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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 Hey: (10 to 29 kOe). It is
clearly seen that TDTR signals do not change in the whole region of Hey, while TR-MOKE signals show different oscillation patterns with external fields. For Hex < 18 kOe
or Hext > 24 kOe, magnetization precession presents a damped oscillation, while for 18 kOe < Hext < 24 kOe, it shows a resonance phenomenon. (C and D) Fourier
transform of the TR-MOKE signals with Hex = 14 kOe and 21 kOe, respectively, from which two peaks (FMR and strain) can be found. For Hey = 14 kOe, the two peaks are
separate; however, the two peaks are overlapping when Hey = 21 kOe. a.u., arbitrary units.

to the monotonic decaying trend of a typical damped feature of spin
precession at other fields. After 60 ps, the injected energy by the
strain is insufficient 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 fea-
ture appears.

To further understand the magnetization dynamics and magneto-
acoustic 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

V(t)=A+Be"“+ D, sin(2nfi £+ @e My D,sin(2nfyt + @r)e ™
1)

where Vis the signal; ¢ is the time; A, B, and C are fitting parameters
of the thermal background; D; represents the amplitude of sinusoid;
fi is the frequency; @; is the phase; and 7; is the relaxation time.
The indices of i = 1, 2 represent two separate modes (low-frequency
mode 1 and high-frequency mode 2 as defined later), captured by
the measurement simultaneously (41, 42). The TDTR data only
show one frequency corresponding to the picosecond acoustics
(strain) in the system, which is independent of the external field.
Fitting the TR-MOKE data (which captures the change in the z
component of magnetization) shows two distinct frequencies over
most of the range: a frequency that depends on Hey following a Kittel
dispersion (FMR) and a frequency that is independent of Hey that
matching the frequency of the strain captured by TDTR (strain).
More details about the amplitude and phase information of these
two behaviors are provided in note S1. Two TR-MOKE signals, one
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in resonance (Hey = 21 kOe) and the other one out of magneto-
acoustic resonance (Hey = 14 kOe), are chosen for comparison to
study the coupling between spin precession and acoustic waves
(Fig. 2C). We find 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 fre-
quency peaks are overlapping 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 fitted from the
TR-MOKE signal as a function of Hey 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 cou-
pling is small compared to the frequency difference, except near the
resonance with a coupling coefficient  of ~(16.5 GHz)” = 272 GHz?
that is determined by the magnetostriction coefficient, magnetic
properties, and the external field angle (details in note S3D). At low
fields where ; is much smaller than ,, these modes are distinctly
separated by the driving mechanism. The largest TR-MOKE signal
corresponds to the low-frequency mode, driven directly by magnon
from the fast demagnetization process. The frequency of mode 1
() is equal to the magnon frequency wy and is linearly dependent
on Hey, with a slope of y/2n with vy being the gyromagnetic ratio.
The displacement of this linear behavior of o is caused by the effective
anisotropy field. The amplitude 1, depends on the initial precession
angle (the maximum value of ~1°), estimated based on the conversion
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Fig. 3. High-frequency magneto-acoustic resonance. (A) The frequency of the [Co(0.8 nm)/Pd(1.5 nm)];; multilayer as a function of Hey:. 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 acoustic waves
measured from TDTR (blue stars). The anticrossing point of mode 1 and mode 2 occurs at the resonance field (Hex ~ 21 kOe), where the frequencies of modes 1 and 2 split and
open a gap Af. 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 Hey. The relationship between y and g is given by y = g. ye/ge Where ge and vy, 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 Hex: for the [Co(0.8 nm)/Pd(1.5 nm)];1 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.

from TR-MOKE voltage to the Kerr angle. m, decreases rapidly
when increasing external magnetic field as 1/H.,,, 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 , is field independent at
low fields, remaining at a constant 60 GHz, with the phonon fre-
quency oy, fitted from TDTR signals (blue stars). Its amplitude
KNo/ (cof)h - 03,2\4) is proportional to the strain amplitude ng and the
coupling coefficient x (note S3D). This indicates that the high-
frequency mode o, makes a negligible contribution to the magnon-
dominated dynamics at low fields, verified by a slight side peak
appearing in the FFT spectrum in Fig. 2C. The amplitude gradually
increases when increasing the magnetic field, as the difference
between wy and wypy, shrinks.

