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Abstract

It is desirable to experimentally demonstrate an extremely high resonant frequency, assisted by strain-spin
coupling, in technologically important perpendicular magnetic materials for device applications. Here, we di-
rectly observe the coupling of magnons and phonons in both time and frequency domains upon femtosecond
laser excitation. This strain-spin coupling leads to a magnetoacoustic resonance in perpendicular magnetic
[Co/Pd]  multilayers, reaching frequencies in the extremely high frequency (EHF) band, e.g., 60 GHz. We pro-
pose a theoretical model to explain the physical mechanism underlying the strain-spin interaction. Our model
explains the amplitude increase of the magnetoacoustic resonance state with time and quantitatively predicts
the composition of the combined strain-spin state near the resonance. We also detail its precise dependence on
the magnetostriction. The results of this work offer a potential pathway to manipulating both the magnitude
and timing of EHF and strongly coupled magnon-phonon excitations.
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INTRODUCTION

The exploration of innovative approaches and new physics to couple energy transfer between magnons and
phonons has recently renewed interest in both the scienti�c and technological communities (1, 2). Among the
abundant physical phenomena (3–7) arising from the magnon-phonon coupling, the strain-assisted magnetoa-
coustic resonance in ferromagnetic (FM) materials provides an energetically ef�cient path for rapid switching of
spin state, which is required for applications in cloud storage, advanced spin memory, logic, and other spintronic
devices (8–10).

Strain can be launched by an ultrafast optical excitation, speci�cally femtosecond laser pulses, through thermal ex-
pansion (2, 11–15). The brief increase in thermal energy results in a local strain. This strain travels through the FM
layers in the form of acoustic waves, with frequencies tunable by both the material composition and the layer ge-
ometry. In addition, the femtosecond laser pulses excite thermal demagnetization and thus introduce magnons
(16). The acoustic waves act directly within the FM layer via magnetostriction (or the Villari effect) to couple with
the magnetization. Thus, by simultaneously generating strain and spin within the FM layer, the ultrafast optical
approach provides a powerful tool to initiate the coupling between phonons and magnons. The femtosecond time
scale of the laser pulse is smaller than the relaxation time scales of phonons and magnons, which allows the cap-
ture of the magnon-phonon coupling processes in the time domain, such as strain-assisted large-angle magnetiza-
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tion precession (2). In contrast, efforts have also been devoted to launching strain electrically by using piezoelec-
tric materials (17–19), which induce a surface acoustic wave (SAW) in the substrate beneath the FM layer. In such
experiments, the SAW propagates to the FM layer and modi�es its FM properties by changing the lattice spacing,
leading to a different phonon propagation direction.

Most experimental and theoretical studies of the magnon-phonon coupling in literature are focused on materials
unsuitable for spintronic applications owing to their low resonant frequency or low Curie temperature, such as di-
lute magnetic semiconductor materials (20–24) and metallic FM materials [e.g., Terfenol-D (2), Gafenol (25, 26), Bi-
YIG (27), and Ni (28–31)]. To date, direct experimental demonstration remains elusive for the magnon-phonon
coupling, as well as ultrahigh frequency magnetoacoustic resonance in materials with perpendicular magnetic an-
isotropy (PMA). To remedy this, we choose [Co/Pd]  multilayers as a model system in this work. These materials
have high PMA at room temperature and a relatively large magnetostriction coef�cient λ (~−1 × 10 ) (32, 33), hold-
ing great potential for various technological applications (34–38). Thus, they serve as an ideal platform for investi-
gating the magnon-phonon coupling.

Here, we report an extremely high frequency (EHF) magnetoacoustic resonance up to 60 GHz in the PMA [Co/Pd]
multilayer, originating from strong magnon-phonon coupling following excitation by femtosecond laser pulses.
The resonance shows an enhanced wave envelope in the time domain, an anticrossing in the frequency domain,
and substantial mixing of both magnons and phonons as predicted by a coupled model. These are also demon-
strated by both ultrafast measurement signals and micromagnetic simulation. These observations all indicate that
a hybridized quasiparticle composed of both magnon and phonon exists in perpendicular magnetic multilayers,
whereby the energy transfers among magnon and phonon systems ef�ciently. This allows the acoustic wave to sub-
stantially in�uence the magnetization at an ultrafast picosecond scale. Thus, our work paves a potential pathway
to enabling an EHF magnetoacoustic resonance through the magnon-phonon coupling and suggests a possibility of
ultrahigh-speed strain-assisted magnetization switching in a technologically relevant magnetic system.

RESULTS

Sample characteristics and ultrafast instrumentation

Figure 1A illustrates the time-resolved magneto-optical Kerr effect (TR-MOKE) and time-domain thermore-
�ectance (TDTR) ultrafast measurement con�gurations, together with a schematic of the sample stack. The ther-
more�ectance signals collected in TDTR measurements are proportional to the intensity change in the re�ectivity
of the probe beam, which contain information of both temperature and acoustics (39, 40). Thus, the TDTR signals
represent strain waves in the sample. The TR-MOKE method used here is a pump-probe technique capable of
recording the time evolution of magnetization (M), through the change in the polarization of the probe beam re-
�ected from FM �lms (39). Typically, raw signals from TR-MOKE measurements may contain non-MOKE compo-
nents, whose contributions are found to be negligible in determining the frequencies and relaxation times of spin
precession and acoustic waves. More details about the TDTR and TR-MOKE experiment techniques are provided in
note S1.
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For a typical polar TR-MOKE measurement, a damped oscillation feature is expected in the signals due to the spin
precession initiated by the rapid temperature rise from pump excitation, when an external magnetic �eld (H ) is
applied (39). However, the TR-MOKE signals usually do not show magnetization oscillations in the absence of H ,
since the equilibrium axis of the spin precession will be aligned with the surface normal direction of the perpendic-
ular magnetic �lm. When the sample has a large magnetostriction constant λ, acoustic waves can tilt the magneti-
zation and therefore create a detectable change in M  and will be captured as magnetization oscillations in the sig-
nal as well. Thus, the magnetization oscillation features captured by TR-MOKE contains both the spin precession
and acoustic wave information (20). Therefore, analyzing the data from both TDTR and TR-MOKE measurements
allows for the investigation of the coupling between strain and spin. The TR-MOKE signals contain information of
two behaviors, as the superposition of two frequencies in M : loosely categorized as the �eld-dependent one corre-
sponding to the typical FM resonance (FMR) resulting from coherent spin precession and the �eld-independent
one caused by a time-dependent modulation of magnetic properties through strain.

