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Abstract: The magnetic dynamics of a thin Co,FeAl film epitaxially grown on GaAs substrate was investigated using the time-
resolved magneto-optical Kerr measurement under an out-of-plane external field. The intrinsic magnetic damping constant,
which should do not vary with the external magnetic field, exhibits an abnormal huge increase when the precession fre-
quency is tuned to be resonant with that of the coherent longitudinal acoustic phonon in the Co,FeAl/GaAs heterostructure.
The experimental finding is suggested to result from the strong coherent energy transfer from spins to acoustic phonons via
magnetoelastic effect under a resonant coupling condition, which leads to a huge energy dissipation of spins and a greatly en-
hanced magnetic damping in Co,FeAl. Our experimental findings provide an experimental evidence of spin pumping-like ef-
fect driven by propagating acoustic phonons via magnetoelastic effect, suggesting an alternative approach to the possible
long-range spin manipulation via coherent acoustic waves.
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1. Introduction

Magnetic dynamics of ferromagnet has been an active re-
search field in the past few decades, aiming for the innovat-
ive design of low-power, high-speed, nonvolatile, and scal-
able spintronic devices!' 2., To this end, the half-metallic ferro-
magnets have received great attention in the field of spintron-
ics for a complete spin polarization at the Fermi surface ow-
ing to its unique band structureBl, In particularly, as one of
the widely studied half-metallic ferromagnets, Co-based
Heusler alloys possess high spin polarization-61 and Curie tem-
perature”], low damping factor® 9 and good lattice match-
ing with traditional semiconductor GaAs substrate. These ex-
cellent characteristics make Co-based Heusler alloys ideal can-
didates as superior spin injection source in high-perform-
ance spintronic devices.

It is known that the magnetic damping governs the mag-
netization switching time of the magnetic recording device
and determines the critical current density in the spin-
torque-transfer devices('% 11, Therefore, it is of great signific-
ance to understand various physical mechanisms controlling
the magnetic damping in ferromagnets. It has been demon-
strated that several mechanisms can contribute to the magnet-
ic damping. The intrinsic damping of a ferromagnet is gov-
erned by the spin-orbit coupling (SOC) and eddy-current mech-
anism['2-14 while the extrinsic enhancement of damping
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arises from the two-magnon scattering and magnetic inhomo-
geneous broadening, which are associated with the local de-
fects and non-uniformity of magnetic thin films'>-17), In the
case of ferromagnet/nonmagnet bilayer structure, magnetic
dynamics in the ferromagnetic layer can drive spin current in-
to the adjacent nonmagnet and strongly influence the Gil-
bert damping of ferromagnet, which is known as spin pump-
ing effect('8-20], Moreover, the ferromagnetic resonance excita-
tion by applying surface acoustic waves in a ferromagnet/nor-
mal-metal bilayer have been reported?'-24, and spin currentin-
jection into the adjacent normal metal through magnetoelast-
ic coupling were observed, demonstrating the spin pumping
effect driven by the resonant coupling with coherent acous-
tic waves. Interestingly, recent studies have shown that spin
angular momentum can be transferred to the acoustic phon-
ons, which offers a great opportunity for long-range spin trans-
fer and magnetic dynamics manipulation by coupling with
the acoustic waves(?5-29, Such as the spin Seebeck effect,
which was proved to result from a phonon-driven spin redistri-
bution(25-28], Spin transfer via the polarized phonons has also
been proposed to be responsible for the long-range ex-
change coupling observed in aferromagnet/semiconductor hy-
brid structurel29, Recent theoretical investigation by Streib et
al. showed magnetic dynamics manipulation by a phonon cur-
rent that can inject spin angular momentum and energy into
an adjacent nonmagnetic insulator, leading to an enhance-
ment of damping in the ferromagnet(3%, This novel phenomen-
on is analogous to the spin pumping effect. Very recently, the
remote magnetic dynamics coupling between two YIG films
mediated by phonons in a thick GGG interlayer was experi-
mentally observedB'], and the long-range phonon-mediated
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Fig. 1. TR-MOKE response for 3 nm-thick Co,FeAl film with an external
field of 1.15 T and its best fitting (red solid line). The inset shows the
schematic diagram of application of external magnetic field.

spin transport in ferromagnet/nonmagnetic insulator bilayer
was theoretically investigated as wellBZ. These studies re-
vealed promising route for phonon-mediated long-range
spin transport, which is of great importance for spin manipula-
tion and novel spintronic device design.