When the frequencies of these two modes approach each other,
the high- and low-frequency modes hybridize, reflecting strongly cou-
pled magnon-phonon dynamics. The two modes, driven by a quasi-
particle with substantial contributions from both magnon and
phonon, deviate from their original characteristics discussed in the
previous low-field condition. The frequencies of modes 1 and 2
display an anticrossing with a frequency gap Af, deviating from the
original wys (=) or wp, (Rw;). The nature or presence of an anti-
crossing feature cannot be proven to high confidence due to the
experimental error bars, so our real evidence for anticrossing comes
from theory. Clearly, the strain drives the magnetization oscilla-
tions, which can only happen if they have the same symmetry.
Therefore, there must be a mixing term in the Hamiltonian, and an
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anticrossing is guaranteed. To quantitatively predict the gap Af, we
calculate the two frequencies of modes 1 and 2 at the resonance
point (defined as wy; = @pp, at Hey = 21 kOe), which gives o) = wpp,
— (k/20pp) and @, = wpp + (1€/20ph). This yields Af = w, — w; = 4.6 GHz,
which is consistent with experimental data using no fitting parame-
ters, as shown in Fig. 3 (A and C). The hybridization regime is de-
fined as Hex; at which [wy — opn| approximates k/wph, leading to a
range of 19.7 kOe < Hey < 22.1 kOe. The amplitudes 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 negligi-
ble value (~1p) 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 1, which
also results in magnon-phonon hybridization. In addition, this
hybridization appears as a magnetoacoustic resonance at the reso-
nance field (the strongest effect) and nearby, as verified by the
enhanced wave envelope in the TR-MOKE signals in Fig. 2A. We
can conclude that the magnon-phonon coupling substantially influ-
ences the spin dynamics and induces a resonant state. When further
increasing Hey from the resonance-field range, the frequencies of
these two modes move apart again. At such high fields, the hybrid-
ization disappears, and the modes are distinctly driven by the phonon
or magnon. The low-frequency mode 1 becomes the phonon-driven
mode (m; =~ 0pp), while the high-frequency mode 2 is the magnon-
driven mode m, = wy. Their behaviors are very similar to those at
low fields.
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DISCUSSION

To accurately describe the time-domain behavior and compare
directly with TR-MOKE signals, we use micromagnetic 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. Com-
paring 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 (fig. 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-field cases. The simulation uses the same ma-
terial magnetostriction coefficient (details in note S3) and thus the
same coupling coefficient as used in the previous section to predict the
frequencies of modes 1 and 2. The rising time depends on the cou-
pling coefficient k. Relaxation occurs when the pumped energy by
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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
Hext =21 kOe, respectively. The strain used to produce the simulated signal is
0.5%. (C) The oscillation amplitude versus Hey: for different strain amplitudes
(0.1,0.2, and 0.5%). (D and E) The time evolution of the out-of-plane magnetiza-
tion (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 Hey 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 Hex =21 kOe, but not 24 kOe. When the strain pulse is off, the system at
these Hey values shows relaxation behavior. (F) Strain-assisted switching for
[Co(0.8 nm)/Pd(1.5 nm)]q1 with Hexs = 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, switching occurs (shown by
the red line).
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phonon is no longer sufficient to compensate for the dissipated
energy. The overall agreement of experiment 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).

