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The creation and propagation of longitudinal acoustic phonons (LAPs) in high quality hematite thin films (@-Fe,O3)
epitaxially grown on different substrates (BaTiO3, SrTiO3, and LaAlOj3) are investigated using the femtosecond pump—
probe technique. Transient reflection measurements (AR/R) indicate the photo-excited electron dynamics, and the initial
decay less than 1 ps and the slow decay of ~500 ps are attributed to the electron-LO phonon coupling and electron—hole
nonradiative recombination, respectively. LAPs in o-Fe;O3 film can be created by ultrafast excitation of the ligand field
state, such as the ligand field transitions under 800-nm excitation as well as the ligand to metal charge-transfer with 400-
nm excitation. The strain modulations of the sound velocity and the out-of-plane elastic properties are demonstrated in

a-Fe, O3 film on different substrates.
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1. Introduction

The transduction of light-to-sound with longitudinal
acoustic phonons is an active subject of research, providing
a new understanding and controlling of fundamental physical
properties.!'! Much attention has been focused on transition
metal-oxide materials in the past five years, because of their
interesting electronic, optical, and magnetic properties.!*"]
The electronic and magnetic properties of transition metal ox-
ides are dominated by the electronic and spin states of d-
electrons of the transition metal ions under the modulation
of the ligand field, provided by oxygen ions, via pressure
and temperature.!®”] It has been proved that the ligand field
states can be photo-excited with ultrafast pulses directly. Ac-
cordingly, the carrier relaxation, phase transition, and spin
dynamics can be modified in transition metal oxides. 810l
Recently, some groups independently reported in succession
that the above-band-gap optical excitation can produce tran-
sient acoustic phonons in multiferroic BiFeOs (BFO) sin-
gle crystal and thin films, which were measured by ultra-
fast spectroscopy.!!!l Time-resolved X-ray diffraction demon-
strated that the structural and electronic responses are strongly
related in BFO thin film!'? and PbZr( » Tig 303 nanolayers. (131

The a-Fe;Os has attracted a great deal of attention not
only for its relatively small band gap (about 2.2 eV), good
chemical stability, low toxicity, and easy preparation, but also
for its various applications, such as heterogeneous catalyst,
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pigment, gas sensor, and magnetic material.!'*!3] A number of
investigations were performed on the ultrafast electronic relax-

16.17] and nonlinear optical properties of iron

ation dynamics!
oxide."8! Although the coherent photo-induced phonons were
observed in single crystal!'*! and nanocrystal y-Fe,Oj3 film, ']
there is no report about the generation of acoustic phonons in
a-Fe; O3 thin film, especially the acoustic phonon propagation
characteristics at the interface between the sample and differ-
ent substrates to the best of our knowledge.

In this study, the standard reflection-type pump—probe
setup is employed to create and detect the gigahertz (GHz) lon-
gitudinal acoustic phonons (LAPs) in high quality o-Fe,O3
thin films epitaxially grown on different substrates. The ob-
served GHz LAPs in a-Fe;O3 film originate from the dis-
placement of the metal-ligand equilibrium geometry by ultra-
fast excitation of the ligand field transition. The strain modu-
lation of sound velocity and out-of-plane elastic properties are
demonstrated in a-Fe,Os3 film on different substrates. Our re-
sults indicate that -Fe,O3; would be a favorable material for
the ultrafast opto-acoustic devices.

2. Experimental details

Samples used in the present study were the a-Fe, O3 thin
films on BaTiO3; (BTO), SrTiO3 (STO), and LaAlO3 (LAO)
substrates, which were fabricated using a pulsed laser depo-
sition system. The third harmonic generated by an Nd-doped
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yttrium aluminum garnet laser with a wavelength of 355 nm
and a repetition rate of 10 Hz was used as a laser source. The
a-Fe; O3 thin films with (012)-orientation were deposited on
(100)-BTO, (100)-STO, and (100)-LAO at 650 °C with a dy-
namic oxygen flow and oxygen pressure of 40 Pa. The thick-
ness values of all a-Fe,Osfilms were about (150+30) nm. The
selected sample o-Fe,O3 on LAO was characterized by ab-
sorption spectra and X-ray diffraction as shown in Figs. 1(a)
and 1(b).
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Fig. 1. (color online) Absorption spectrum (a) and X-ray diffraction
patterns (b) of the selected sample «-Fe;O3 on LAO.

