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ABSTRACT

We report in this study the current-induced-torque excitation of acoustic and optical modes in Ta/NiFe/Ru/NiFe/Ta synthetic
antiferromagnet stacks grown on SiO,/Si substrates. The two Ta layers serve as spin torque sources with the opposite polarizations in both
spin currents and Oersted fields acting on their adjacent NiFe layers. This can create the odd symmetry of spatial spin torque distribution
across the growth direction, allowing us to observe different spin-wave excitation efficiency from synthetic antiferromagnets excited by
homogeneous torques. We analyze the torque symmetry by the in-plane angular dependence of symmetric and anti-symmetric line shape
amplitudes for their resonance and confirm the parallel (perpendicular) pumping nature for the acoustic (optical) modes in our devices,
which is in stark contrast to the modes excited by spatially homogeneous torques. We also present our macrospin model for this particular
spin-torque excitation geometry, which excellently supports our experimental observation. Our results offer capability of controlling spin-
wave excitations by local spin-torque sources, and we can explore further spin-wave control schemes based on this concept.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0037427

Synthetic antiferromagnets (SyAFs) are an excellent platform to
explore novel spintronic and magnonic concepts with coupled mag-
netic moments.”” Unlike a homogeneously magnetized single-layer
ferromagnet, coupled magnetic layers are able to offer rich magnetic
states where the competition between interlayer exchange coupling,
external field-induced Zeeman interaction, and other magnetic anisot-
ropy terms plays a role. This can expand into their dynamic regimes as
the coupled moment nature inherently provides two eigenmodes,
acoustic and optical modes,” ~ where time-dependent components of
two coupled moments are oscillating in-phase (acoustic) and out-of-
phase (optical) in a spin-flop (canted) regime. These pure magnetic
modes have been studied and discussed already around the 1990s, e.g.,
by Grunberg et al.® and Zhang et al.,” followed by a number of more
recent reports to investigate magnetic dynamics in SyAFs for various
topics.” " SyAFs are also a subject of spin-orbit torque (SOT) excita-
tions so far at (or close to) the dc limit,"”** and there has been little in

the literature on the use of SOTs for exciting SyAF spin waves at GHz
frequencies.

When we excite spin waves by oscillating magnetic fields, the spa-
tial symmetry/profile of microwave excitation determines which spin-
wave modes are excited. In the simplest case, a uniform distribution of
microwave excitation fields across a magnet can excite the uniform
spin-wave mode (wavevector k = 0) as well as higher-order spin-wave
resonance modes (k> 0) with odd index numbers since the spatial
profile of the microwave excitation and spin-wave mode amplitude
(with phase) matches each other in terms of symmetry. Higher-order
spin-wave resonance modes with even index numbers are excluded
because the mode overlapping between microwaves and the spin
waves becomes zero when it is integrated over the real space. This, in
turn, suggests that it should be possible to control the selection rules of
spin-wave excitations by designing the spatial profile of excitation
fields. Accessing hidden spin-wave states and tailoring spin-wave
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excitation efficiency by this approach have not been much explored in
the past.

In this Letter, we report our study of spin-wave excitation sym-
metry control by spatially anti-symmetric spin torques in our SyAF
devices. By utilizing local spin excitations due to the spin-Hall effect
(SHE) and Oersted fields from adjacent heavy-metal Ta layers, we
control the spin-wave excitation nature in the SyAF devices. We
observe the torque symmetry of the parallel (perpendicular) pumping
configuration of acoustic (optical) modes excited and measured in our
devices, which is the signature of the anti-symmetric spin torques for
the two coupled moments. We provide analytical expressions for recti-
fication voltages calculated based on the Landau-Lifshitz-Gilbert
(LLG) equation for coupled magnetic moments at the macrospin limit.
The model equations fully support the torque symmetry that we
observed in our experiments and allow us to quantitatively analyze spi-
n-orbit transport parameters such as the spin-Hall angle.

Before describing our experimental results, we here generalize the
torque symmetry of optical and acoustic mode excitations (7., and
Tac). In SyAFs for in-plane field canted conditions, optical and acoustic
modes can be generated by adding two individual magnetic moments
by using 7 rotation (C, operation) with respect to the applied magnetic
field direction.”” We can combine the excitation terms for each
moment by following the same manner and produce the torque
expressions for both modes as follows:

‘L'OP = m(l) X (Bl =+ Csz) + m(l) X {m(l) X (81 + Czsz)}, (1)
Tac — m(l) X (Bl — Csz) + m(l’ X {m(l) X (51 — CzSz)}. (2)