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 picosecond scale, we car-
ried out the micromagnetic simulation of the out-of-plane magne-
tization (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 fields near the magnetoacoustic 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 mag-
netic fields shows relaxation behavior, and the magnetization becomes
aligned with H.y. This large-angle precession caused by the reso-
nance 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
field range of several kOe, centered at the resonance point with a
field range determined by the coupling coefficient k (Fig. 4C). For
example, an external magnetic field of Hey = 21 kOe has the maxi-
mum precession amplitude, while fields of Hey = 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
resonance with Hey = 21 kOe is enhanced when the strain increases
from 0.1 to 0.2% (see fig. 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)]y;
system with Hex = 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 precession and
switching occurs in 3 ns. We also note that Vlasov et al. (46) have
recently predicted switching in an elliptical 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], multi-
layers via a femtosecond laser pulse excitation. Through direct
measurements of coherent phonons and magnetization, we ob-
serve a 60-GHz magnetoacoustic resonance when the frequencies
of acoustic waves and spin precession approach each other. We
develop a theoretical model and revealed the physical mechanism
of magnetoacoustic 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 meet-
ing the future technological needs of high speed and highly compact
memory.
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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/8i0,(300 nm) substrate at room temperature using a six-target
Shamrock magnetron sputtering system with the ultrahigh vacuum
(base pressure < 5.0 x 10~ torr). The [Co(0.8 nm)/Pd(1.8 nm)];;
multilayer 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 sput-
tered 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 detect 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 10x
objective lens is used to produce a 1/¢* spot radius of wg = 6 um for
both pump and probe beams. In addition, an external magnetic
field of up to 29 kOe (at 6 = 80° as defined in Fig. 1A) is applied in
both TR-MOKE and TDTR measurements. 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 field angle is limited to 80° < 6y < 90° to achieve suffi-
ciently high fields and to ensure a clear optical path for the laser
beam. Therefore, we set 0y to be 80° for all measurements of
[Co/Pd], samples, to achieve the highest precessional frequency
with the smallest field and, meanwhile, to maximize the TR-MOKE
signals (see note S1).

Theory model and micromagnetic simulation

In the theoretical model, we first derive the magnetic dynamics, in
Eq. 2 under the influence of the magnetostriction and the damping
effect, from the macrospin model. Unlike (30, 31), the role of back-
action is included, which allows predictions for the experimentally
observed hybridization. We define that the z’ axis is titled from the
original z axis with an angle 83 (67 = n/2 — 8p) and perpendicular
to the original x axis. The equation for the out-of-plane magnetiza-
tion my is

2
d my

dr?

dmy

dt

+ a)i/f my + T = —Kn (2)

where y; is the magnetic frequency, I' is the relaxation rate, and
is the coupling coefficient. The explicit expressions for these param-
eters are

Oy = Y\/(Hext + HkO sin e;—l) (Hext - HkO COS(Z 91/[-1)) (3)

I' = 0y(2 Hext + Hyo sin?0} — Hyo cos(20%)) (4)

K = 3v%/8(Hext + 2 Hosin?0}) sin(20};) (ba/ M) (5)
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where vy is gyromagnetic ratio, Hey is external bias field, Hyg is the
effective perpendicular anisotropy, and b, is the magnetostriction
coefficient. Details may be found in note S3A.

The strain amplitude n is governed by

d2
d—t?+ wéhn = —Kmy (6)

where wpy, is the phonon frequency. Equations 2 and 6 yield the
characteristics of the two modes in the magnetic dynamics, as
low-frequency mode w; and high-frequency mode w,. Their ampli-
tudes are B; and By, correspondingly. Approximations under varying
conditions are performed in note S3D to aid physical understanding
and are summarized in Discussion.

2
031=\/(0)§4+0312)h—\/(®12\4—60}23h) +41<2>/2 )
2
wzz\/<m§4+w§h+\j(mﬁ4—w§h) +4K2>/2 (8)
K
my+Mo 2
OF—®
Bi= — % —%— ©)
(I)M—(Dz(l)ph—(l)l
K K K
- ) ﬂo—momz_mzmz —02
B, = o li - th 1 Wiy — 03 (10)

Wiy - ®3 (,l)ph—(,l)l

where my is the initial magnetization out-of-plane component my
deviating from the final equilibrium position. 1 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 (maximum 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.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/38/eabb4607/DC1
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