In our TR-MOKE signals for all the [Co/Pd]  samples, the magnetization oscillations appear without H , implying
that these samples have the magnetostriction effect, as discussed in note S1 and shown in �gs. S3 and S4. By �tting
the TR-MOKE data, we �nd that in relatively thin �lms, the strain frequency (>100 GHz) is much higher than that
of spin precession (<60 GHz) with a relatively low H , as shown in �g. S5. This frequency is for the lowest-fre-
quency normal mode of the acoustic waves con�ned within the thin-�lm sample stack, whose half-wavelength de-
pends on the thickness of the entire sample stack (including the capping and seed layers). Therefore, by changing
the sample thickness, the strain frequency can be tuned (40). In this study, we select the [Co(0.8 nm)/Pd(1.5 nm)]
multilayered structure with a relatively large (25 nm) thickness as a model system. This [Co(0.8 nm)/Pd(1.5 nm)]
multilayer is seeded with a Ta(5 nm)/Pd(5 nm) bilayer deposited on a SiO  (300 nm)/Si substrate and is capped with
a 3-nm Ta layer. It has perpendicular anisotropy with an effective �eld of H  ~ 6.5 kOe and magnetic anisotropy
of K  ~ 4.4 × 10  erg/cm , as shown in Fig. 1B.

Fig. 1 Measurement protocol.
(A) Illustration of the ultrafast TR-MOKE measurements (left) on the [Co/Pd]  multilayer with numbers in parentheses denoting layer thick-
nesses in nanometers (right). In the TR-MOKE measurement, in the absence of an external magnetic field H , the magnetostrictive effect can
be measured, in which the acoustic strain wave induces the magnetization oscillation. The magnetization of the [Co/Pd]  multilayer is tilted to
the angle (θ) when H  > 0 is applied with the angle (θ  = 80°). The TR-MOKE signals will include the signal from spin precession and acoustic
strain wave. By fitting the data, we can separate them and identify their coupling. The figure in the right plane of the top shows the [Co/Pd]
multilayered structure used in our work. (B) The magnetic hysteresis (M-H) loops of the [Co(0.8 nm)/Pd(1.5 nm)]  multilayer with a magnetic
anisotropy field H  of ~6.5 kOe.
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Ultrafast measurement results

The TR-MOKE results of [Co(0.8 nm)/Pd(1.5 nm)]  with the range of H  from 10 to 29 kOe are plotted in Fig. 2A.
We �nd that for 18 kOe < H  < 24 kOe, TR-MOKE signals show that the amplitude of precessional oscillations of
M  increases instead of the usual decrease in the �rst 60 ps following the pump excitation. However, when H  is
smaller than 18 kOe or larger than 24 kOe, the TR-MOKE signals in Fig. 2A appear as the typical monotonic decay-
ing trend of damped oscillations (standard in TR-MOKE measurements of magnetization precession). Within the
�rst several picoseconds, different energy carriers such as magnons, phonons, and electrons induced by the ultra-
fast laser pulse are out of equilibrium with each other. As the main goal of this work is to analyze the magnetic pre-
cession that is in the equilibrium regime, we purposefully start the �tting from 10 ps to avoid any possible
nonequilibrium effect (indicated by the solid lines in Fig. 2A). From Fig. 2B of TDTR data, we can �nd that the
acoustic strains prevail in the �rst 60 ps. For the range of 18 kOe < H  < 24 kOe, the injected energy by the strain
overcomes the magnetically dissipated energy, leading to the enhanced amplitude of spin precession roughly
within this �rst 60 ps, in contrast to the monotonic decaying trend of a typical damped feature of spin precession
at other �elds. After 60 ps, the injected energy by the strain is insuf�cient to compensate for the dissipated energy
due to the damping and, thus, is not capable of maintaining the high-energy state (the magnetoacoustic resonance
state as explained later). The spin oscillation amplitude decreases, and the typical damped feature appears.

To further understand the magnetization dynamics and magnetoacoustic resonance resulting from the coupling
between strain and spin, the TR-MOKE and TDTR signals of the [Co(0.8 nm)/Pd(1.5 nm)]  sample are analyzed in
the time domain using the following equation

