a nearby spherical
micromagnet provides variable spatial confinement, thus offering the option of systematic tunability
of magnon spectrum for studying multi-mode interactions. Here we demonstrate that field localiza-
tion generates a discrete spin wave mode spectrum observable as a series of well-resolved localized
modes in the presence of imposed spin currents arising from the spin Hall effect (SHE) in a permal-
loy/platinum (Py/Pt) microstrip. The observation of linewidth reduction through damping control
in this micromagnetically engineered spectrum demonstrates that localized modes can be controlled
efficiently, an important step toward continuously tunable SHE driven auto-oscillators.

I. INTRODUCTION

Spin-torques generated by spin currents imposed on a
ferromagnet (FM) can reduce damping to the point of in-
ducing auto-oscillation, enabling a frequency-tunable mi-
crowave source, a scientifically and technologically pow-
erful tool [1]. Spin currents generated by spin-orbit ef-
fects such as the spin Hall effect [2—4] offer a simple pla-
nar geometry that is easily fabricated and avoids scaling
issues that encumber magnetic tunnel junction (MTJ)
based structures [5]. Spin-Hall driven auto-oscillation
of the quasi-uniform mode in an extended ferromagnetic
film with uniformly applied spin-torque has been ham-
pered by nonlinear magnon scattering processes that re-
distribute energy from the desired mode into a large
number of degenerate spin wave modes [6]. Spin-Hall
oscillators demonstrated to date have utilized either lo-
cal, nanoscale excitation of a mode whose resonance fre-
quency lies below the continuous spin wave dispersion
of the extended FM film [2, 7-9], or have geometrically
confined the excited mode (in, e.g., a nanowire) so that
the degeneracies of the spin wave dispersion are strongly
lifted [3, 10, 11]. The ability to engineer the magnon
spectrum could permit systematic tuning of multi-mode
interactions and detailed study of their implications for
spin-Hall oscillators.

Here we describe the use of tunable, magnetic field-
localized modes to define the magnon spectrum of a fer-
romagnetic element, enabling spin-Hall torque induced
damping control. Localized spin wave modes, confined
by the strongly inhomogeneous dipole magnetic field of a
nearby scanned micromagnet, have been demonstrated in
ferromagnetic resonance force microscopy (FMRFM) for
both imaging and studies of magnetization dynamics at
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the nanoscale [12-14]. Using magnetic field-localization
to define the eigen-modes of a spin-Hall oscillator offers
a new approach to the study of spin-Hall torque physics,
and multi-mode interactions. As a set of discrete spin
wave modes with frequencies below the quasi-uniform
mode, the localized excitations present a reduced num-
ber of magnon scattering channels [10]. Furthermore, the
frequency separation of the localized mode resonances
from their neighbors and the quasi-uniform mode can be
systematically tuned by particle size and particle-sample
separation; in particular, confinement parameters can be
continuously tuned by scanning the separation between
a scanned tip and the sample. Finally, field localized
modes avoid the potential spurious effects arising from
fabrication edge damage [15, 16] associated with litho-
graphically defined structures.

Here we report electrical spin-torque ferromagnetic res-
onance (ST-FMR) measurements of well-resolved local-
ized modes in a Py /Pt microstrip. We show that magnon
spectral engineering by means of a micromagnetic parti-
cle enables damping control by an imposed DC current.
This approach allows thorough characterization of the
relevant (nearby in frequency) magnon modes in addi-
tion to the quasi-uniform mode; in particular, we find
that the linewidth of the localized modes can be con-
trolled efficiently by the spin-Hall torque.

II. METHODS

Py (5 nm)/Pt (5 nm) films are deposited on an un-
doped Si substrate by e-beam evaporation. The resistiv-
ities of the Py and Pt are estimated to be 50 pf)-cm
and 40 p€) - cm, respectively, from studies of various Py
and Py/Pt stacks. The bilayer films are patterned into
microstrips (3 pm x 3 pm and 3 pm x 6 pm) via pho-
tolithography and ion milling. A broadband microwave
coplanar stripline (CPS) is fabricated on the same Si sub-
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FIG. 1. (a) Schematic of ST-FMR setup, illustrating orienta-
tions of the damping torque 74, spin-torque 7sT and torque
from the Oersted field 7. Here, the external field Hext and M
lie in the plane and 6 denotes the in-plane angle between Hext
and the direction of the applied current in the microstrip. (b)
Side view of a micromagnetic particle of a diameter D, glued
onto a spacer of thickness S separating it from the sample,
depicted for Hext at € = 90°. (c¢) Corresponding to the con-
figuration in (b), the plotted curves are spatial profiles of the
y-component of dipole field, Hq, from a 1 ym Ni particle (with
saturated moment, 0.15 pm particle-sample separation) as a
function of lateral x (dashed blue) or y (solid blue) position
in the Py/Pt sample plane under the particle. Dimensions
used in (b) and (c) are associated with experiments shown in
Fig. 3.