Ultrafast single-, and dual-color pump—probe techniques
were performed using laser pulses with a full width at half
maximum of 120 fs, delivered from a commercial Ti:sapphire
regenerative amplifier (Spectra-Physics Spitfire Pro) with a
central wavelength of 800 nm and a repetition rate of 1 kHz.
The output pulse train was split into pump and probe beams by
a beam splitter. The transmitted intense beam passing through
an attenuator acted as a pump beam for the single-color pump-—
probe study. For the dual-color pump—probe study, the intense
pump beam was frequency-doubled in a 1-mm BBO crystal to
produce a pumping fluence of ~3.8 mJ/cm? at 400 nm (above
the band gap of a-Fe;03). The reflected fundamental beam at
800 nm (below the band gap of a-Fe,03) served as a probe
beam, whose fluence was less than 0.1 mJ/cm?. Both the
pump beam and the probe beam were focused on the sam-
ple surface to a spot with a diameter of about 100 um for the
pump and somewhat smaller for the probe beam. The sample
was mounted in a closed-cycle liquid-He cryostat in a vacuum
chamber with four optically accessible windows, of which the
temperature can be varied in a range from 12 K to 300 K.

3. Results and discussion

Figures 2(a) and 2(b) show the plots of typical transient
reflectivity change (AR/R) versus delay time of ¢¢-Fe;O3 thin

films on LAO substrate, pumped with two different wave-
lengths (400 nm and 800 nm) and probed at 800 nm in a short
time range (i.e. from -2 ps to 5 ps) and a big time range (i.e.
from -2 ps to 100 ps), respectively. Figure 2(c) shows the
plots of AR/R versus delay time of a-Fe;O3 thin films on
three different substrates, pumped with 400 nm and probed
with 800 nm in a long time range. Both sets of data ex-
hibit dynamic behaviors occurring on a multiple time scale.
Empirically, the main features in the dynamics are due to a
sharp initial dropping followed by a fast- (less than 1 ps) and
slow-relaxation (about 500 ps), in which the slow relaxation is
superimposed on a long-lived damped oscillation process. Ac-
cording to the earlier studies on the ligand field transition, the
swift drop of AR/R at zero time delay with pump wavelength
at 800 nm may preferentially be triggered by transition from
the ground (°A 1) to the excited (*T1) ligand field state of Fe3*
ions. " However, the direct and stronger transitions from 2p
0%~ valence band orbitals to the conduction band edge oc-
cur at 3.0 eV-4.7 eV.l' Therefore, for a pump wavelength
of 400 nm, the ligand-to-metal charge-transfer transition is
excited, while some excitations involving d—d transitions in
Fe3* ion are also possible. The number of excited carriers
is expected to be proportional to the pump fluence, which is
confirmed by the experimental results that the amplitude of
AR/R around zero delay time is linearly dependent on the
pump fluence. The very fast-relaxation component, less than
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Fig. 2. (color online) (a) Plots of the transient reflectivity change
(AR/R) versus delay time of a-Fe;Os thin films on LAO substrate,
pumped with two different wavelengths (400 nm and 800 nm) and
probed with 800 nm in a short time range (i.e. from —2 ps to 5 ps).
The dot lines represent the experimental data, and the solid lines rep-
resent the fitted curves. (b) The date of AR/R pumped with 800 nm is
zoomed in 15 times in a time range from —5 ps to 100 ps. (c) Plots of
AR/R versus delay time of o-Fe;O3 thin films on three different sub-
strates, pumped with 400 nm and probed with 800 nm. The inset of
panel (c) shows the experimental configuration as well as the genera-
tion and propagation scheme of coherent acoustic phonons.
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1 ps, is possibly corresponding to the hot electrons relaxation:
through interacting with longitudinal-optical (LO) phonons,
the hot electrons release their energies to reach the bottom of
the conduction band.®” Figure 2(a) shows that the fast relax-
ation component excited by 800 nm is faster than that pumped
with 400 nm, which means that the fast-relaxation component
is associated with the high-energy electrons accumulated in
different conduction bands by emitting the LO phonons. On
the other hand, the slow-relaxation background mainly comes
from the contribution of electron-hole nonradiative recombi-

(161 In the present study, we concentrate on

nation in o-Fe;Os.
the appearance of the long-lived damped oscillatory features,
associated with strain pulse propagation created by the ultra-
fast optical excitation, which is described below.