(1)

where V is the signal; t is the time; A, B, and C are �tting parameters of the thermal background; D  represents the
amplitude of sinusoid; f  is the frequency; φ  is the phase; and τ  is the relaxation time. The indices of i = 1, 2 repre-
sent two separate modes (low-frequency mode 1 and high-frequency mode 2 as de�ned later), captured by the
measurement simultaneously (41, 42). The TDTR data only show one frequency corresponding to the picosecond
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Fig. 2 Ultrafast measurement results.
(A) The experimental and fitted TR-MOKE signals and (B) the experimental TDTR signals as a function of H  (10 to 29 kOe). It is clearly seen
that TDTR signals do not change in the whole region of H , while TR-MOKE signals show different oscillation patterns with external fields. For
H  < 18 kOe or H  > 24 kOe, magnetization precession presents a damped oscillation, while for 18 kOe < H  < 24 kOe, it shows a resonance
phenomenon. (C and D) Fourier transform of the TR-MOKE signals with H  = 14 kOe and 21 kOe, respectively, from which two peaks (FMR
and strain) can be found. For H  = 14 kOe, the two peaks are separate; however, the two peaks are overlapping when H  = 21 kOe. a.u., arbi-
trary units.
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acoustics (strain) in the system, which is independent of the external �eld. Fitting the TR-MOKE data (which cap-
tures the change in the z component of magnetization) shows two distinct frequencies over most of the range: a
frequency that depends on H  following a Kittel dispersion (FMR) and a frequency that is independent of H  that
matching the frequency of the strain captured by TDTR (strain). More details about the amplitude and phase infor-
mation of these two behaviors are provided in note S1. Two TR-MOKE signals, one in resonance (H  = 21 kOe) and
the other one out of magnetoacoustic resonance (H  = 14 kOe), are chosen for comparison to study the coupling
between spin precession and acoustic waves (Fig. 2C). We �nd that the frequency of the signal without the magne-
toacoustic resonance shows two distinct peaks that are well separated, ~38 GHz for spin precession and ~60 GHz
for the acoustic waves. However, for the signal at the magnetoacoustic resonance, two frequency peaks are overlap-
ping at ~60 GHz, as plotted in Fig. 2D. This suggests that the magnetoacoustic resonance originates from the
strong coupling between strain and spin.

Extremely high-frequency magnetoacoustic resonance

Figure 3 (A and C) plots the frequencies of spin precession of the [Co(0.8 nm)/Pd(1.5 nm)]  multilayer, which are
�tted from the TR-MOKE signal as a function of H  based on Eq. 1. There are two modes, the low-frequency mode
being labeled mode 1 (open black circles) and the high-frequency mode being labeled mode 2 (open red diamonds).
These two modes are weakly coupled; i.e., the coupling is small compared to the frequency difference, except near
the resonance with a coupling coef�cient κ of ~(16.5 GHz)  = 272 GHz  that is determined by the magnetostriction
coef�cient, magnetic properties, and the external �eld angle (details in note S3D). At low �elds where ω  is much
smaller than ω , these modes are distinctly separated by the driving mechanism. The largest TR-MOKE signal cor-
responds to the low-frequency mode, driven directly by magnon from the fast demagnetization process. The fre-
quency of mode 1 (ω ) is equal to the magnon frequency ω  and is linearly dependent on H , with a slope of γ/2π
with γ being the gyromagnetic ratio. The displacement of this linear behavior of ω  is caused by the effective an-
isotropy �eld. The amplitude m  depends on the initial precession angle (the maximum value of ~1°), estimated
based on the conversion from TR-MOKE voltage to the Kerr angle. m  decreases rapidly when increasing external
magnetic �eld as , due to the energy gradient change according to the “law of approach to saturation” (43).
The high-frequency mode 2 is weakly detected because it is primarily phonon-based. Its frequency ω  is �eld inde-
pendent at low �elds, remaining at a constant 60 GHz, with the phonon frequency ω  �tted from TDTR signals

(blue stars). Its amplitude  is proportional to the strain amplitude η  and the coupling coef�cient κ
(note S3D). This indicates that the high-frequency mode ω  makes a negligible contribution to the magnon-domi-
nated dynamics at low �elds, veri�ed by a slight side peak appearing in the FFT spectrum in Fig. 2C. The amplitude
gradually increases when increasing the magnetic �eld, as the difference between ω  and ω  shrinks.
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Fig. 3 High-frequency magnetoacoustic resonance.
(A) The frequency of the [Co(0.8 nm)/Pd(1.5 nm)]  multilayer as a function of H . Two frequencies of spin precession (mode 1, open black
circles; mode 2, open red diamonds) are derived by fitting the experimental data of TR-MOKE. The figure also includes the frequency of acous-
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When the frequencies of these two modes approach each other, the high- and low-frequency modes hybridize, re-
�ecting strongly coupled magnon-phonon dynamics. The two modes, driven by a quasiparticle with substantial
contributions from both magnon and phonon, deviate from their original characteristics discussed in the previous
low-�eld condition. The frequencies of modes 1 and 2 display an anticrossing with a frequency gap Δf, deviating
from the original ω  (≈ω ) or ω  (≈ω ). The nature or presence of an anticrossing feature cannot be proven to high
con�dence due to the experimental error bars, so our real evidence for anticrossing comes from theory. Clearly, the
strain drives the magnetization oscillations, which can only happen if they have the same symmetry. Therefore,
there must be a mixing term in the Hamiltonian, and an anticrossing is guaranteed. To quantitatively predict the
gap Δf, we calculate the two frequencies of modes 1 and 2 at the resonance point (de�ned as ω  = ω  at H  ≈ 21
kOe), which gives ω  = ω  − (κ/2ω ) and ω  = ω  + (κ/2ω ). This yields Δf = ω  − ω  = 4.6 GHz, which is consistent
with experimental data using no �tting parameters, as shown in Fig. 3 (A and C). The hybridization regime is de-
�ned as H  at which ∣ω  − ω ∣ approximates κ/ω , leading to a range of 19.7 kOe < H  < 22.1 kOe. The ampli-
tudes of both modes increase in the hybridization regime, as shown in Fig. 3 (B and D). The original phonon-driven
mode is now highly visible owing to the admixed magnon, where its amplitude changes from a negligible value
(~η ) to a notable value. The original magnon-driven mode is enhanced owing to the pumping from phonon, where
its amplitude enhancement is caused by the strain amplitude η , which also results in magnon-phonon hybridiza-
tion. In addition, this hybridization appears as a magnetoacoustic resonance at the resonance �eld (the strongest
effect) and nearby, as veri�ed by the enhanced wave envelope in the TR-MOKE signals in Fig. 2A. We can conclude
that the magnon-phonon coupling substantially in�uences the spin dynamics and induces a resonant state. When
further increasing H  from the resonance-�eld range, the frequencies of these two modes move apart again. At
such high �elds, the hybridization disappears, and the modes are distinctly driven by the phonon or magnon. The
low-frequency mode 1 becomes the phonon-driven mode (ω  ≈ ω ), while the high-frequency mode 2 is the
magnon-driven mode ω  = ω . Their behaviors are very similar to those at low �elds.

