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In this work, pronounced oscillations in the time-resolved reflectivity of Heusler alloy CoyMnAl films which are
epitaxially grown on GaAs substrates are observed and investigated as a function of film thickness, probe wavelength,
external magnetic field and temperature. Our results suggest that the oscillation response at 24.5 GHz results from the
coherent phonon generation in CoyMnAl film and can be explained by a propagating strain pulse model. From the probe
wavelength dependent oscillation frequency, a sound velocity of (3.8540.1)x 10> m/s at 800 nm for the epitaxial Co,MnAl
film is determined at room temperature. The detected coherent acoustic phonon generation in CopMnAl reported in this
work provides a valuable reference for exploring the high-speed magnetization manipulation via magnetoelastic coupling

for future spintronic devices based on Heusler alloy films.
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1. Introduction

Achieving a high degree of spin polarization is critical for
the development of ultra-high-density magnetic storage and
other spin-dependent devices. Some of Co,-based Heusler al-
loys exhibit half metallicity with high Curie temperature and
spin polarization and have been widely investigated as promis-
ing materials in spintronics, such as spin transport-based elec-
tronics and spin injection sources.!'=8! For device physics to-
wards future applications in these directions, it is not only cru-
cial to understand the magnetic and spin dynamics, but also
vital to understand the properties of phonons that govern the
thermal conductivity and electron scattering in the Co,-based
Heusler alloys. Moreover, the recent studies have shown that
the coupling between magnons and elastic phonons, known as
the magnetoelastic coupling, can efficiently trigger the magne-
tization switching and precession.!°~!3! Especially, the acous-
tically driven magnetization switching on an ultrafast time
scale offers great capability for a high-speed control of local
magnetization.[!%12141 The knowledge of phonon spectrum
in the ferromagnetic films allows us to understand the elastic
properties of materials and the coupling mechanism between
phonons and magnons as well as external stimuli such as light
field. Thus it is important to study the properties of coherent
acoustic phonons in Co,-based Heusler alloys, which remains
to be explored, in order to investigate the effective magnetiza-
tion modulation through magnetoelastic coupling.

With the fast development of ultrafast lasers, compre-
hensive information about phonon properties can be obtained
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experimentally by using picosecond acoustics techniques in
which the coherent acoustic phonon can be generated by an
optical pump pulse from a femtosecond laser and detected
with femtosecond temporal resolution by the probe pulse
from the same laser.['3] This technique has been successfully
used to study the coherent acoustic phonons in various thin-
film structures,!!>~18] bulk materials,[!>19-29 semiconductor
superlattices,*!l and quantum wells.!??>?3 One of the mech-
anisms of coherent acoustic phonon generation and detec-
tion is that the absorption of ultrafast laser pulses would in-
duce the propagation of an ultrafast, impulsive strain exci-
tation through material. A periodic oscillation can be ob-
served due to the self-interference of the reflected probe beam
from the crystal surface and the surface defined by the prop-

15,24

agating strain pulse.!!>?*] Other generation mechanisms of

coherent acoustic phonon include the impulsive stimulated

21,25

Raman scattering!?!->>! and displacive excitation of coherent

126

phonons,?®! which have been observed in bulk semiconduc-

tors and superlattices. In both cases the coherent acoustic
oscillations are detected through changes in the reflection or
transmission by the modulation of interband transitions cou-
pled to the deformation potential. Large amplitude oscillations
in GaN heterostructures have been observed recently and are
attributed to the screening of the piezoelectric field by the pho-
toexcited carriers. [2]

In this work, we report the time-resolved reflectivity study
of CopMnAl film epitaxially grown on a GaAs substrate by a
two-color femtosecond pump—probe technique. The oscilla-
tory response is observed in the transient reflectivity response
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and systematically investigated as a function of probe wave-
length, temperature, and magnetic field, and film thickness. It
is suggested that the laser-induced coherent acoustic phonon
generation in CopMnAl film is responsible for the observed
oscillation response. The physical mechanism for the coher-
ent phonon generation in Coo,MnAl film can be explained by a
propagating strain pulse model.

