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Compensated synthetic antiferromagnets (SAFs) stand out as promising candidates to explore various
spintronic applications, benefitting from high precession frequency and negligible stray field. High-
frequency antiferromagnetic resonance in SAFs, especially the optic mode (OM), is highly desired to attain
fast operation speed in antiferromagnetic spintronic devices. SAFs exhibit ferromagnetic configurations
above saturation field; however in that case, the intensity of OM is theoretically zero and hard to be detected
in well-established microwave resonance experiments. To expose the hidden OM, the exchange symmetry
between magnetic layers must be broken, inevitably introducing remanent magnetization. Here, we
experimentally demonstrate a feasible method to break the symmetry via surface acoustic waves with the
maintenance of compensated SAF structure. By introducing an out-of-plane strain gradient inside the
Ir-mediated SAFs, we successfully reveal the hidden OM. Remarkably, the OM intensity can be effectively
modulated by controlling strain gradients in SAFs with different thicknesses, confirmed by finite-element
simulations. Our findings provide a feasible scheme for detecting the concealed OM, which would trigger

future discoveries in magnon-phonon coupling and hybrid quasiparticle systems.
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In synthetic antiferromagnet (SAF), the antiferromag-
netic coupling between ferromagnetic layers is mediated
by a nonmagnetic spacer through the Ruderman-Kittel-
Kasuya-Yosida interaction [1,2]. SAF inherits the strengths
of both antiferromagnets and ferromagnets including high
precession frequency, small stray field, convenient manipu-
lation, and detection, which ensure SAF a promising
candidate in spintronic applications such as magnetic
random-access memories [3]. Owing to the antiferromag-
netic interlayer coupling, there are two magnetization
precession modes in SAFs: in-phase acoustic mode (AM)
and out-of-phase optical mode (OM) [4,5]. In fact, the
impact of driving fields on the magnetization precession
is cancelled for OM excitation in the ferromagnetic
configuration of SAF above saturation field due to the
exchange symmetry, making it hard to detect such OM via
microwave resonance experiments [6,7]. This obstacle
hinders the exploration of intrinsic antiferromagnetic res-
onance (AFMR) in compensated SAFs, limiting its prac-
tical application in high-frequency devices. To overcome
this shortcoming, asymmetric structures including different
thicknesses or materials, are exploited to break the sym-
metry [8]. Unfortunately, the asymmetric structure will
introduce remanent magnetization, which is undesired in
highly integrated memory devices.
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Owing to the advantages of energy-efficient excitation
and detection, inherently low propagation attenuation, and
suitability for miniaturization and integration, surface acous-
tic wave (SAW) technology has achieved great success in
the industrial field, most notably for radio frequency (rf)
bandpass filters in mobile communications [9]. From the
perspective of fundamental research, SAW carries long-
range propagating coherent phonons and constructs a
versatile platform for advancing the forefront of fundamental
physics [10,11]. Although noticed by the magnetism com-
munity relatively late, SAW has rapidly proven its power in
the investigations of magnetism [12—14] via well-established
magneto-acoustic coupling mechanisms [15,16] rather than
direct magnetic sensing or mapping, for example in SAW-
driven magnetization dynamics [17,18] and switching [19],
as well as in nonreciprocal propagation of SAW for
magneto-acoustic isolators [20-22].

Here, we exploit SAWs to observe OM precession in
ferromagnetic configurations in compensated SAFs, which
benefits from the out-of-plane attenuation of SAWs to break
the symmetry. The strain gradients along the thickness
direction have been demonstrated to generate pure spin
currents via spin-rotation coupling in Cu films [23]. By
anisotropic magnetoresistance (AMR) rectification, we suc-
ceeded in observing the electrical signal of OM contributed
by the precession of uncancelled dynamic magnetization,
also accompanied by the signal of AM. Such an insight into
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acoustic AFMR is not only useful to monitor and modulate
magnon-phonon coupling in compensated SAFs, but also
provides enlightenment for novel hybrid quasiparticle sys-
tems to advance quantum information technologies.