DISCUSSION

To accurately describe the time-domain behavior and compare directly with TR-MOKE signals, we use micromag-
netic simulations based on the Landau-Lifthitz-Gilbert equation, including the magnetostriction effect and the
damping. The simulation reproduces the resonant state, whereby the wave envelope rises for ~100 ps and afterward
follows a standard relaxation, as shown in Fig. 4B. Comparing with the experimental data from TR-MOKE (Fig. 4A),
the theoretical model we propose here can capture all the key features in this ultrafast magnon-phonon coupling
behavior. From the energy perspective, the phonon initially pumps enough energy into the magnon system to
overwhelm the energy dissipation (�g. S6). This energy enhancement excites the magnetization to precess in a
larger angle, presenting a rise, rather than the immediate decay found for the off-resonance condition, as observed
in Fig. 2A for the low- and high-�eld cases. The simulation uses the same material magnetostriction coef�cient
(details in note S3) and thus the same coupling coef�cient as used in the previous section to predict the frequen-
cies of modes 1 and 2. The rising time depends on the coupling coef�cient κ. Relaxation occurs when the pumped
energy by phonon is no longer suf�cient to compensate for the dissipated energy. The overall agreement of experi-
ment and theory suggests that our assumption of a uniform spin mode is correct, although the existence of the
lowest exchange magnon cannot be completely excluded (29).

tic waves measured from TDTR (blue stars). The anticrossing point of mode 1 and mode 2 occurs at the resonance field (H  ≈ 21 kOe), where
the frequencies of modes 1 and 2 split and open a gap Δf. We assign the strain mode as the one with field-independent frequencies that are
nearly identical to the acoustic wave frequencies from TDTR. The frequency of the FMR mode increases linearly with H . The relationship be-
tween γ and g is given by γ = g. γ /g  where ge and γ  are the g-factor and gyromagnetic ratio for an electron. (B) The individual M  amplitudes
of modes 1 and 2 from both the experiment and the theory as a function of H  for the [Co(0.8 nm)/Pd(1.5 nm)]  multilayer. There exists an
apparent amplification of both modes due to the coupling between these two modes near the anticrossing point. (C) A zoomed-in frequency
plot of the resonance region from the experiment and the theory. The experimental error bars (~3 GHz) are based on the FFT resolution (~3
GHz). (D) A zoomed-in amplitude plot of the resonance region from the experiment and the theory. The experimental error bars represent the
standard error from mathematical fitting of the measurement data based on Eq. 1.
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Time-dependent magnetization dynamics driven by acoustic waves

To prove that acoustic waves can manipulate the magnetization and further assist the switching on an ultrafast pi-
cosecond scale, we carried out the micromagnetic simulation of the out-of-plane magnetization (M ) versus the
time delay with a square strain pulse. The strain pulse amplitude is 0.5%, the pulse period is 2 ns, and the pulse
length is 1 ns. Figure 4 (D and E) shows M  versus time delay of the system at two external �elds near the magne-
toacoustic resonance state. When the strain pulse is on, the system becomes excited rapidly to an enhanced large-
angle precession with a rise time of ~100 ps. When the strain pulse is off, the system at both external magnetic
�elds shows relaxation behavior, and the magnetization becomes aligned with H . This large-angle precession
caused by the resonance between acoustic waves and spin precession is maintained steadily for nondecaying strain
amplitude. In addition, as the spin dynamics is a nonlinear system, the resonance can happen in a wide �eld range
of several kOe, centered at the resonance point with a �eld range determined by the coupling coef�cient κ (Fig. 4C).
For example, an external magnetic �eld of H  = 21 kOe has the maximum precession amplitude, while �elds of
H  = 18 kOe or 24 kOe can also excite resonant behavior with relatively smaller precession amplitudes. It can also
be seen that the precession amplitudes with 0.2 or 0.5% strain yield similar peak values. The magnetoacoustic res-
onance with H  = 21 kOe is enhanced when the strain increases from 0.1 to 0.2% (see �g. S7). This level of strain
has been detected by previous researchers (44, 45). Figure 4F presents the strain-assisted magnetization switching
of the [Co(0.8 nm)/Pd(1.5 nm)]  system with H  = 1 kOe. It is clearly seen that when strain is absent in the system
(strain amplitude of 0%), the magnetization of the system shows the normal damped decay and switching does not
happen. When strain (strain amplitude of 0.5%) is applied, the system shows a large-angle magnetization preces-
sion and switching occurs in 3 ns. We also note that Vlasov et al. (46) have recently predicted switching in an ellip-
tical nanomagnet with shape anisotropy.