strate using photolithographic lift-off so that each Py /Pt
microstrip is part of the CPS, as an electrical load con-
necting the signal line to the ground line of CPS. The
modes are localized by the dipole field of a micromag-
netic particle located at two distances above the sample
determined by deposited spacers: we spin either a layer
of photoresist S1805 as a 0.45 pum spacer or PMMA as a
0.15 pum spacer, and subsequently glue a 5 pm or 1 pm
diameter nickel (Ni) spherical particle above the center
of the microstrip [Fig. 1(b)]. All of our measurements
are performed at room temperature. As depicted in Fig.
1(a), a charge current density Jo applied along the strip
in the Pt layer is converted into a transverse spin current
density Js due to the spin-Hall effect (SHE) [17, 18]. The
spin current is injected into the Py layer and exerts a spin
torque (ST) [19, 20] on the Py magnetization. We simul-
taneously apply a modulated microwave charge current
Irr at a fixed frequency f while sweeping the external
field. Irp generates an ac-Oersted field torque 74 as well
as an ac-spin-Hall torque 7g1 [21] which drives various
eigenmodes into precession in the Py strip. A particular
mode, either localized or quasi-uniform (hereafter “quasi-
uniform” will refer to the mode in the Py strip, but away
from the micromagnet), is excited when the frequency of
Irr matches the magnetic resonance condition defined by
the applied magnetic field. Precession results in an ac-
variation of the resistance 6 R,. due to anisotropic magne-
toresistance (AMR). Mixing between Ixp and dRac [21-
23] produces a dc voltage Vinix, which is detected via a
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FIG. 2. ST-FMR spectra taken with the 5 pm Ni particle on
a 3 pm-wide strip, with a 0.45 um photoresist S1805 spacer,
at Ipc = 0 mA, Hext applied at 45°, and frequencies from 6
to 10 GHz, at an RF power of 6 dBm. (a) 3 um x 3 pm strip.
Inset: ST-FMR spectra of a bare 3 um x 3 um strip at 6 to
10 GHz, at an RF power of 0dB. (b) 3 ym x 6 pm strip.

lock-in amplifier. Vi, can be fitted with symmetric and
anti-symmetric Lorentzian functions, arising from the ac-
spin current and ac-Oersted field, respectively [21]. In
addition to Iry, we also apply a DC charge current Ipc
that generates a dc-spin torque. This torque can either
enhance or suppress the damping of the mode thus mod-
ifying its linewidth in the FMR spectrum [21, 22]. The
external field Hey is applied in the film plane, at an
angle 6 with respect to direction of current flow along
the length of the strip. For Ipc = 0, the angle 8 is set
to 45° where the Py AMR signal is maximized. When
Inc is applied, the effect of SHE-induced ST is maxi-
mized at 90°, so measurements are performed at 6 = 70°
to balance AMR and ST [7, 9]. The low-coercivity [24]
Ni particle is magnetized parallel to Hey, so the sam-
ple experiences a dipole field Hy anti-parallel to Heyy,
creating a spatial field-well. Figs. 1(b) and (c) show
the field orientations and the cross-section plots of the
y-component of the dipole field Hy (0 =90°, i.e., Hey in
the y-direction), as a function of lateral x or y position
in the sample plane. The field-well is more confined in
the Hoyi-direction, resulting in elongated localized modes
underneath the particle.

III. RESULTS

In this section, we show results for localized modes con-
fined by Ni particles having different sizes and particle-
sample separations. We focus on the 1 um particle, and
discuss the 5 pm Ni particle only briefly.

Comparison of ST-FMR spectra in the case of the
larger, 5 pm, Ni particle on the 3 pym x 3 um strip and
3 pm x 6 pm strip, shown in Fig 2(a) and (b) with those
from the bare 3 pm-width strip (in the figure inset) re-
veals an additional peak on the higher field side as ex-
pected for localized modes [12-14]. We performed mi-
cromagnetic modeling [12, 25-27] to determine that the
highest field modes are a set of localized modes [Fig.
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FIG. 3. Evolution of the ST-FMR spectra with Ipc and frequency, taken with a 1 um Ni particle separated from the 3 pmx3 um
strip by a 0.15 um PMMA spacer, and Hext applied at 70°. (a) f = 8GHz, for Ipc increasing from 0 to 25 mA, all at an RF
power of 0 dBm. The three lowest-energy localized modes (LM) are labeled as LM1, LM2 and LM3. The black curves for
spectra above 15 mA are representative multi-peak Lorentzian fits. (b) Spectra of well-resolved localized modes at Ipc = 25 mA,
at RF powers of -3 dBm (5, 9 and 10 GHz spectra were rescaled to maximize figure details). (c¢) Frequency versus field plots
for the resonant quasi-uniform mode and the first three localized modes. The symbols (O O A) show experimental Hyes data
extracted from Fig. 3(b), reduced by 50 G to account for the Oersted field and heating from Ipc (determined by the shift of the
quasi-uniform mode). The curves for the localized modes show the results of micromagnetic simulations, ignoring spin-torque
effects (i.e. for Ipc = 0): n =1 (red), n = 2 (green), n = 1, m = 2 (dotted blue), and n = 3 (solid blue). Inset: Effective
magnetization of the unsaturated Ni particle used at each external field to give the simulation results in Fig. 3(c), which agrees
with the known hysteresis loop of a Ni particle [24]. The solid line is a linear fit, yielding 47 Mx; = 2.3H + 722.9 Gauss.