2. Experiment

The two CopMnAl films with different thicknesses are
grown on GaAs (001) substrates with a temperature of 280 °C
by molecular-beam epitaxy (MBE) technique. Before depo-
sition of the CooMnAl layer, a 150-nm-thick GaAs buffer
The films
are capped with a 2-nm-thick aluminum layer to avoid being

layer is deposited first on the GaAs substrate.

oxydized. The thickness values of as-grown Co;MnAl films
are determined to be 60 nm and 100 nm by the supercon-
ducting quantum interference device (SQUID) magnetometer,
with knowing the Co,MnAl saturation magnetization of about
1000 emu/cm?® calibrated before. After MBE growth, an 8-
nm-thick Au film is deposited on the top by using the electron
beam evaporation technique, since the previous studies have
shown that coating thin Au film can facilitate the generation
of the thermal-induced coherent acoustic phonons wave.[?’-2°]
The sample structure is schematically shown in Fig. 1. In
our experiment, a two-color pump—probe reflectivity measure-
ment is carried out in a temperature range of 9 K-300 K. A
Ti:sapphire regenerative amplifier laser (Coherent Inc.) with a
repetition frequency of 1 kHz and pulse width of 150 fs is used
for the optical pumping. The sample is pumped mainly at a
wavelength of 800 nm with an energy density of ~ 2 mJ/cm?
except in a pump wavelength-dependent measurement, and
the transient reflectivity is probed with wavelength tuned in
a range of 620-800 nm, which is generated through an opti-
cal parametric amplifier pumped by the regenerative amplifier.
The p-polarized pump pulse is directed onto the sample sur-
face at nearly normal incidence and a p-polarized probe pulse
is incident at an angle of 30°. The time-resolved reflectivity of
the probe signal is measured by using an amplified Si photode-
tector combined with lock-in technique and plotted as a func-
tion of the delay time between the pump and probe pulses. The
sample is mounted in a Janis closed-cycle subcompact optical
cryostat located between the poles of an electromagnet.

Au (8 nm)

Al (2 nm)

CooMnAl (60 nm/100 nm)

GaAs buffer (150 nm)

GaAs substrate

Fig. 1. Sample structural sketch of Coo,MnAl films with different thickness.

3. Results and discussion

The typical time-resolved reflectivity responses of the 60-
nm-thickness and 100-nm-thickness CooMnAl films measured
with probe wavelength at 800 nm are shown in Figs. 2(a) and
2(b), respectively. It is noticed that the transient reflectiv-
ity response consists of two components: one is a step-like
jump at time zero followed by an exponential decay due to the
electron—phonon interaction;**3! and the other is a damped
oscillation. The insets of Figs. 2(a) and 2(b) show the fast
Fourier transform (FFT) of the damped oscillation. It ap-
pears that one can observe two main peaks for 60-nm-thick
CoyMnAl film and only one peak for 100-nm-thick Co,MnAl
film. The peak at nearly 24.5 GHz is observed for both sam-
ples, while the second peak at 43.5 GHz can only be observed

for 60-nm-thick Co,MnAl film.
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Fig. 2. (color online) Typical time-resolved reflectivity responses and
their best fits (red solid line) for Co,MnAl films with different thick-
ness: (a) 60 nm; (b) 100 nm. The insets in panels (a) and (b) show the
fast Fourier transform (FFT) of the oscillation, respectively.

We then use the following damped harmonic function su-
perimposed onto an exponentially decaying background to fit

the measured transient reflection response: 21:32-331
f(t) = A+ Bexp(—t/to)
+Y Crexp(—t/7) cos (21 fit + @), ey
x

where A, B, and C;, are the fitting parameters, and ¢ is the delay
time between pump and probe pulse, #( is the recovery rate of
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the thermal electrons, while f;, ¢, and 7; are the oscillation
frequency, phase, and decay time of the oscillations, respec-
tively. Then the oscillation frequency of about 24.5 GHz for
both samples, which does not show film thickness dependence,
is extracted with both pump and probe beam wavelength fixed
at 800 nm, which is the same as that of the FFT analysis re-
sults. Since the phonon echo which bounces back and forth
in film should have a thickness-dependent frequency as de-
scribed by fucno = vs/2d,3*31 in which d is the film thickness
and vy is the sound velocity. The possible origination from the
phonon echo response is thus excluded since the common os-
cillatory mode at 24.5 GHz shows up for both Co,MnAl films
with quite different thickness values. Moreover, we can rule
out the phonon echo response in Au or Al film based on the
known sound of velocity, 337 and this oscillation frequency
at 24.5 GHz is not related to the phonon echo in the 150-nm-
thick GaAs buffer either, since the phonon echo should re-
sponse at 15.8 GHz for 150-nm-thick GaAs buffer if the sound
velocity of GaAs is taken to be 4730 m/s.[38]
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Fig. 3. (color online) (a) Oscillatory components of the time-resolved
reflectivity and their best fits (red solid line) by varying wavelength of
probe beam for 100-nm-thick Co,MnAl film; (b) fast Fourier trans-
forms of the periodic oscillations measured at different wavelengths of
probe beam. The dashed line shows a guide for the eye for highlighting
the variation of oscillation frequency as a function of probe wavelength.