In this work, we investigated the ultrafast magnetization
dynamics of Co,FeAl thin film under an out-of-plane external
magnetic field by using the time-resolved magneto-optical
Kerr effect (TR-MOKE) technique. An abnormal huge increase
in the intrinsic damping constant of a thin Co,FeAl film was ob-
served at the specific magnetic precession frequencies (or mag-
netic fields). And the respective precession frequencies were
found to be resonant with the coherent acoustic phonons
that were simultaneously generated in Co,FeAl/GaAs hetero-
structure via magnetoelastic effect, with the help of further co-
herent acoustic phonon detection by the time-resolved
pump-probe reflection measurements. The experimental find-
ings demonstrate a strong coherent energy transfer from
spins to acoustic phonons via magnetoelastic interaction un-
der a resonant coupling condition, which is of great signific-
ance for future information technologies.

2. Experimental details

The Co,FeAl thin films with different thickness were
grown on the semi-insulating GaAs (001) substrate using mo-
lecular beam epitaxy (MBE) technique. A 150 nm-thick GaAs
buffer layer was first grown before deposition of Co,FeAl
films, and a 2 nm-thick Al capping layer was deposited to pre-
vent Co,FeAl from oxidation. To study the coherent phonon
excitation, a gold film with thickness less than 8 nm was evap-
orated on the chosen samples’ surface by electron beam evap-
oration technique, since the gold film can serve as good heat
sink to promote coherent acoustic phonon generation under
the elastic distortion stress waves with intense optical excita-
tiont33 341, Both the TR-MOKE measurements and transient re-
flection spectrum measurements were performed using a
Ti:sapphire regenerative amplifier laser with the output pulse
duration of 150 fs and repetition rate of 1 kHz at wavelength
of 800 nm. For TR-MOKE measurements, the sample was moun-
ted in an Oxford superconducting magnet with the out-of-
plane magnetic field up to 3 T applied around 40° with re-
spect to the normal direction [001] of Co,FeAl film, as seen in
the inset of Fig. 1. The in-plane projection of the external
field was parallel to the [110] direction of the film, which is
the easy axis of the cubic magnetic anisotropy. The pump

beam is directed onto the sample surface in the nearly same
direction as the magnetic field and the probe beam is incid-
ent at an angle of 50° with respect to the surface normal.
While for the transient reflection measurements taken with an-
other pump-probe setup, the pump beam is at nearly nor-
mal incidence and the probe is incident at an angle of about
30° with respect to the surface normal without applying mag-
netic field, as seen in the inset of Fig. 3(a). All measurements
were performed at room temperature.

3. Results and discussions

A thin Co,FeAl film with a thickness of 3 nm was specific-
ally employed for the magnetic dynamics study with TR-
MOKE measurements. A typical TR-MOKE response measured
at external field of 1.15 T for 3 nm-thick Co,FeAl film is dis-
played in Fig. 1. It is noted that the dynamic response shows
higher-frequency oscillations accompanied by a slowly oscil-
lating envelope, indicating that there is more than one mode
in the dynamic response, each with different frequency. With
the help of fast Fourier transform (FFT) of the TR-MOKE data,
the observed Kerr signal can be further fitted with

4
Ot)=a+ Z biexp(=t/to;) + ciexp(—t/T;)sin(2rfit + @;), (1)

i=1

where a and b; are the background response magnitudes
and ty; is the recovery rate of magnetic anisotropy, ¢, f, ¢;
and 1; are the amplitude, oscillation frequency, phase, and re-
laxation time of oscillating signal, respectively. The red solid
line in Fig. 1 gives the best fit by Eq. (1) with four different fre-
quencies, indicating that there exit four different modes for
the Kerr response we observed.