We start by discussing our design to realize the electrical
detection of acoustic AFMR in the magneto-acoustic
hybrid device, as schematically shown in Fig. 1(a). As
SAW passes through the SAF stripe, a microscopic earth-
quake occurs in it and causes its deformation. By magneto-
elastic coupling, these dynamic strains can be converted
into effective driving fields, asymmetrically acting on the
magnetic moments of the top (FMa) and bottom (FMb)
ferromagnetic layers, leading to different precession ampli-
tudes among them. We show two AFMR modes arising
from in-phase (AM) or out-of-phase (OM) precession of
the two macrospins (M, and M;) in FMa and FMb at the
ferromagnetic configuration above the saturation field.
Then we move on to the electrical detection of AFMR
modes. The resistance of the stripe fluctuates as magne-
tizations oscillate due to the presence of AMR. An rf
current jpp induced by the leaky electromagnetic
wave whose electric field component is transversely
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FIG. 1. (a) Schematic of the investigated magneto-acoustic

hybrid device and coordinate system used. IDT represents
interdigital transducer to excite SAW through the inverse piezo-
electric effect. The enlarged view shows the strain within SAF
induced by SAW and two AFMR modes at the ferromagnetic
configuration, including the acoustic and optic mode. (b) Calcu-
lated resonance frequency of AM and OM as a function of the
external magnetic field H at two magnetization states including
the canted and ferromagnetic configuration, which are schemati-
cally depicted by the red (M,) and blue (M}) arrows. (c) Spatial
distributions of shear strain ¢, along the x axis in FMa and FMb,
calculated at z =23.4 nm (FMa) and z =9 nm (FMb). The
surface of LiNbOj; substrate is at z = 0. The simulated structure
is Ir(2)/Ni(14)/Ir(0.4)/Ni(14)/Ir(2) (units in nanometer).
(d) Spatial distributions of the amplitude of &, (orange circle),
€., (blue square), and €,, (brown diamond) along the z axis within
the SAF.

polarized [24,25] flowing through the stripe along the y
axis is coupled to the time-dependent resistance to generate
a rectified voltage across the stripe [26-28]. Details about
detection principles and the origin of the rf current are
presented in Supplemental Material, Sec. 1 and Sec. 2 [29].
This rectified voltage is recorded by a nanovoltmeter while
an external magnetic field H is swept along the direction
with an in-plane azimuthal angle ¢y relative to the x axis, to
obtain acoustic AFMR spectra.

According to the well-established AFMR model in
SAF [5], we calculated the resonance frequencies of the
two modes in Fig. 1(b) with typical parameters in exper-
imental samples. The magnetizations show two configu-
rations—the canted and ferromagnetic configuration.
Generally, in compensated SAF the intensity of OM in
the ferromagnetic configuration is theoretically zero, as
indicated by the blue dashed line. Here, we employ SAW
with a matching center frequency f (horizontal gray line) to
excite the hidden OM at their intersection by introducing
strain gradients to break the symmetry. Finite-element
method (FEM) simulations were conducted to quantita-
tively demonstrate the inhomogeneous strain distribution
within SAFs. Figure 1(c) shows a typical plot of the
shear strain ¢,, within FMa and FMb, oscillating periodi-
cally along the x axis. Since the energy of SAW is confined
to the surface and it decays exponentially as the depth
of penetration increases, strains within SAF are inhomo-
geneous across its thickness. This is the reason why there is
a difference in &,, between FMa and FMb. All the strain
components within FMa and FMb and their differences
can be found in the Supplemental Material, Sec. 3 [29].
Considering that SAF thickness is much smaller than the
penetration depth of SAW (order of magnitude of wave-
length ~1 pm), ¢,, decreases approximately linearly while
moving away from the substrate surface in Fig. 1(d). g, is
close to zero at the surface of SAF, but its value will not be
equal to zero. This result is also applicable in thicker
samples. The other two nonvanishing strain components
(ex and ¢,,) in Rayleigh SAW are also included in
Fig. 1(d), exhibiting a tendency opposite to that of &,.
Although the thickness of SAF film is much smaller than
the attenuation depth of SAW with the order of wavelength,
our simulations indicate a considerable strain change in the
thickness direction of SAF (see the Supplemental Material,
Sec. 3) [29], which is also evidenced by the previous
work [20]. Resultantly, strain gradients form along the out-
of-plane direction, leading to the broken symmetry in SAF
and the subsequent detection of hidden OM.