4(c)]. The broad peak observed from localized modes
[12-14, 28] indicates that they are a band of localized
modes, closely spaced and thus have overlapping spec-
tra [for details of the spectral separation of the localized
modes see the Discussion A section]. For a particle diam-
eter larger than the microstrip dimension, the lower-field
peak corresponds to spin wave modes that are confined
by the sample, but whose mode amplitudes are globally
modified by the particle-field, which we will not further
discuss here.

In order to observe individual localized modes, we
placed a smaller 1 pm Ni particle closer to the sample,
0.15 pm, to increase the spectral separation of the var-
ious localized mode resonances [see Discussion A]. Ad-
ditionally, we can narrow the linewidth of the localized
modes to further improve their resolvability with an anti-
damping spin-Hall torque. With the frequency of Irp
fixed at 8 GHz, the bottom pink curve in Fig. 3(a) shows
the resulting spectrum obtained for Ipc = 0 mA. We
observe a resonance from the quasi-uniform mode, and
a shoulder at higher field, indicating localized modes.
Applying a DC current Ipc allows study of the damp-
ing control by the spin-Hall torque. A positive sign of
Ipc corresponds to an anti-damping torque. The local-
ized modes are not individually resolvable below 15 mA
(including negative currents), because the linewidth of
the modes exceeds or is just comparable to their sep-
aration. At 15 mA (Jpc ~ 5.6 x 101" Am™2), we ob-
serve several weakly-resolved localized modes. At 25 mA
(Jpc ~ 9.3x10 Am=2), the localized modes become well-
resolved. At fixed Ipc = 25 mA we take spectra at sev-
eral frequencies; all display well-resolved localized modes
[Fig. 3(b)]. We extract the resonance field Hyos by multi-

peak Lorentzian fits and plot them in Fig. 3(c). To iden-
tify the localized modes resonances, we performed micro-
magnetic modeling [12, 25-27] at 6 = 70°, using a value
of 4nMeg= 8.7 kG, determined from the in-situ Py/Pt
film (both at Ipc = 0). For a Py thickness of 5 nm,
the four lowest-energy localized modes are three width
modes (n =1, 2, 3) [13] and one higher-order length
mode (n =1, m = 2). Here, n and m label the mode
number for the mode width and length directions respec-
tively [see Fig. 4(d)]. The first higher-order length mode
is comparable in energy to the n = 3 width mode and
is therefore included in the analysis. The solid curves
for localized modes in the Fig. 3(c) show simulation re-
sults for these four candidates for the first three localized
mode peaks in the experimental spectrum. We note that
the moment of the Ni particle is not saturated at exter-
nal fields below 2000 G. The Ni magnetization was varied
[13] as a free parameter in the simulation [Fig.3 (c) inset].

IV. DISCUSSION

A. Localized modes separation vs. particle size and
particle-sample separation

The spectral separation between localized modes is
controlled by the confinement by the internal static field-
well, illustrated in Fig. 4(a) and (b). The spatial profile
of the internal static field is dominated by 1) the uniform
external field, 2) the dipole field from the micromagnetic
particle and 3) the demagnetizing field mainly at sam-
ple edges. A smaller micromagnetic particle brought
closer to the sample will lead to a spatially narrower
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FIG. 4. (a), (b) Spatial variation of the internal static field
(grey) and mode amplitudes of the n = 1 (red) and n = 2
(green) localized mode profiles plotted versus lateral position
in the Hex¢-direction. (c), (d) Spatial profiles of transverse
magnetization of the localized modes for a 5 um particle, 0.45
pm particle-sample separation (c¢) and a 1 pm particle, 0.15
pm particle-sample separation (d). The micromagnetic sim-
ulations assume the Ni particles are saturated. (see inset to
Fig 3c), Hext = 2000 G at 6 = 90°. The mode elongation in
the direction perpendicular to the applied field (see text) is
evident.