The transient Kerr signals for 3 nm-thick Co,FeAl film
probed at different external magnetic fields are shown in
Fig. 2(a). The extracted oscillatory frequency by Eq. (1) as a
function of the external magnetic field is summarized in
Fig. 2(b), a FFT spectrum of the TR-MOKE data measured at
1.6 T is also displayed in the inset as an example. One can im-
mediately notice that, there is only one mode whose fre-
quency increases almost linearly with the increased magnet-
ic fields, while the frequencies of the other three modes re-
main constant, being 42.6, 32.3, and 19.6 GHz, respectively.
The linearly-varying oscillatory frequency as a function of ex-
ternal field implies its magnetic excitation nature which can
be described by the uniform magnetization precession with
Landau-Lifshitz-Gilbert (LLG) phenomenological equation(3s!:

NI—

_ Y
2nf = sinGM[H1H2] ) (2)

2K 2Ky K,
h H, = =—=cos46), — —~ 0520y — 2(2nMs — — | cos26,,+
where S WS cos46y s c0s26y, ( M W, €0s26y,

Hcos (6 — 6), H, = Vcsin“e,.,, + zMﬁsinzeM + HsinBy,sinby, y is
the gyromagnetic ratig and Ms issthe saturation magnetiza-
tion; K, Ky, and K| are the in-plane cubic, uniaxial and out-
of-plane magnetic anisotropy constants, respectively; and 6y,
Oy are the angles between the sample’s normal and the direc-
tions of magnetic field and magnetization, respectively. With
Ms = 1100 emu/cm3 determined by the superconducting
quantum interference device (SQUID) measurement, the red
solid line in Fig. 2(b) shows the best fitting using Eq. (2), indic-
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Fig. 2. For 3 nm-thick Co,FeAl film, (a) TR-MOKE responses measured
at different magnetic fields and their fittings (red solid lines), (b) the ex-
tracted oscillatory frequency as a function of external magnetic fields
(the black squares represent the magnetization precession frequency
and the red solid line is its best fitting; the colored dots represent the
phonon modes whose frequencies do not depend on the magnetic
fields). The inset in panel (b) shows the FFT spectrum of the TR-MOKE
data measuredat H=1.6T.

ating the uniform magnetization precession response for the
mode whose frequency varies linearly with the external mag-
netic field. The extracted fitting results for K, K, and K, are
K- = -7.86 x 10° erg/cm3, K, = 2.926 x 10° erg/cm3, K| =
-4.68 x 10° erg/cm3, respectively. These values roughly agree
with those obtained by rotating magneto-optical Kerr effect
(ROT-MOKE) measurements in our previous studies36 371,
Here the much larger K, than K with |K,/K] = 3.7 indicate
the dominant uniaxial anisotropy for the investigated ultrath-
in thin 3 nm-Co,FeAl Film, and the nearly same value of
|Ku/Kc| = 3.4 was obtained in our previous ROT-MOKE measure-
mentsB36l,

While for the observed other three modes, it is noted
that their frequencies did not vary with external magnetic
fields, indicating that they are not associated with magnon
excitation. But one can readily notice that the frequency of
42.6 GHz is consistent with that the well-known longitudinal
acoustic (LA) phonon of GaAsB8 39, As for the other two low-
frequency modes, our previous transient reflection studies
for Co,MnAlI films with different thickness have revealed the
similar phonon modes for the thicker Co,MnAl films of 60
and 100 nmi9, It is thus suspected that the three modes,
whose oscillation frequencies are field-independent, should
be associated with the coherent phonon excitation in
Co,FeAl/GaAs heterostructure. To clarify this, the time-re-
solved transient reflection experiments are further conduc-
ted[41,42]_

The transient reflection first investigated for 3 nm-
Co,FeAl/GaAs heterostructure is shown in Fig. 3(a), it con-

Journal of Semiconductors doi: 10.1088/1674-4926/42/3/032501 3

(a) Pump Probe

[001]

[110]

AR/R

[170]

0 200 400
Delay times (ps)

AR/R

0 50 100 150
Delay times (ps)

= 50F \
T

2
>~40- ;\_’/.//‘—_“._\1
v
<

20t //

620 640 660 680 700 720
Probe wavelength (nm)