CONCLUSION

We experimentally detect acoustic waves with response time down to the order of 10 ps in perpendicular magnetic
[Co/Pd]  multilayers via a femtosecond laser pulse excitation. Through direct measurements of coherent phonons
and magnetization, we observe a 60-GHz magnetoacoustic resonance when the frequencies of acoustic waves and

Fig. 4 Time-dependent magnetization dynamics.
(A and B) The experimental and simulated TR-MOKE signal of the [Co(0.8 nm)/Pd(1.5 nm)]  multilayer with H  = 21 kOe, respectively. The
strain used to produce the simulated signal is 0.5%. (C) The oscillation amplitude versus H  for different strain amplitudes (0.1, 0.2, and
0.5%). (D and E) The time evolution of the out-of-plane magnetization (M ) versus the time delay when a square strain pulse is applied. The
pulse amplitude is 0.5%, the time period is 2.0 ns, and the pulse length is 1.0 ns. The simulated spin precession coupled with a 0.5% strain
pulse under an H  of 21 kOe (D) and 24 kOe (E), respectively. When the strain pulse is on, the system gets excited rapidly to an enhanced
large-angle precession with a rise time of ~100 ps under H  = 21 kOe, but not 24 kOe. When the strain pulse is off, the system at these H
values shows relaxation behavior. (F) Strain-assisted switching for [Co(0.8 nm)/Pd(1.5 nm)]  with H  = 1 kOe. When strain is absent in the
system (strain amplitude of 0%), switching does not occur (shown by the black line). When strain (strain amplitude of 0.5%) is applied, switch-
ing occurs (shown by the red line).
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spin precession approach each other. We develop a theoretical model and revealed the physical mechanism of mag-
netoacoustic resonance from the strain-spin interaction within an energy viewpoint. This model and experiment
agree in their demonstration of hybridization between strain and spin waves near the resonance point. The results,
by illustrating a pathway to switching the magnetization of a high anisotropy perpendicular material through
strain-spin coupling, offer an approach to meeting the future technological needs of high speed and highly com-
pact memory.

MATERIALS AND METHODS

Sample preparation and characterization

All samples with the stack of [Co(x)/Pd(y)] /Co(x)/Ta(3) (x = 0.30 to 0.70 nm; y = 0.70 to 1.80 nm), from the bottom
to top, are deposited on Si/SiO (300 nm) substrate at room temperature using a six-target Shamrock magnetron
sputtering system with the ultrahigh vacuum (base pressure < 5.0 × 10  torr). The [Co(0.8 nm)/Pd(1.8 nm)]  mul-
tilayer is seeded with the Ta(5 nm)/Pd(5 nm) bilayer; the others are seeded with the Ta(3 nm)/Pd(3 nm) bilayer. All
layers are sputtered with dc power sources and element targets under an Ar working pressure of 2.0 mtorr. The
magnetic properties of all samples are characterized using a Physical Property Measurement System with the
Vibrating Sample Magnetometer module.

TR-MOKE and TDTR measurements

Both TDTR and TR-MOKE methods are based on the ultrafast pump-probe technique. In this technique, pump
pulses are used to excite the sample to a higher energy level followed by a recovery process, while probe pulses de-
tect this change as a function of time delay. A mode-locked Ti:Sapphire laser with a pulse duration of ~100 fs and a
center wavelength of 783 nm at a repetition rate of 80 MHz is used for TDTR and TR-MOKE measurements. A 10×
objective lens is used to produce a 1/e  spot radius of w  = 6 μm for both pump and probe beams. In addition, an ex-
ternal magnetic �eld of up to 29 kOe (at θ  = 80° as de�ned in Fig. 1A) is applied in both TR-MOKE and TDTR mea-
surements. The TDTR signal is captured with a fast-response photodiode, while the TR-MOKE signal is captured
with a balanced detector. For our measurement setup, the �eld angle is limited to 80° ≤ θ  ≤ 90° to achieve suf�-
ciently high �elds and to ensure a clear optical path for the laser beam. Therefore, we set θ  to be 80° for all mea-
surements of [Co/Pd]  samples, to achieve the highest precessional frequency with the smallest �eld and, mean-
while, to maximize the TR-MOKE signals (see note S1).

Theory model and micromagnetic simulation

In the theoretical model, we �rst derive the magnetic dynamics, in Eq. 2 under the in�uence of the magnetostric-
tion and the damping effect, from the macrospin model. Unlike (30, 31), the role of backaction is included, which
allows predictions for the experimentally observed hybridization. We de�ne that the z′ axis is titled from the origi-
nal z axis with an angle   and perpendicular to the original x axis. The equation for the out-of-
plane magnetization m  is

(2)

where ω  is the magnetic frequency, Γ is the relaxation rate, and κ is the coupling coef�cient. The explicit expres-
sions for these parameters are

(3)

(4)

(5)

where γ is gyromagnetic ratio, H  is external bias �eld, H  is the effective perpendicular anisotropy, and b  is the
magnetostriction coef�cient. Details may be found in note S3A.
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The strain amplitude η is governed by

(6)

where ω  is the phonon frequency. Equations 2 and 6 yield the characteristics of the two modes in the magnetic
dynamics, as low-frequency mode ω  and high-frequency mode ω . Their amplitudes are B  and B , correspond-
ingly. Approximations under varying conditions are performed in note S3D to aid physical understanding and are
summarized in Discussion.

(7)

(8)

(9)

(10)

where m  is the initial magnetization out-of-plane component m  deviating from the �nal equilibrium position. η
is the initial strain amplitude.

Third, we perform micromagnetic simulation to accurately describe the magnetic dynamics versus time, including
both the magnetostrictive and damping effect. We choose the experimental initial conditions in the simulation.
Through a straightforward voltage to Kerr angle conversion in TR-MOKE signal, a precessional cone angle (maxi-
mum value of ~1°) is used to set the initial magnetization condition in simulation (see note S2). A strain of 0.1% is
used to set the initial strain condition.