Stack structures of Ni(#y;)/Ir(0.4)/Ni(zy;) (units in
nanometer) with different Ni thickness #y; were deposited
on the LiNbO; substrate (see the Supplemental Material,
Sec. 3) [29]. The hysteresis loop of the prepared Ni(14)/
Ir(0.4)/Ni(14) SAF sample is depicted in Fig. 2(a) with the
magnetic field H applied along ¢y =0°. When H
decreases from the saturated state, the magnetization is
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FIG. 2.

(a) Hysteresis loop of Ni(14)/Ir(0.4)/Ni(14) sample with the inset showing the magnified loop near zero magnetic field,

exhibiting a negligible net magnetic moment at zero field (7.9 emucm™). (b) Magnetic field dependences of rectified voltage V at
@y = 45° for +k (red line) and —k (blue line). (c)—(d) Polar plots of rectified voltage V as a function of the orientation and magnitude of
the external magnetic field H for +k (c) and —k (d). The excitation 1f frequency and power are 2.796 GHz and 19 dBm respectively.

reduced to near zero with a remanent magnetization of
7.9 emucm—3, exhibiting a negligible net moment at zero
field in this compensated SAF. Figure 2(b) shows a typical
acoustic AFMR spectrum in this sample measured at
@u = 45° under the excitation of SAWSs, propagating along
the +x direction (+k) and —x direction (—k). Resonance
peaks appear at specific magnetic fields where the frequen-
cies of magnetization precession modes match that of SAW.
Note that two well-resolved resonance peaks are clearly
distinguishable under positive H for +k, corresponding to
AM and OM, respectively. But there is only one resonance
peak of OM under negative H without the appearance
of AM. When SAW travels with —k, the two resonance
peaks appear at negative H. As a control experiment,
we performed the same measurements on samples without
antiferromagnetic coupling, including a ferromagnetic
coupled multilayer and single ferromagnetic layer.
We can see only one AM resonance peak (see the
Supplemental Material, Sec. 4) [29], suggesting that the
OM in Fig. 2(b) arises from antiferromagnetic coupling.
Figure 2(c) summarizes the field-dependent voltages at
different angles @y for +k. Resonances occur in all four
quadrants (four voltage maxima/minima in the circle),
which is qualitatively consistent with the prior reports of
acoustic AFMR in layered crystalline antiferromagnet
CrCl; [40]. However, the coexistence of two resonance
peaks only occurs with H at 0° < @y < 180°, namely, the
broader resonance field ranges in the first and second
quadrants. In comparison, for SAW traveling with —k in
Fig. 2(d), the tendency of the angle-dependent voltage is

just the opposite. These data demonstrate the nonreciprocal
voltage in acoustic AFMR spectra.

We now proceed to the quantitative characterization of
the resonance modes from acoustic AFMR spectra in the
sample above. Figure 3(a) shows a typical acoustic AFMR
spectrum measured at ¢y = 45° with +k SAW excitation.
To extract the intensity of AM and OM, the resonance
curve is decomposed into AM and OM components with
the following Lorentz fitting:

B (AH,)?
VD =V G (= T
+ Von o iatto) m

(AHo)?* + (H — Ho)*’

where Vamom), AHpo) and Hy(o) represent intensity,
linewidth, and resonance field of the resonance peak of
AM(OM), respectively.