Fig. 3. The typical time-resolved reflection responses and their best
fits (red solid line) for Co,FeAl films with different thickness: (a) 3 nm-
Co,FeAl measured at probe wavelength of 800 nm, (b) 45 nm-Co,FeAl
measured at different probe wavelengths, (c) the extracted coherent
acoustic phonon frequencies as a function of probe wavelength. The in-
set in panel (a) shows the schematic diagram of the experiment.

sists of two processes: one is the ultrafast electron dynamics
reflecting the electron-phonon interaction at the initial time
delay and the subsequent thermal relaxation with an exponen-
tial decay process; the other is the decaying periodic oscilla-
tion signal which is known to result from the interference
between the probe pulse reflected from the surface and the
probe pulse scattered at the propagating phonon pulses in
the samplel“2 43, The measured transient reflection re-
sponses can be fitted well by:

f(t) = a+ bexp(t/to) + ) _crexp(~t/t)sin2nfit+ @), (3)
k

where the parameters a, b and ¢, are the fitting constants, t,
is the relaxation time of hot electrons, f, ¢, and 1, corres-
pond to the frequency, phase, and decay time of oscillation sig-
nals, respectively. The fitting results by Eq. (3) are shown as
the red solid lines in Fig. 3(a). It is found that only the LA phon-
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on mode of GaAs could be clearly observed for a 3 nm-thick
Co,FeAl film, the other two low-frequency modes are not ob-
servable within experimental sensitivity. The optically gener-
ated coherent LA phonon in GaAs for a thin 3 nm-Co,FeAl/
GaAs heterostructure can be understood with the propagat-
ing strain pulse model®2., In this model, the intense laser heat-
ing effect causes transient thermal expansion of crystal lat-
tice and generates an ultrafast strain pulse, which propag-
ates through the film and alters the local optical properties,
so that the dielectric constant and refractive index can be
changed. For the coherent detection of propagating acoustic
waves, the probe pulse reflected from the top surface inter-
feres with that partially reflected due to the discontinuity in
the optical properties, and the coherent phonon frequency
can be expressed as*?: f = 2nv,cosB/Ayropes Where v, nand 8
are the phonon velocity, refractive index and internal refrac-
tion angle of the sample, respectively. The velocity of the LA
phonon at 43.11 GHz is calculated to be 4745 m/s, by taking
the values of n = 3.67% %I for GaAs at A,ope = 800 Nm, and
B = 8° from Snell’s law. This value is close to the known velo-
city of the longitudinal phonon mode reported in GaAs“®l,

As our previous work could detect the other two low-fre-
quency modes in the thicker Co,MnAl films4%, we then pre-
pared another thicker Co,FeAl film (45 nm), its typical transi-
ent reflection signals probed at different wavelengths are
presented in Fig. 3(b). The extracted frequencies as a func-
tion of probe wavelength are displayed in Fig. 3(c). It is seen
that there are three phonon modes appearing in the transi-
ent reflection responses: two modes exhibit obvious depend-
ence on the probe wavelength, but one mode at ~34 GHz
has negligible dependence on the probe wavelength. Note
that these three phonon modes have also appeared in the
TR-MOKE responses as shown in Fig. 2(b). It is noted that
both the high- and low-frequency modes exhibit the same fre-
quency dependent trend on the probe wavelength as we previ-
ously observed and discussed for Co,MnAl films[49, This indic-
ates that the high-frequency mode originates from the coher-
ent LA phonon generation in GaAs buffer, and the low-fre-
qguency mode should be associated with the coherent LA phon-
on generation in Co,FeAl layer38 40l Recall that the optical
penetration depth at 800 nm for Co,FeAl is only ~ 17.6 nm[47),
the greatly attenuated pumping intensity passing through a
thick Co,FeAl (45 nm) layer will be too weak to optically ex-
cite coherent phonons in the underneath GaAs, thus the detec-
ted coherent phonon responses from a thick Co,FeAl layer
and its underneath GaAs buffer should mainly arise from the
magnetoelastic coupling!8-531, As for the mode with a fre-
quency of ~34 GHz, its negligible frequency dependence on
the probe wavelength suggests that this mode may not be
the coherent acoustic phonon response in Co,FeAl/GaAs het-
erostructure. Instead, it may arise from the phonon echo
which reflects back and forth from the upper and lower inter-
faces of a thin layer in the heterostructure®4. According to
echo frequency f, = v/2d, the frequency arising from the
phonon wave interference is evaluated to be ~35 GHz, if
taking v; = 3850 m/s obtained for Co,MnAl films#? and d =
55 nm including the overall nominal thickness of Au, Al, and
Co,FeAl (45 nm) layers. But the phonon echo frequency for
the 3 nm-Co,FeAl sample is estimated to be far from 32.3
GHz. The physical origin of the mode around 31-34 GHz is bey-
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Fig. 4. For 3 nm-thick Co,FeAl film: (a) the effective damping factors as
a function of external magnetic fields, (b) the extracted magnetiza-
tion relaxation time 1), and acoustic phonon decay time 1,.