Acknowledgments

We thank P. Crowell from University of Minnesota for valuable discussions and suggestions. Funding: This work
was partially supported by C-SPIN, one of six centers of STARnet, a Semiconductor Research Corporation program,
sponsored by MARCO and DARPA, and by ASCENT, one of six centres in JUMP, a Semiconductor Research
Corporation program, sponsored by MARCO and DARPA. D.M.L. and X.W. thank the support from Advanced
Storage Research Consortium (ASRC). The authors acknowledge the Minnesota Supercomputing Institute (MSI) at
the University of Minnesota for providing resources that contributed to the research results reported within this
paper. Revisions to this paper have been funded by the Center for Micromagnetics and Information Technologies
(MINT). Author contributions: D.-L.Z., J.Z., T.Q., R.H.V., X.W., and J.-P.W. conceived the research. D.-L.Z. designed
and prepared all of the samples and carried out all magnetic measurements. J.Z. and D.M.L. designed and carried
out the TDTR and TR-MOKE measurements and �tted the data. D.-L.Z. and J.Z. introduced the initial experimental
results including magnetic properties and TDTR and TR-MOKE data on this topic to T.Q. and suggested the need
for theoretical analysis. T.Q. carried out the theoretical prediction, analytical derivation, and micromagnetic simu-
lation that inspired the experimental results of the resonance. D.-L.Z. and J.Z. participated in the discussion of the
theory and micromagnetic simulation. D.-L.Z., J.Z., and T.Q. prepared the �gures and drafted the manuscript. J.-
P.W., X.W., and R.H.V. coordinated the project. All the authors discussed the results and commented on the manu-

d2η

dt2
+ ω2

phη = −κmz′

ph

1 2 1 2

ω1 = √(ω2
M

+ ω2
ph − √(ω2

M
− ω2

ph)
2

+ 4 κ2)/2

ω2 = √(ω2
M + ω2

ph + √(ω2
M − ω2

ph)
2

+ 4 κ2)/2

B1 =
m0 + η0

κ
ω2
M−ω2

2

1 − κ
ω2
M−ω2

2

κ
ω2

ph−ω2
1

B2 =
− κ

ω2
M

−ω2
2

η0 − m0
κ

ω2
ph−ω2

1

κ
ω2
M

−ω2
2

1 − κ
ω2
M−ω2

2

κ
ω2

ph−ω2
1

0 0 0



12/20/23, 1:33 AM High-frequency magnetoacoustic resonance through strain-spin coupling in perpendicular magnetic multilayers | Science Advances

https://www.science.org/doi/10.1126/sciadv.abb4607 10/13

script. Competing interests: The authors declare that they have no competing interests. Data and materials
availability: All data needed to evaluate the conclusions in the paper are present in the paper and/or the
Supplementary Materials. Additional data related to this paper may be requested from the authors.

Supplementary Material

File (abb4607_sm.pdf)

DOWNLOAD 1.16 MB

REFERENCES AND NOTES

eLetters (0)

eLetters is a forum for ongoing peer review. eLetters are not edited, proofread, or indexed, but they are screened. eLetters should
provide substantive and scholarly commentary on the article. Embedded �gures cannot be submitted, and we discourage the use
of �gures within eLetters in general. If a �gure is essential, please include a link to the �gure within the text of the eLetter. Please
read our Terms of Service before submitting an eLetter.

LOG IN TO SUBMIT A RESPONSE

No eLetters have been published for this article yet.

CURRENT ISSUE

1 A. Kirilyuk, A. V. Kimel, T. Rasing, Ultrafast optical manipulation of magnetic order. Rev. Mod. Phys. 82, 2731–2784 (2010).

 GO TO REFERENCE • CROSSREF • ISI • GOOGLE SCHOLAR

2 O. Kovalenko, T. Pezeril, V. V. Temnov, New concept for magnetization switching by ultrafast acoustic pulses. Phys. Rev. Lett. 110, 266602

(2013).