To demonstrate that the resonance peaks in Fig. 3(a)
are definitely derived from AFMR, we fabricated SAW
devices with different center frequencies f to study the
frequency dependence of resonance. The acoustic AFMR
spectra obtained at different SAW frequencies are pre-
sented in Fig. 3(b). As the frequency decreases, peak
positions of the two resonance peaks gradually shift
toward the zero-field direction. The resonance fields
can be extracted at each frequency according to Eq. (1),
and their dependences on frequency are plotted in
Fig. 3(c). Considering negligible anisotropy in this sample
(see the Supplemental Material, Sec. 3) [29], the dispersion
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(a) Acoustic AFMR spectrum consisting of AM and OM signals measured at ¢y = 45° for +k. (b) Frequency dependence of

acoustic AFMR spectrum at ¢y = 45° for +k. The rf power is fixed to be 19 dBm for all the frequencies. (c) SAW frequency f as a
function of resonance fields. (d)—(e) Polar plots of voltage V as a function of the orientation and magnitude of H for separate AM (d) and
OM (e). (f) Spatial distributions of strain ratios, including Z¢,, /Xe,, and Ae,, /Ae,,, along the z axis, where X and A represent the sum
and difference of corresponding strains in FMa and FMb respectively.

relationship between f and H ) can be fitted by the well-
known formulas for AFMR in the easy-plane SAF of
ferromagnetic configuration [5]:

AM: f = % VHA(Hp + 47M ) (2)

Y
OM: fzﬂ\/(HO_2HAF)(HO+4”Mcff_2HAF>7 (3)

where y, Mgy, and H,p indicate gyromagnetic ratio,
effective magnetization, and antiferromagnetic coupling
field, respectively. The fitted y/2x, 4xM s, and 2H sp are
determined to be 2.76 GHzkOe ™', 0.79 kOe, and 0.41 kOe.
Notice that there is an orange circle around 2 GHz that
deviates from the fitting curve. This is because as the SAW
frequency decreases, the smaller resonance field puts the
magnetization in the canted configuration. Such frequency
just matches OM in the canted configuration and excites its
resonance. Also in our samples, the dipolar field originating
from acoustic spin wave resonance has little effect on the
dispersion relationship and has been ignored in the equations
above (see the Supplemental Material, Sec. 5) [29]. This
fitting shows that the resonance peaks arise from AFMR,
which is driven by SAW. Similar results are also obtained in
the sample with #y; = 10 nm (see the Supplemental Material,
Sec. 6) [29].

To understand the nonreciprocal coupling between the
SAW and AFMR mode in greater detail, we need to analyze
the angle-dependent acoustic AFMR spectra. AM and OM
were decomposed, and their respective angle dependencies
are summarized in Figs. 3(d) and 3(e) respectively. Both

AM and OM exhibit nonreciprocal characteristics, which is
reflected by a larger voltage with H at 0° < ¢y < 180° than
that with H in the opposite direction (¢y + 180°). The
nonreciprocity of AM and OM only shows an asymmetry
in the amplitude of the resonance peak, which is based on a
helicity mismatch between the driving field and magneti-
zation precession [41]. The most notable feature is that AM
has stronger nonreciprocity than OM at their respective
resonance fields. Obviously, for AM the resonant signal
at 180° < ¢y < 360° is almost completely suppressed,
leaving only the signal at 0° < ¢y < 180°. But for OM,
the nonreciprocity is not so significant. In previous work
on AMR rectification detection of acoustic ferromagnetic
resonance [24], the nonreciprocity in rectified voltage,
originating from the helicity mismatch effect, shows a
positive correlation with the ratio of the in-plane and
out-of-plane driving field, i. e., the ratio of longitudinal
and shear strain. Via FEM simulations in Fig. 3(f), we find
that the strain ratio Xe,,/Xe,, which determines the
strength of nonreciprocity in AM is much larger than
Ag,, / Ag,, which determines that in OM, generating a more
significant nonreciprocity in AM. In addition, it is worth
mentioning that there are resonant signals near 0° and 180°
in Fig. 3(d) (enclosed by the dashed lines), most likely
contributed by the gyromagnetic effect [18]. The angle
dependence of the intensity of the ferromagnetic resonance
driven by the gyromagnetic field shows twofold symmetry
and reaches its extreme values at ¢y = nz, namely, the
resonant signals near 0° and 180° in our configuration (see
the Supplemental Material, Sec. 7) [29].