ond our understanding and requires further study. Neverthe-
less, the transient reflection measurements have confirmed
the coherent acoustic wave generation in Co,FeAl/GaAs het-
erostructure. The impact of simultaneously generated coher-
ent acoustic phonons on the magnetic damping of Co,FeAl
thin film is then revealed by further evaluating its damping
factor as a function of magnetic fields.

By solving LLG equation, the Gilbert damping factor a un-
der the out-of-plane magnetic field can be determined from
the following formulal35;

as——— “)

Sy

) )

sin%0y

where H; and H, are defined the same as described in Eq. (2),
and the magnetization relaxation time 1), can be obtained
by fitting TR-MOKE response using Eq. (1). The extracted effect-
ive damping factor as a function of external magnetic fields
by numerical fitting with Eq. (4) for the 3 nm-thick Co,FeAl
film is presented in Fig. 4(a). The remarkable feature in
Fig. 4(a) is the abnormal huge increase of magnetic damping
factor at the three specific fields (or precession frequencies)
in the high-field regime where the damping factor is close
to the intrinsic one, which should be independent of the
external fields or precession frequencies as previously stud-
ied['6, 37, 55-57] This is because that the inhomogeneous mag-
netic anisotropy distribution is greatly suppressed at suffi-
ciently high fields (> 0.5 T) and there is no extrinsic contribu-
tion from two-magnon scattering in the present case since
the out-of-plane external field is applied about 40° from the
normal direction of film[58 59, The greatly enhanced damp-
ing factor at low-field regime is known to result from the mag-
netic anisotropy inhomogeneous distribution!'® 37. 55-571, The
observed abnormal huge increase of intrinsic damping factor
in the high-field regime is unexpected, with the large in-
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crease ratio up to 119.7%, 161.9%, and 218.0% at 0.65, 1.0,
and 1.35 T, respectively. However, it is noted that the abnor-
mal increase of intrinsic damping factor appears at 0.65, 1.0,
and 1.35 T, namely, at the precession frequencies of 25.3,
33.4, and 41.6 GHz, respectively. These specific precession fre-
quencies are roughly in accordance with the three phonon fre-
quencies observed in the transient reflection measurements
as discussed above. This implies the huge enhancement of
the damping factor when the magnetic precession of the film
is in resonant with the coherent acoustic phonons. Fig. 4(b)
presents the magnetization relaxation time 1) and acoustic
phonon decay time 1, obtained by fitting TR-MOKE data us-
ing Eq. (1) for the 3 nm-thick Co,FeAl film. One can see that,
unlike the huge abnormal increase of damping factor at the
specific fields, 1, barely changes with the external fields, and
7y does not show apparent resonance decrease at the respect-
ive fields but exhibits a general decrease at high fields. As
stated above, the inhomogeneous magnetization or field-drag-
ging effect is supposed to be minimized at high fields compar-
ing to that of low-field regime. The two-magnon scattering
can be neglected with an out-of-plane external field applied
about 40° from the normal of film. Hence the field-dragging ef-
fect or two-magnon scattering cannot be the primary cause
of abnormal increase of damping factor observed at the specif-
ic fields.