 SEE ALL REFERENCES • CROSSREF • PUBMED • ISI • GOOGLE SCHOLAR

3 V. V. Temnov, Ultrafast acousto-magneto-plasmonics. Nat. Photonics 6, 728–736 (2012).

 GO TO REFERENCE • CROSSREF • ISI • GOOGLE SCHOLAR

4 K. Shen, G. E. W. Bauer, Laser-induced spatiotemporal dynamics of magnetic �lms. Phys. Rev. Lett. 115, 197201 (2015).

CROSSREF • PUBMED • ISI • GOOGLE SCHOLAR

SHOW ALL REFERENCES

https://www.science.org/doi/suppl/10.1126/sciadv.abb4607/suppl_file/abb4607_sm.pdf
https://www.science.org/content/page/terms-service
https://www.science.org/action/ssostart?redirectUri=/doi/full/10.1126/sciadv.abb4607
https://doi.org/10.1103/RevModPhys.82.2731
https://gateway.webofknowledge.com/gateway/Gateway.cgi?GWVersion=2&DestApp=WOS_CPL&UsrCustomerID=5e3815c904498985e796fc91436abd9a&SrcAuth=atyponcel&SrcApp=literatum&DestLinkType=FullRecord&KeyUT=000282057000001
https://scholar.google.com/scholar_lookup?title=Ultrafast+optical+manipulation+of+magnetic+order&author=A.+Kirilyuk&author=A.+V.+Kimel&author=T.+Rasing&publication_year=2010&journal=Rev.+Mod.+Phys.&pages=2731-2784&doi=10.1103%2FRevModPhys.82.2731
https://doi.org/10.1103/PhysRevLett.110.266602
https://www.ncbi.nlm.nih.gov/pubmed/23848905
https://gateway.webofknowledge.com/gateway/Gateway.cgi?GWVersion=2&DestApp=WOS_CPL&UsrCustomerID=5e3815c904498985e796fc91436abd9a&SrcAuth=atyponcel&SrcApp=literatum&DestLinkType=FullRecord&KeyUT=000320990800019
https://scholar.google.com/scholar_lookup?title=New+concept+for+magnetization+switching+by+ultrafast+acoustic+pulses&author=O.+Kovalenko&author=T.+Pezeril&author=V.+V.+Temnov&publication_year=2013&journal=Phys.+Rev.+Lett.&pages=266602&doi=10.1103%2FPhysRevLett.110.266602&pmid=23848905
https://doi.org/10.1038/nphoton.2012.220
https://gateway.webofknowledge.com/gateway/Gateway.cgi?GWVersion=2&DestApp=WOS_CPL&UsrCustomerID=5e3815c904498985e796fc91436abd9a&SrcAuth=atyponcel&SrcApp=literatum&DestLinkType=FullRecord&KeyUT=000310848300012
https://scholar.google.com/scholar_lookup?title=Ultrafast+acousto-magneto-plasmonics&author=V.+V.+Temnov&publication_year=2012&journal=Nat.+Photonics&pages=728-736&doi=10.1038%2Fnphoton.2012.220
https://doi.org/10.1103/PhysRevLett.115.197201
https://www.ncbi.nlm.nih.gov/pubmed/26588408
https://gateway.webofknowledge.com/gateway/Gateway.cgi?GWVersion=2&DestApp=WOS_CPL&UsrCustomerID=5e3815c904498985e796fc91436abd9a&SrcAuth=atyponcel&SrcApp=literatum&DestLinkType=FullRecord&KeyUT=000364024800017
https://scholar.google.com/scholar_lookup?title=Laser-induced+spatiotemporal+dynamics+of+magnetic+films&author=K.+Shen&author=G.+E.+W.+Bauer&publication_year=2015&journal=Phys.+Rev.+Lett.&pages=197201&doi=10.1103%2FPhysRevLett.115.197201&pmid=26588408


12/20/23, 1:33 AM High-frequency magnetoacoustic resonance through strain-spin coupling in perpendicular magnetic multilayers | Science Advances

https://www.science.org/doi/10.1126/sciadv.abb4607 11/13

Sign up for ScienceAdviser
Subscribe to ScienceAdviser to get the latest news, commentary, and research, free to your inbox daily.

SUBSCRIBE

The magmatic system under Hunga volcano before and after the 15 January 2022 eruption
BY HÉLÈNE LE MÉVEL,  CRAIG A. MILLER,  ET AL.

Driving forces of Antarctic krill abundance
BY ALEXEY RYABOV,  UTA BERGER,  ET AL.

Aqueous breakdown of aspartate and glutamate to n-ω-amino acids on the parent bodies of carbonaceous chondrites and asteroid Ryugu
BY YAMEI LI,  HIROYUKI KUROKAWA,  ET AL.

TABLE OF CONTENTS 

https://www.science.org/toc/sciadv/9/50
https://www.science.org/content/page/scienceadviser?intcmp=rrail-adviser&utm_id=recFUzjFNRznSEEDd
https://www.science.org/doi/10.1126/sciadv.adh3156
https://www.science.org/doi/10.1126/sciadv.adh4584
https://www.science.org/doi/10.1126/sciadv.adh7845
https://www.science.org/toc/sciadv/current


12/20/23, 1:33 AM High-frequency magnetoacoustic resonance through strain-spin coupling in perpendicular magnetic multilayers | Science Advances

https://www.science.org/doi/10.1126/sciadv.abb4607 12/13

LATEST NEWS

RECOMMENDED

View full text | Download PDF

Why do most dogs have brown eyes?
NEWS 19 DEC 2023

This algorithm could predict your health, income, and chance of premature death
NEWS 18 DEC 2023

Chimps remember the faces of old friends and family for decades
NEWS 18 DEC 2023

Vocal therapy changes vocal cords of transgender patients without need for surgery
NEWS 18 DEC 2023

Disgraced surgeon Paolo Macchiarini, whose crimes inspired an opera, headed to prison
SCIENCEINSIDER 18 DEC 2023

NIH advisory group recommends $14,000 boost in postdoc pay
SCIENCEINSIDER 15 DEC 2023

Low-Frequency Spin Dynamics in a Canted Antiferromagnet
REPORTS JULY 2006

Accessing new magnetic regimes by tuning the ligand spin-orbit coupling in van der Waals magnets
RESEARCH ARTICLE JULY 2020

Observation of spin-orbit magnetoresistance in metallic thin �lms on magnetic insulators
RESEARCH ARTICLE JANUARY 2018

Electric-�eld control of spin dynamics during magnetic phase transitions
RESEARCH ARTICLE OCTOBER 2020