In order to look into the nature of the oscillatory response
observed in the transient reflectivity response, we investigate
the wavelength dependent response of the time-resolved re-
flectivity at room temperature by tuning the probe wavelength.

The typical time-resolved reflectivity response for 100-nm-
thick CooMnAl film probed at different wavelengths is pre-
sented in Fig. 3(a), in which the exponentially decaying back-
ground component is removed numerically in order to focus
on the details of oscillations. The fast Fourier transform anal-
ysis is used to determine the frequencies of oscillations and the
results are illustrated in Fig. 3(b). In each of the curves one can
see that there is only one main peak marked by the dashed line
and the oscillation frequency shows a slight dependence on the
probe wavelength.

As is well known, in the case of impulsive stimulated Ra-
man scattering, the generated acoustic phonon wave vector g
is well defined, i.e., g ~ 47/ lpump in the backscattering ge-
ometry with A pump being the optical pumping wavelength. So
the oscillation frequency depends on Apump, not on the probe
beam wavelength of /lprobe nor the incident angle of 0. In our
experiment, the oscillation frequency is found to exhibit no
dependence on the pumping wavelength. For the propagating
strain pulse mechanism proposed by Thomsen et al.,!'! the ul-
trafast pump pulse absorbed at the surface of the film produces
a thermally induced strain wave, which propagates away from
the surface at the speed of the longitudinal acoustic phonons.
The interference between the probe beams partially reflected
from the top surface of the sample and the probe pulse re-
flected from the propagating strain wave surface can generate
the detectable coherent oscillations in the reflectivity signal.
According to the propagating strain model, the change in the
reflectance is in the following form: (!>

dxnvgt
}-'probe

Here, vy is the sound velocity, n is the refractive index, 0y, is

AR (t) ~ ARy cos < cos O, — ¢) e /", )

the refraction angle inside the sample, 7 is the decay time, and
¢ is the phase. The distinct characteristic of the propagating
strain pulse mechanism is that the frequency of oscillations
can be described by

f=2nvscos O / Aprope- 3)

Therefore, the observed coherent oscillation frequencies
measured at several probe wavelengths are retrieved by fit-
ting the transient reflectance responses through Eq. (1) for
CoyMnAl films with different thickness, and the results are
displayed in Fig. 4(a). The extracted oscillation frequencies
present different tendencies when tuning the probe wavelength
from 620 nm to 800 nm. For the high-frequency mode, it
has been well observed in the past and ascribed to the co-
herent acoustic phonon generation in GaAs based on pre-
vious studies.*>#%1 1t is known that the refractive index of
GaAs is inversely proportional to the wavelength in a range
of 600-800 nm.*!1 The sound velocity of GaAs is evaluated
to be vs gaas = 4730 m/s by fitting curves in Fig. 4(a) based
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on Eq. (3), which accords well with the previously reported
result and further confirms that the high-frequency mode of
43 GHz probed at 800 nm originates from the coherent acous-
tic phonon generation in GaAs buffer or substrate. However,
the oscillation frequency of the low-frequency mode is seen to
increase slightly with increasing probe wavelength. Since nei-
ther the refractive index nor sound velocity of CooMnAl film
is known, we further perform the ellipsometry spectroscopy
measurement of the studied Cop,MnAl film in a wavelength
range of A = 190-1690 nm, by using an M-2000 spectroscopic
ellipsometer (J. A. Woollam Co., Inc.) combined with auto-
matic goniometer and XY Z-sample stage. Since our Co,MnAl
films are much thicker than the penetration length of excita-
tion light beam, a single bulk-like optically isotropic material
fitting procedure is used to evaluate the effective optical con-
stants of the refractive index n and the extinction coefficient
k for the studied Co,MnAl film, based on the spectroscopic
ellipsometry results, and the results at wavelengths ranging
from 600 nm to 800 nm are shown in Fig. 4(b). It can be
seen that the effective optical constants (n, k) show a slight
increase with increasing wavelength, which is consistent with
the theoretical predictions by the first-principles calculations
for Co-based Heusler alloys.[*>*3] With the refractive index
dispersion relationship as evaluated by ellipsometry measure-
ment, the frequency of coherent acoustic phonons of Co,MnAl
film can be fitted at a fixed sound velocity, as displayed in
Fig. 4(a), in which a sound velocity of (3.85+0.1) x 10> m/s
for the CopyMnAl film is deduced based on the fitting results.
Now, we come to discuss the role of the thickness of
the sample related to the strain-pulse penetration depth. The
damping of the oscillatory signal arises from two factors in
the propagating strain model. First, the absorption loss of
the probe which bounces back and forth in the multilayer film
must be taken into account. A second contribution comes from
the absorption and/or scattering of the acoustic phonons dur-
ing propagation, with the decay time of acoustic wave cor-
responding to a time when the strain pulse can propagate into
the film within its characteristic length before complete energy
transfer takes place from the coherent mode to a distribution
of incoherent modes. Fitting the observed oscillations with
Eq. (1), we can extract an averaged decay time of T ~ 35 ps.
With the extracted speed of sound, the corresponding max-
imum propagation distance of I = V47 ~ 135 nm is obtained.
Thus we can only detect the coherent acoustic phonon of GaAs
buffer/substrate for 60-nm-thick Co,MnAl film, owing to the
absorption loss of the probe beam together with the scattering
of the acoustic phonon during propagation. This supports our
above speculation that the periodic oscillation in the transient