Under an external out-of-plane magnetic field as in our ex-
periment, it has been proved that the magnetization preces-
sion can be triggered by the longitudinal phonons in
(Ga,Mn)As®0 and Ni films[©', In these works, the magnetic an-
isotropy modification induced by the acoustic pulse-driven
propagating strain can alter both the precession frequency
and damping factor. This effect can be excluded in our all-op-
tical excitation experiment since we only observed huge in-
crease of damping factor, no precession frequency change
was observed. In our experiment, an intense femtosecond
laser pulse excites magnetic precession in Co,FeAl and coher-
ent longitudinal phonons as well. As shown in Fig. 2(b), the
three frequencies of 42.6, 32.3, and 19.6 GHz do not depend-
ent on the external fields, implying that they are not associ-
ated with the magnetic excitation. In addition, the magnetic
precession frequency follows LLG equation quite well, show-
ing no evident modulation by the phonon excitation. These
facts indicate that the anomalous enhancement of magnetic
damping in Co,FeAl is attributed to the resonantly enhanced
coherent energy transfer from magnons to acoustic phonons,
rather than from phonons to magnons. When the precession
frequency is tuned with an external magnetic field to be reson-
ant with the propagating coherent acoustic phonons in
Co,FeAl/GaAs heterostructure, the coherent energy transfer
from spins to acoustic phonons is greatly enhanced, leading
to the enhanced damping of Co,FeAl owing to large energy
dissipation. Note that the peak frequency around 25.3 GHz
(0.65 T) in Fig. 4(a) showed a bit larger discrepancy with the
measured acoustic phonon frequency around ~ 20 GHz. This
could be caused by the broadened damping enhancement
peak and rough tuning of external field around resonance.
Since the resonant coupling would occur at the anticrossing re-
gime of the magnon and phonon dispersion curves, which re-
quires further theoretical calculation. As has been demon-
strated previously, magnetoelastic waves can be excited
through coherent energy transfer between optically excited
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pure-elastic waves and spin waves via magnetoelastic coup-
ling[®2l, Our all-optical experimental finding suggested a huge
spin energy loss and damping enhancement, analogue to a
spin pumping effect, can be efficiently driven by resonant
coupling between spin and coherent acoustic phonon excita-
tions.

Recently, by utilizing ferromagnetic resonance (FMR) tech-
nique, An et al. have experimentally observed magnetic dy-
namics coupling between two YIG films over a macroscopic
distance with a non-magnetic GGG spacer sandwiched in
betweenB'l. The observed long-range magnetic dynamics
coupling is attributed to the exchange interaction with the cir-
cularly-polarized coherent shear waves propagating in GGG
dielectric, in which the transverse phonons carry the internal
angular momentum(%3-651, With the coherent magnon-phon-
on coupling at interfacel3?, the nonlocal spin current from
one YIG film to the other YIG film can be efficiently mediated
by the transverse phonons in GGG spacer, with a propaga-
tion length far exceeding that of magnon’s by several orders
of magnitude due to the low acoustic damping in these materi-
als. In our work, the observed coherent acoustic phonons are
discussed to be longitudinal phonons and they suppose do
not carry angular momentum!6: 671, so most likely there is no
spin angular momentum transfer from spins to acoustic phon-
ons. However, both the coherent energy and angular mo-
mentum transfer between spins and phonons would be expec-
ted if transverse acoustic phonon generation can be effi-
ciently achieved, which would offer an alternative approach
to long-range spin manipulation via acoustic phonons in ferro-
magnetic heterostructures.

4, Conclusion

In conclusion, the magnetic damping of a thin Co,FeAl
film is found to exhibit an abnormal huge increase at the pre-
cession frequencies that are resonant with that of the acous-
tic phonon excitations in the Co,FeAl/GaAs heterostructure.
This finding is suggested to result from the enhanced coher-
ent energy transfer from spin system to the propagating longit-
udinal acoustic phonons under a resonant coupling condi-
tion via magnetoelastic effect. This acoustic phonon-driven
huge energy dissipation of spins leads to a greatly enhanced
magnetic damping in Co,FeAl. Our work provides experiment-
al evidence for potential long-range spin manipulation via
propagating acoustic phonons in ferromagnetic heterostruc-
tures, which is of great significance for developing novel spin-
tronic devices.
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