dipole field-well. The dynamic modes confined by in-
ternal static fields are analogous to quantum mechani-
cal wave functions in a potential-well [25, 29], in par-
ticular the narrower the field-well, the larger the energy
separation between the localized modes. The micromag-
netic simulations at Heyy = 2000 G find that the average
separation between the first three localized width modes
(n=1, 2, 3) at fixed external field is 0.084 GHz (roughly
24 G converted into field separation) for the 5 pum parti-
cle (0.45 pm particle-sample separation), and 0.27 GHz
(roughly 77 G converted into field separation) for the 1
pm particle (0.15 pm particle-sample separation). Mode
profiles are shown in Fig. 4(c) and (d), corresponding to
the experiments in Fig. 2 and Fig. 3, respectively.

B. Spin-Hall torque on localized modes

Next we discuss the influence of spin-Hall torque on
different modes. The DC current has two consequences.
Firstly, positive Ipc significantly narrows the linewidth
of all the modes. In Fig. 5(a), the linewidths AH of
the quasi-uniform and first three localized modes at 8
GHz are plotted as a function of Ipc. The slope of the
linewidth variation with Ipc is similar for all modes. An
estimate of the critical current density for the first three
localized modes (where linewidth extrapolates to zero)

4

is Jei ~ 1.4 x 10'2Am™2 at 8 GHz, which is typical for
metallic systems [2, 21], and indicates that damping of
the localized modes can be controlled efficiently by the
spin-Hall current.

Secondly, Ipc shifts the resonances to higher fields.
We plot the resonance field H,es as a function of Ipc in
Fig. 5(b). At low currents, the mode shift arises from
the dc-Oersted field generated by the dc-current in the
Pt layer [5, 6, 30]. For microstrips, the current density is
essentially homogeneous, and thus the Oersted field will
be constant across the sample, shifting all modes by the
same amount. This shift will be linear in Ipc, and is
calculated to be ~1.2 G/mA [5, 30]. At high currents,
Joule heating and more interesting nonlinear ST effects
[5, 6, 30, 31] further enhance the shifts. To compare the
latter H,es shifts between different modes, we plot the
change in H,es relative to the H,es value at 15 mA for
each mode in the Fig. 5(c), all corrected by the con-
tribution of the Oersted field. We observe a significant
difference in the evolution of the localized modes relative
to the quasi-uniform mode. Joule heating increases the
device temperature [32], thus reducing the effective mag-
netization of Py, and hence shifting the quasi-uniform
mode. From the shift H,. of the quasi-uniform mode
due to Joule heating we know the change in effective mag-
netization. Knowing this we can calculate the expected
shift of the localized mode resonances, shown by the grey
curve in the inset to Fig. 5(c). The shift of the localized
modes due to Joule heating is slightly larger than for the
quasi-uniform mode, but this cannot explain the exper-
imentally observed shifts, which are two to three times
larger than that of the quasi-uniform mode. This larger
shift of the localized modes indicates that their open-
ing cone angle is enhanced relative to the quasi-uniform
mode for a given spin-Hall torque [31]. We note that,
along with the significant linewidth reduction, this in-
creased shift improves the resolvability of the localized
modes as they are shifted away from the quasi-uniform
mode.

V. CONCLUSIONS

In summary, we have demonstrated the first electri-
cal ST-FMR detection of well-resolved, magnetic field-
defined localized modes. We engineered their mode sep-
aration by varying the size of the particle that produces
the localizing field and the particle-sample separation.
This tunability of the localized modes potentially pro-
vides a platform for understanding the multi-mode inter-
action mechanism in spin-Hall oscillators, and for opti-
mizing spin-Hall oscillators as spintronics devices. Ad-
ditionally, we achieved significant linewidth reduction
of localized modes by means of anti-damping spin-Hall
torque, and find that their linewidth can be controlled
efficiently. This can aid study of spin dynamics of lo-
calized modes by improving spectral resolution. Finally,
the eigenmodes of our device consist of a set of quasi-
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FIG. 5. (a), (b) Dependencies of the extracted linewidth AH and resonance field Hyes on Ipc from Fig. 3(a) for the quasi-
uniform mode and first three localized modes. The line in (a) is a linear fit. The dc-Oersted field shift is shown by the dashed
line in (b). (c) Hres shift relative to resonance value at 15 mA, corrected by the field shift contribution due to the dc-Oersted
field. The grey curve shows the calculated Hyes shift for LM1 due to Joule heating.

continuous spin wave modes in the microstrip in proxim-
ity to a set of discrete localized modes confined by the
particle-field; this provides an opportunity to study the
coupling of localized mode to the continuum of surround-
ing spin wave modes [12].
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