FOLLOW US

      GET OUR NEWSLETTER

NEWS

All News

ScienceInsider

News Features

Subscribe to News from Science

News from Science FAQ

About News from Science

CAREERS

Careers Articles

Find Jobs

Employer Hubs

COMMENTARY JOURNALS

https://www.science.org/doi/full/10.1126/sciadv.abb4607
https://www.science.org/doi/pdf/10.1126/sciadv.abb4607
https://www.science.org/content/article/why-do-most-dogs-have-brown-eyes
https://www.science.org/news/all-news
https://www.science.org/content/article/algorithm-could-predict-your-health-income-and-chance-premature-death
https://www.science.org/news/all-news
https://www.science.org/content/article/chimps-remember-faces-old-friends-and-family-decades
https://www.science.org/news/all-news
https://www.science.org/content/article/vocal-therapy-changes-voices-transgender-patients-without-need-surgery
https://www.science.org/news/all-news
https://www.science.org/content/article/disgraced-surgeon-paolo-macchiarini-whose-crimes-inspired-opera-headed-prison
https://www.science.org/news/scienceinsider
https://www.science.org/content/article/nih-advisory-group-recommends-14-000-boost-postdoc-pay
https://www.science.org/news/scienceinsider
https://www.science.org/doi/full/10.1126/science.1127094
https://www.science.org/doi/full/10.1126/sciadv.abb9379
https://www.science.org/doi/full/10.1126/sciadv.aao3318
https://www.science.org/doi/full/10.1126/sciadv.abd2613
https://www.science.org/content/page/science-family-journals-social-media
https://www.facebook.com/ScienceMagazine
https://twitter.com/sciencemagazine
https://www.instagram.com/ScienceMagazine
https://www.youtube.com/user/ScienceMag
https://www.science.org/about/email-alerts-and-rss-feeds
https://mp.weixin.qq.com/s?__biz=MzI3NDY3NzQ2Mg==&mid=100002815&idx=1&sn=2949c025a553ac718b9612a0473b9f60&chksm=6b1120465c66a9508b01eaef1589b15d440e50b189106c8c594de8c6471f696a978de952fb15&mpshare=1&scene=1&srcid=0716JJQ5V4cKbgMMsya2MQ0n&sharer_sharetime=
https://www.science.org/content/page/scienceadviser?intcmp=ftr-adviser&utm_id=recdExfxt1yeSJxzi
https://www.science.org/news
https://www.science.org/news/all-news
https://www.science.org/news/scienceinsider
https://www.science.org/news/features
https://www.science.org/content/page/news-science-subscriptions
https://www.science.org/content/page/news-subscriber-faqs
https://www.science.org/content/page/about-news-science
https://www.science.org/careers
https://www.science.org/topic/article-type/careers-editorial
https://jobs.sciencecareers.org/
https://www.science.org/careers/employers
https://www.science.org/commentary
https://www.science.org/journals
https://www.science.org/journal/science
https://www.science.org/journal/sciadv
https://www.science.org/journal/sciimmunol
https://www.science.org/journal/scirobotics
https://www.science.org/journal/signaling
https://www.science.org/journal/stm


12/20/23, 1:33 AM High-frequency magnetoacoustic resonance through strain-spin coupling in perpendicular magnetic multilayers | Science Advances

https://www.science.org/doi/10.1126/sciadv.abb4607 13/13

Opinion

Analysis

Blogs

Science

Science Advances

Science Immunology

Science Robotics

Science Signaling

Science Translational Medicine

Science Partner Journals

AUTHORS & REVIEWERS

Information for Authors

Information for Reviewers

LIBRARIANS

Manage Your Institutional Subscription

Library Admin Portal

Request a Quote

Librarian FAQs

ADVERTISERS

Advertising Kits

Custom Publishing Info

Post a Job

RELATED SITES

AAAS.org

AAAS Communities

EurekAlert!

Science in the Classroom

ABOUT US

Leadership

Work at AAAS

Prizes and Awards

HELP

FAQs

Access and Subscriptions

Order a Single Issue

Reprints and Permissions

TOC Alerts and RSS Feeds

Contact Us

© 2023 American Association for the Advancement of Science. All rights reserved. AAAS is a partner of HINARI, AGORA, OARE, CHORUS, CLOCKSS, CrossRef and COUNTER. Science Advances eISSN
2375-2548.

Terms of Service  |  Privacy Policy  |  Accessibility

https://www.science.org/commentary/opinion
https://www.science.org/commentary/analysis
https://www.science.org/blogs
https://www.science.org/journal/science
https://www.science.org/journal/sciadv
https://www.science.org/journal/sciimmunol
https://www.science.org/journal/scirobotics
https://www.science.org/journal/signaling
https://www.science.org/journal/stm
https://spj.sciencemag.org/
https://www.science.org/content/page/contributing-science-family-journals
https://www.science.org/content/page/contributing-science-family-journals
https://www.science.org/content/page/peer-review-science-publications
https://www.science.org/content/page/librarian-portal
https://www.science.org/action/institutionAccessEntitlements
https://www.science.org/content/page/librarian-portal
https://scienceaaas.org/request
https://www.science.org/content/page/librarian-portal-frequently-asked-questions
https://advertising.sciencemag.org/
https://advertising.sciencemag.org/
https://www.science.org/custom-publishing
https://employers.sciencecareers.org/
https://www.science.org/content/page/related-sites
https://www.aaas.org/
https://members.aaas.org/home
https://www.eurekalert.org/
https://www.scienceintheclassroom.org/
https://www.science.org/content/page/aboutus
https://www.science.org/content/page/leadership-and-management
https://www.aaas.org/careers/workataaas
https://www.science.org/content/page/prizes-and-awards
https://www.science.org/content/page/help
https://www.science.org/content/page/faqs
https://www.science.org/content/page/access-and-subscriptions
https://backissues.science.org/
https://www.science.org/content/page/reprints-and-permissions
https://www.science.org/content/page/email-alerts-and-rss-feeds
https://www.science.org/content/page/contact-us
https://www.aaas.org/
https://www.aaas.org/
https://www.science.org/content/page/terms-service
https://www.science.org/content/page/privacy-policy
https://www.science.org/content/page/accessibility