Finally, we show that the intensity of OM can be
modulated by changing the thickness of the Ni layer.
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Figure 4(a) displays typical acoustic AFMR spectra in
samples with different Ni thicknesses, and the thickness #y;
is labeled near the corresponding curve. Two well-resolved
resonance peaks can be clearly distinguished from
tni = 8 nm to 18 nm. The blue vertical dashed line marks
the resonance peaks of OM. When reaching 20 nm, the OM
can no longer be resolved. The antiferromagnetic coupling
field becomes weaker with increasing #y;. Also, the larger
linewidth at #y; = 20 nm hinders our extraction of OM.
Additionally, note that there is no resonance signal in the
sample with #\; = 5 nm, probably due to the low crystal-
linity and weak magnetization of the ultrathin Ni film (see
the Supplemental Material, Sec. 3) [29]. For the sample with
fni = 12 nm, we present its resonance curve measured at
@y = 45° in Fig. 4(b), which is decomposed into AM and
OM components according to Eq. (1). We can find that the
intensity of OM is significantly suppressed compared with
the f; = 14 nm counterpart in Fig. 3(a). Then all the AM
and OM components in each SAF sample (8 nm < fy; <
18 nm) can be extracted, and their ratios Vo /Vam are
summarized in Fig. 4(c). Note that Vo, /V am, reflecting the
relative intensity of OM, shows a strong dependence on fy;.
As ty; increases, the value of Vgy/V 4m enhances monoto-
nously and approaches saturation at f; = 14 nm, which is
ascertained to be 0.5. This thickness dependence of the OM
strength can be well explained by establishing a link with the
strain inside the SAF. Vgy/Vam can be modeled and
derived by the following equation (see the Supplemental
Material, Sec. 1) [29]:

VOM x (Six - ng) - (8?(2 - SBZ)
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FIG. 4. (a) Magnetic field dependences of voltage V at gy = 45°
in Ni(#y;)/Ir(0.4) /Ni(zy;) SAF with different #y;(5 ~ 20 nm) for
~+k. (b) Acoustic AFMR spectrum measured at ¢y = 45° in the
sample with f;; = 12 nm under +k SAW excitation, decomposing
into AM and OM components. (c) Ratios of fitting coefficients
Vom/Vam and normalized strain in SAFs with different ;.

where ei&b) and ei(zb) represent the longitudinal and shear

strain in FMa (FMb). FEM simulations can give the strain
ratio on the right-hand side of Eq. (4). The results of
normalized strain ratio are also included in Fig. 4(c). The
value in the sample with f; = 12 nm is less than that in
the sample with #y; = 14 nm, which accounts for the
suppression of OM in Fig. 4(b). The simulated strain ratio
and experimental OM relative intensity follow the same
trend with fy;, namely they both rise monotonically and
then converge to a saturation value, which proves the
validity of our theoretical model. It is worth mentioning
that they reach saturation at different ty; values. The
reason may come from strain relaxation in the prepared
film, which is difficult to be taken into account in the FEM
simulations.

In conclusion, we have experimentally demonstrated
that acoustic AFMR, especially the OM in ferromagnetic
configuration, can be electrically detected via an out-of-
plane strain gradient in compensated SAF, which provides
an alternative approach to break the symmetry in it. By
simple line shape analysis of acoustic AFMR spectra, we
have distinctly extracted the voltage signals contributed by
AM and OM respectively. The uncompensated magneti-
zation precessions in the top and bottom ferromagnetic
layers result in a distinguishable OM signal. Angle-
dependent experiments show that AM has a greater non-
reciprocity than OM, which is attributed to the greater strain
ratio contributing to AM. The relative intensity of OM can
be further modulated by changing the thickness of the
ferromagnetic layer. By FEM simulations, we find that the
modulation of OM intensity derives from different nor-
malized strain ratios at different thicknesses. The normal-
ized strain ratio shows a positive correlation with the OM
intensity, and they both converge to a saturation value.
Our findings demonstrate a completely new way to
introduce broken symmetry and unravel the concealed
OM in compensated SAFs, which helps to advance the
burgeoning field of magneto-acoustic coupling devices.
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