As reported on BFO thin films,' we deduct the back-
ground of the electron relaxation, and then can obtain the
pure oscillation component as plotted in Figs. 3(a)-3(c). The
frequency of oscillation, named Brillouin frequency remains
unchanged with the increasing of the pump fluence, while
the amplitude of the oscillation is proportional to the pump
fluence. The pure oscillation component can be fitted by
a damped harmonic function, Acos(27tt/T + ¢)exp(—1t/7),
where A, T, 7, and ¢ are the amplitude, period, damping time,
and initial phase of the long-lived oscillations, respectively.
The dot lines in Figs. 3(a)-3(c) represent the experimental

data, and the solid lines denote the fitting results.
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Fig. 3. (color online) Oscillatory parts of AR/R pumped with 400 nm
of a-Fe; 03 films on substrates of (a) (100)-BTO, (b) (100)-STO, and
(c) (100)-LAO. The dot lines represent the experimental data, and the
solid lines denote the fitted curves. (d)—(f) The fast Fourier transform
(FFT) spectra obtained from AR/R without the relaxation background
at room temperature. The arrows point to the Brillouin frequencies of
o-Fe, O3 on the different substrates. The points represent the Brillouin
frequencies of the different substrates.

Coherent phonons are usually excited by either a dis-
placive or impulsive mechanism,?!! depending on the excita-
tion properties of the pump pulse and the electronic structure
of the sample. As mentioned above, the LAP can be created
by pumping wavelengths of 800 nm and 400 nm. It means
that the coherent phonons are associated with the displacement
of equilibrium lattice geometry on °A; — #T; and ligand —
metal charge-transfer excitation, rather than impulsive stimu-
lated Raman scattering. Figure 2(b) shows that the excitation

of the coherent phonon via below-band gap ligand field tran-
sition (pumped by 800 nm) is less efficient than the charge-
transfer transition (pumped by 400 nm), which is consistent
with the theoretical prediction. The ligand field transitions
have vibronic coupling 5-10 times smaller than the charge-
transfer transitions between the metal and ligand.!*>?3 Qur
finding indicates that the ligand field transition pumped with
800 nm is sufficient to excite the LAP in a-Fe,O3 film. Fur-
ther insight into the origin of the displacement of the equi-
librium geometry from optical transition, is the change of the
electronic configuration in d-orbitals, which can shift an elec-
tron from an antibonding to a nonbonding molecular orbital,
and consequently reduces the distance of the metal-ligand
equilibrium.**! Looking at Fig. 2(b) closely, the phase of os-
cillations is somewhat shifted for two different pump wave-
lengths. This suggests that the time needed to generate strain
wave in a-Fe,O3 thin film is dependent on the wavelength of
the pump pulse. This further raises interesting questions on
the efficiency of lattice displacement, owing to different types
of optical transitions.

As mentioned above, the strain pulse launches on the sur-
face of the a-Fe,Oj3 thin film due to the displacement of the
metal-ligand equilibrium geometry propagating into the bulk,
and then causes an oscillation of AR/R. The strain pulse is
probed by the interference between the probe beams reflected
by the thin film surface and the wave front of the propagating
strain pulse.!!!! The inset of Fig. 2(c) shows the experimental
configuration as well as the propagation and detection scheme
of the LAP. The propagation of the LAP can be recorded by
scanning the time delay between the pump and probe pulses.
When the out-of-plane strain pulse propagates across the o-
Fe;O3/BTO or a-Fe,03/STO interface, a discontinuity in the
oscillation feature is clearly observed at the interface. At the
same time, it is predicted that the amplitude of oscillation de-
creases and the Brillouin frequency changes through the inter-
face. By means of the damped harmonic fit, the fast Fourier
transform (FFT) of the oscillations are shown in Figs. 3(d)—
3(f). The Brillouin frequencies are 35.1 GHz and 30.9 GHz for
a-Fe, O3 film (thick line) and BTO (thin line), while 40.2 GHz
and 44.7 GHz for a-Fe,O3 film (thick line) and STO (thin
line). The oscillation feature shows nearly uniform amplitude
and only one Brillouin frequency of 33.9 GHz is observed be-
tween o-Fe,Os3 film and the LAO substrate, which is possibly
because a-Fe, O3 thin film and the LAO substrate are perfectly
lattice-matched.