Here, m(l), By, B,, s;, and s, are the time-independent component of
magnetization for one of the coupled moments, field-like torque for
first and second magnetic moments, and spin polarization causing
spin-transfer torques for first and second magnetic moments, respec-
tively. Full derivations of these two torque expressions are available in
the supplementary material. These expressions represent the torque
symmetry of each mode excitation against the direction of the external
magnetic field (B). When both moments are excited by uniform spin
excitation, namely, with the condition of B; = B, and s; = s,, we can
arrive at the following conclusions. (i) When B; and s, are symmetric
for the C, rotation, 7, is maximized (B, + C,B; = 2B;) and 7, = 0,
and (ii) when B; and s; are anti-symmetric for the C, rotation,
Top = 0 and 7, is largest. Here, the meaning of B, and s; being sym-
metric (anti-symmetric) for the C, rotation is the condition of B;||B
(B;LB), which is, in general, termed as the parallel (perpendicular)
pumping configuration in magnetic dynamics. Altogether, we can
summarize that under a uniform excitation condition, the optical
(acoustic) mode can be excited by the parallel (perpendicular)
pumping configuration. In the present study, we take this one step
further to control the excitation symmetry by designing the local
spin excitation configuration. When m; and m, experience
non-uniform spin excitations, we find from Egs. (1) and (2) that
the perpendicular/parallel pumping nature can be tuned in our
experiments. In the extreme case where B, = —B, and s; = —s;,
we predict that the optical (acoustic) mode is excited by the per-
pendicular (parallel) pumping configuration. This is because the
odd-even parity of the spatial spin excitation is changed, leading
to the parity change of excited spin-wave modes with this
geometry.

ARTICLE scitation.org/journal/apl

Films with SyAFs used in this study were prepared by magnetron
co-sputtering techniques at a base pressure of 3 x 10~ Pa. The films
were grown on thermally oxidized Si substrates with stacking patterns
of Ta(5)/NiFe(5)/Ru(0.4 or 0.5)/NiFe(5)/Ta(5), where the number in
the brackets represents the thickness in nm. Prior to device fabrication,
we characterized these films by vibrating magnetometry techniques to
quantify the interlayer exchange coupling strength and to confirm the
presence of spin-flop regimes in our films. From these films, rectangu-
lar bars with a width (length) of 10 (40) um were defined by standard
photo-lithography techniques and Ar ion milling, prior to another Ti/
Au bilayer deposition for preparing a microwave waveguide on top of
each bar. We exploit spin-transfer-torque ferromagnetic resonance
(STT-EMR) techniques™”” in order to excite spin waves in our devices
where the Ta layers are the source of spin torques acting on the adja-
cent NiFe layers individually. Crucially, the spin polarization direc-
tions of spin torques in the Ta layers are opposite to each other due to
the geometry, which achieves the anti-symmetric profile of these tor-
ques (e.g., B; = —B,) that we utilize in our study. A schematic of
our measurement setup is shown in Fig. 1(a). Vector magnets are
used to generate B at various in-plane angles ¢ with respect to the
current direction to map out the excitation symmetry in our devi-
ces. The SHE™ in the two Ta layers converts electric currents into
spin currents injected into both magnetic layers where spin tor-
ques are exerted via the STT mechanism, together with field-like
torques by Oersted fields. These cause a time-varying magnetiza-
tion precession at resonance, producing the time-varying resis-
tance change due to anisotropic magnetoresistance (AMR). As a
result, frequency mixing of two time-varying components (i.e.,
current and resistance) results in a time-independent voltage
component that we experimentally measure. As discussed later,
we compare our experimental results with analytical solutions
obtained from a macrospin model with the LLG equation for
coupled magnetic moments.

Both acoustic and optical modes have been clearly identified for
different excitation frequencies as shown in Fig. 1(b). The canted
nature of synthetic antiferromagnets can be observed by the frequency
dependence of resonance for both modes in our sample as shown in
Fig. 1(c), indicating the presence of anti-ferromagnetic inter-layer
exchange coupling through the Ru layer. The optical (acoustic) mode
frequency becomes lower (higher) as B is increased, as predicted by
the following solutions of the LLG equation for coupled moments (see

the supplementary material): for = (y/2m)By/1 + (14oM;/2Be) and

fop = (2/20)\/2BesstoMy(1 — (B/2Ber)?), where 3, My, g, and B
are the gyromagnetic ratio, saturation magnetization, free space per-
meability, and interlayer exchange field, respectively; we notice that
there is a very subtle non-linear component for the acoustic mode for
the low frequency region which we cannot account for by our macro-
spin model. In Fig. 1(d), we present our numerical solutions of our
eigenvalue problem (see the details in Ref. 18) to show good agreement
between experimental observation in our device and model calcula-
tions. These demonstrations warrant that we are able to excite and
measure both acoustic and optical modes in our SyAF STT-FMR devi-
ces with dual spin excitation layers.