reflectivity response originates from a propagating strain field.
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Fig. 4. (color online) (a) Oscillation frequencies as a function of

probe wavelength for Coo,MnAl films with different thickness values
and GaAs. The solid red lines show the fitting curves based on Eq. (3),
where the sound velocities of GaAs and Co,MnAl are evaluated to be
Vs.Gaas = 4730 m/s and Vg coomnal = 3850 m/s respectively. (b) The
wavelength-dependent effective refractive index n and extinction coef-
ficient k from ellipsometry measurement in a wavelength range of 600—
800 nm for Co,MnAl film.

Another possible origination of the observed periodic
oscillations could be the coherent magnons since the de-
tection of coherent magnons via time-resolved reflectivity
is also possible and has already been observed in some of

5.[44-46] Coherent magnon excitation can be

the multiferroic
viewed as triggering magnetic precession when the sublattice
equilibrium position is modified through transient optical heat-
ing of the crystalline lattice from energy relaxation of an ini-
tial hot electron distribution, leading to a rapid modification
of the exchange coupling between the sublattices. Thus the
coherent magnon could be generated and show strong depen-
dence on the external magnetic field. To elucidate whether
the observed periodic oscillations in our time-resolved reflec-
tivity measurement is associated with the coherent magnon
generation in Co,MnAl film, we further perform the mag-
netic field and temperature dependent measurements. The ex-
tracted oscillation frequency as a function of the applied in-
plane magnetic field is shown in Fig. 5(a), in which one can
see that the oscillation frequency remains almost constant in
a wide magnetic field range of 0-7000 Oe, implying that the
magnetism does not play a role in the observed oscillations.
Moreover, the temperature dependence of the coherent oscil-
lation frequency in the transient reflectivity measurement is
presented in Fig. 5(b), in which the frequency shows a slight
increase with temperature increasing from 9 K to 200 K. This
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temperature-dependent trend is remarkably different from that
of coherent magnon generation measured for Co,FeAl film in
the previous work,*”! in which the magnetic precession fre-
quency decreases with increasing temperature. From our mag-
netic field and temperature-dependent time-resolved reflectiv-
ity measurements, it is therefore concluded that the observed
oscillations are not associated with the coherent magnon gen-
eration in CopoMnAl film.
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Fig. 5. Dependences of the oscillation frequency on (a) external mag-
netic field measured at 9 K and (b) temperature for 100-nm-thick
Co,MnAl film. All the measurements are performed, with the probe
wavelength fixed at 800 nm.

4. Conclusions

In this work, we perform two-color pump—probe reflec-
tivity measurements on CooMnAl films epitaxially deposited
on GaAs substrates. A periodic oscillation response is ob-
served, and its frequency depends on the film thickness, probe
wavelength, external magnetic field, and temperature. It is
suggested that the observed periodic oscillation should result
from the coherent phonon generation in the Co,MnAl layer
and GaAs buffer/substrate and be able to be explained by a
propagating strain pulse model. From the measured acous-
tic phonon frequency, the room-temperature sound velocity of
longitudinal acoustic phonon in Co,MnAl film is evaluated to
be (3.8540.1) x 10°> m/s at 800 nm. The detected coherent
acoustic phonon generation and its frequency provide valuable
information for the intriguing potential of high-speed acous-
tic control of magnetization through magnetoelastic coupling

based on Heusler alloys.
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