According to the strain pulse propagation model,>!
the sound velocity in the sample is given by viouna =
Aprobe /2T 4 /nf)mbe —sin’(0), where Nprobes 05 T Aprobe are the
refractive index of a-Fe,Oj3 films at the probe beam wave-
length, the incident angle of the probe beam on the sample
surface, the period of vibration signal in AR(¢)/R, and the
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wavelength of the probe beam, respectively. In our case, the
6 approaches to 0°, and the sound velocity can be reduced
t0 Vsound = Aprobe /2T Mprobe- On account of the refractive in-
dex of a-Fe,Os film ranging from n = 2.75 to n = 2.85,
the sound velocities of the a-Fe,Os; thin films on differ-
ent substrates can be estimated, vyoung = 4882 m/s—5060 m/s
on (001)-BTO, vsoupg = 5653 m/s—5858 m/s on (001)-STO,
and vgoung = 4756 m/s—4929 m/s on (001)-LAO. The longi-
tudinal sound velocity, together with the mass density de-
termines the out-of-plane longitudinal elastic constant, C |,
by the relation p(vsoung)?> = C.*°! The mass density of o-
Fe,0; is taken to be p = 5240 kg-m 3, then C, = 125 GPa—
134 GPa on (001)-BTO, 167 GPa-180 GPa on (001)-STO,
and 118 GPa-127 GPa on (001)-LAO as summarized in
Fig. 4(a). Figure 4(b) shows the temperature dependence
of the Brillouin frequency of a-Fe,O3/LAO, and the Bril-
louin frequency does not show any change at the tempera-
tures ranging from 300 K to 12 K. The amplitude and the
damping time of the oscillation increases significantly with
the decrease of temperature, owing to the suppressed ther-
mal phonon—phonon scattering at low temperatures. The iron
and oxygen atoms in hematite are arranged in the corundum
structure, which is six formula units per unit cell. The ar-
rangement of the oxygen anions and the high-spin cations nat-
urally affect the orientation of the spin magnetic moment of
the iron atom. The diverse magnetic properties of all the iron
oxides have been recently reviewed.!?’! Hematite is antiferro-
magnetic at temperatures below 260 K and a weak ferromag-
netic at room temperature. >8] The temperature-induced mag-
netic phase transition is not observed from the time-resolved
spectrum in the present study.
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Fig. 4. (color online) (a) Estimated elastic coefficients of ¢-Fe, O3 films
on substrates of (100)-BTO, (100)-STO, and (100)-LAO, pumped with
400 nm, respectively, compared with those determined from the Bril-
louin frequencies and published values of refractive index n from 2.75
to 2.85. (b) Plots of Brillouin frequencies and damping time () of o-
Fe; 03 films on (100)-LAO versus temperature.

4. Conclusion

In this paper, pump—probe spectroscopy with short-pulsed
laser is used to study the generation and propagation of the
GHz coherent acoustic phonons in a-Fe,O3 thin films on
different substrates. The generation mechanism of LAP is

strongly related to the ultrafast electron transitions, such as
ligand field transitions and ligand-to-metal charge-transfer ex-
citations. Significantly, the strain modulations of sound ve-
locity and out-of-plane elastic properties are demonstrated in
a-Fe; 03 films on different substrates. As far as applications
are concerned, the ultrafast coupling of light with mechanical
degrees of freedom guides the promising practical applications
in types of photo-driven sensors.
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