Individual curves are further analyzed by the following
Lorentzian functions to decompose their symmetric (Vi) and anti-
symmetric (V,s,) components:
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FIG. 1. (a) A schematic of the sample geometry used for STT-FMR measurements in our study. (b) V obtained at different frequencies for acoustic and optical modes in our
device for ¢ = 55° (the values for some frequencies have been scaled to show them properly). (c) A 2D colorplot of V as a function of applied field and frequency, measured
for ¢p = 55°. (d) Numerical results calculated for the experimental conditions as shown in (d).

AB? AB(B — Bres)

. .
(B — Byes)* + AB? (B — Bres)® + AB? )

Vie = Vsym

Here, B,s and AB are the resonance field and half width at half
maximum linewidth of resonance, respectively. Typical FMR curve fit
results are shown in Fig. 2(a), which represent excellent fit quality that
is also the case for other curve fit analysis throughout this study.
Figure 2(b) displays the angular dependence of both Vi, and Vi
measured for acoustic modes while changing ¢. Both components
clearly show the sin 2¢) sin ¢ angular dependence, which can be
explained by parallel pumping as follows. The angular dependence of
observed rectification voltages can be interpreted by the product of the
AMR angular dependence (sin 2¢)) and torque symmetryz“’27 (also see
the supplementary material). We, therefore, divide both Vi, and Vi,
by sin 2¢ to reveal the torque symmetry, which is shown in Fig. 2(c)
that strongly suggests the torque symmetry for the acoustic mode exci-
tation being the form of sin ¢. This is the case of parallel pumping, i.e.,
the torque is largest when the applied magnetic field and the oscillating
excitation field are collinear (¢) = 90° in our case since both B; ; and
s1  are along this direction). This is remarkably different from the per-
pendicular pumping nature of acoustic modes in SyAFs, which gives
the cos ¢ dependence when they are homogeneously excited as dis-
cussed earlier. To determine the efficiency of spin-charge conversion
in our devices, we quantified the spin-Hall angle (Ogyy) by using the fol-
lowing expression of Vi, for the acoustic modes; this is obtained by

solving the LLG equation with coupled moments excited by opposite
spin torques at the macrospin limit as shown in the supplementary
material,

Vsym -
8AB\/1 + (1tgMs/2Bex ) Io Reample

where Bgyg is the field due to the SHE and is defined as fin, Osulo/
26]VISWdFMdTa\- Here, h? NTa> IO) e w, dFMa dTaa ARAMR7 ¢c7 Pinputa
Rgample> and G refer to the reduced Planck constant, shunt ratio of cur-
rent in the Ta layer, current amplitude in the device, elementary
charge, width of the microbar, thickness of the NiFe and Ta layers,
AMR resistance change, cant angle, microwave power at the source,
device resistance, and microwave calibration factor to convert the
microwave power at the source to that in the device (see the supple-
mentary material), respectively. This equation suggests the linear rela-
tionship between Vg, and Piypyt, which can be observed in Fig. 2(d).
Using the slope fit by the Vi, plot and Eq. (4), we extracted the mag-
nitude of Osy of our Ta layers to be 0.1, which is consistent with previ-
ous studies.”"”” This can strongly suggest that the source of generating
Veym in our measurements is due to the SHE in the Ta layers, and we,
therefore, conclude that the parallel pumping of SyAF acoustic modes
can be achieved by dual spin sources with opposite spin polarization.
We expand our analysis to the optical modes in our devices,
which is summarized in Fig. 3. The rectification voltages generated by

—ARAMR CoBsE cos 2¢. sin
AMR-OZSHE d)c ¢C Pinput sin 2¢ sin ¢a (4)

Appl. Phys. Lett. 118, 032403 (2021); doi: 10.1063/5.0037427
© Author(s) 2021

118, 032403-3


https://www.scitation.org/doi/suppl/10.1063/5.0037427
https://www.scitation.org/doi/suppl/10.1063/5.0037427
https://www.scitation.org/doi/suppl/10.1063/5.0037427
https://www.scitation.org/doi/suppl/10.1063/5.0037427
https://www.scitation.org/doi/suppl/10.1063/5.0037427
https://scitation.org/journal/apl

Applied Physics Letters ARTICLE

0.12

(a)
S
2
>
-20 1 1 1
0.06 0.08 0.10
B (T)
40 T L) )
(C) o Vsym
(] Vasy
—~ 20
>
2
S o
=S
7n
PN
-20
-40 1 1 1
0 90 180 270 360
¢ (°)

scitation.org/journal/apl

1 1 L
0 90 180 270 360
¢ (°)
[e] Vsym (45°) (o] Vasy (45°)

® Voym (135°)

® Vasy (135°%)

60 80

Pinput (mW)

FIG. 2. (a) FMR spectra measured for f=6 GHz and ¢ = 45°, together with fitting curves produced by using Eq. (3). (b) Angular dependence of Vsym and Vagy for the acous-
tic mode measured at 8 GHz. We also add best fit solid curves using our model. (c) The symmetry of torques obtained by dividing the voltage by sin 2¢. The dominant sin ¢
dependence of torques confirms the parallel pumping configuration. (d) Vsym and Vasy as a function of Py, for ¢p = 45° and 135° for 8 GHz. The solid lines are linear fit to

the data.
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FIG. 4. ® extracted as a function of frequency for (a) acoustic and (b) optical modes for different frequencies, in two samples with different Ru thicknesses (0.5 or 0.4 nm).
Osym(asym) represents the parameter extracted from the angular dependence of Veym (Vasy) for each frequency. These figures confirm that the acoustic and optical modes are
excited by the torque symmetry of parallel and perpendicular pumping configurations, respectively.

optical modes have the following forms (see full derivations in the
supplementary material):

AR 2B, . .
Vom = — SXI\B;R /ﬂoﬁsloBSHEsm2¢csmd)ccos2¢cos¢, 5

Vasy = %Iﬁocsinhﬁccosmﬁcosqﬁ.

Here, Boe = [1/,5,10 /2w is the Oersted field due to current flowing in
the Ta layer with the parameter 7, being the asymmetry factor of
electric currents between the Ta and NiFe layers. AMR symmetry for
the optical mode is given by cos2¢ in these cases, and therefore, we
divide experimentally observed Vi, and V. by this to reveal the
excitation torque symmetry, which is shown in Fig. 3(b). Unlike the
torque symmetry for the acoustic mode [Fig. 2(c)], now we confirm
that the symmetry for the optical mode is mainly described by cos ¢,
which, in our case, indicates the perpendicular nature of spin-wave
excitations, i.e., the torque (hence, spin-wave excitation efficiency) is
maximized when the oscillating fields and dc magnetic field are
perpendicular to each other. We note that there might be some
higher-order terms in this angular dependence that our model cannot
capture. However, we emphasize that the main angular dependence in
our experiments is clearly reproduced by our model, for both acoustic
and optical mode excitations. The sign flip between Vi, and Vg, for
the optical mode, which is predicted by our macrospin model, i.e., in
Eq. (5), is also clearly demonstrated in our STT-FMR experiments.
Osn extracted using the slope of our experimental data in Fig. 3(c) is
0.1, showing good agreement with the one extracted by using the
acoustic mode resonances.

Finally, we discuss the frequency dependence of the torque sym-
metry for both modes. In order to quantitatively discuss this, we fit the
torque symmetry data [e.g,, Fig. 2(c)] by Asin ¢ + Bcos ¢ to capture
both parallel and perpendicular natures of spin-wave excitations.

Using the prefactors A and B, we define the angle ® = arctan(A/B)
that indicates the degree to which spin waves are excited by the parallel
or perpendicular pumping configuration; ® close to +90° (0°) sug-
gests the parallel (perpendicular) pumping nature in this definition.
We have extracted ® from our angular dependent measurements and
show them in Figs. 4(a) and 4(b) for the acoustic and optical modes,
respectively. We observe consistent behaviors of the torque symmetry
for both modes as a function of frequency. This confirms the robust
parallel (perpendicular) pumping nature of acoustic (optical) modes
excited in our SyAF devices with dual spin torque sources using our
parity control.

In summary, we demonstrate in this study that local spin torque
excitations can convert mode excitation symmetry between perpendic-
ular and parallel pumping configurations in SyAF STT-FMR devices.
We show this by using two spin-wave modes, acoustic and optical,
both clearly exhibiting the torque symmetry change from the ones
expected in spin-wave excitations with homogeneous fields. We also
present full expressions of rectification voltages in SyAF STT-FMR
devices with dual spin excitations, which support our experimental
observation and allow parameter extractions such as the spin-Hall
angle using the rectification voltages. We envisage that the control of
spin-wave excitations in STT nano-devices will be useful for future
spintronic and magnonic nano-devices.

See the supplementary material for our derivations of the torque
symmetry of spin-wave excitations and analytical expressions of the
rectification voltages based on the macrospin model with coupled LLG
equations. It also contains further data of material characterization
and additional datasets to support our main claims.
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