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Abstract: Two-dimensional (2D) organic—inorganic perov-
skites have shown interesting optical properties due to the
natural quantum-well structures. The repetition of soft
organic and hard inorganic intercalations also renders 2D
perovskites rich phonon dynamics. Here, we investigated the
coherent acoustic phonons in (PEA),Pbl, perovskite films by
time-resolved Brillouin spectroscopy. The coherent acoustic
phonons were launched indirectly in perovskite films by
exciting Au nanoplates which were used as optoacoustic
transducers. A longitudinal sound velocity v =1937 + 31 m/s,
and an elastic modulus E = 9.84 GPa along the cross-plane
direction of perovskites were obtained from analysis of the
Brillouin oscillation frequency. Following a bead-spring
model, we calculated a spring constant k ~ 1.709 N m™* for
PEA cations which is comparably small for perovskites. We
also demonstrated that coherent acoustic phonons are sen-
sitive to differentiate structural heterogeneity and monitor
dynamic phase evolution in perovskite films. Domains of
Pbl,-rich and Pbl,-poor phases were identified. Under light
stimulus, PbI,-poor phases were gradually disappearing and
Pbl-rich phases became crystallized. The observations of
structural and elastic heterogeneity and dynamic phase
evolution using coherent acoustic phonons provide a
toolbox for submicroscale elastic characterization of
perovskites.
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1 Introduction

Hybrid organic—inorganic halide perovskites have attracted
enormous attention in photovoltaics and optoelectronic
applications, including solar cells, light-emitting diodes, and
photodetectors [1-3], due to their large light absorption co-
efficients, high photoluminescence quantum yields, tunable
wide spectral ranges, and low-cost solution manufacturing
processes [4-6]. Unfortunately, the poor stability and degra-
dation due to reactivity with oxygen and water as well as
internal ion migration under ambient conditions hinder
their potential applications [7]. Two-dimensional (2D) Rud-
dlesden—Popper (RP) organic—inorganic perovskites have
shown greater resistance to degradation due to the hydro-
phobic organic layers, which block water and oxygen in-
vasions into the perovskite crystals [8, 9]. One of the most
widely employed organic layers for 2D RP perovskites is
phenethylammonium (C¢HsC,H,NH;, or PEA) which sepa-
rates the inorganic layers and facilitates the formation of
multiquantum well structures [10]. The repetition of soft
organic and hard inorganic intercalations renders the 2D
perovskites exceptionally interesting electron and phonon
dynamics, such as prolonged hot-carrier lifetimes and the
formation of large polarons [11-15].

Despite 2D RP perovskites as alternatives to 3D coun-
terparts have exhibited superior optical and phonon prop-
erties, they still suffer from structural inhomogeneity and
instability [16, 17]. Fundamental understanding of structural
changes and evolution under relevant in operando condi-
tions is essential to effectively improve the lifetimes of
perovskite devices and tailor their photophysical properties.
Multimodal microscopy approaches have been utilized to
better understand and exploit perovskite heterogeneities
[17]. Combination of photoluminescence and lifetime im-
aging, cathodoluminescence, infrared photothermal het-
erodyne imaging, Brillouin spectroscopy, compositional
X-ray microscopy, as well as scanning and transmission
electron microscopy were shown excellent capabilities to
decipher structural heterogeneities [18-23]. Time-domain
Brillouin microscopy or picosecond ultrasonics has been
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demonstrated in high-resolution structural characteriza-
tions for many fields from material science to biology [24, 25].
However, applications of coherent acoustic phonons for the
characterization of perovskites are less explored, compared
to the studies of optical phonons [26-28].

Time-domain Brillouin spectroscopy based on femto-
second pump-probe experimental technique provides an
all-optical method for structural characterizations [24]. In
pump—probe experiments, a pump pulse laser is absorbed
by an optoacoustic transducer, resulting in generation of
coherent acoustic phonons traveling in the material. A time
delayed probe laser is used to monitor the propagation of
acoustic strains by detecting reflected light where an oscil-
lating signal is presented due to interference between light
reflected from stationary surfaces and propagating acoustic
strains [29-31]. The time-domain oscillation pattern is
commonly called Brillouin oscillations and the frequency f;,
depends on refractive index (n) and longitudinal speed
of sound (v) of the material: f;, = 2vncos ¢/A,;, where Ay, is
the probe wavelength and ¢ is the angle of incidence of
the probe beam. Under normal incidence, the frequency
expression reduces to f, = 2vn/Ay [29, 32]. In order to be able
to differentiate structural inhomogeneity in perovskites, it is
desirable to have a significant frequency shift Af/f;, = An/n
in terms of refractive index. Earlier studies have shown that
structural inhomogeneity (An) leads to evident absorption
and photoluminescence (PL) shifts at the energy bandgap
[16, 33, 34]. Probing the Brillouin oscillations at energy
bandgap thus gives the optimal sensitivity to monitor
structural heterogeneity and evolution.

In this work, we have demonstrated that coherent
acoustic phonons can probe the structural inhomogeneity
and ion migrations in phenethylammonium lead iodide
((PEA),Pbl,) perovskites which were used as a model to
investigate structural response under environmental
stresses. The coherent acoustic phonons were launched in
perovskites by exciting single Au nanoplates (NPLs) which
were deposited on surface of the film and used as opto-
acoustic transducers. Propagation of coherent acoustic
phonons in perovskites was detected in time-resolved
Brillouin microscopy with probe wavelength of 530 nm
that is close to the energy bandgap. A single Brillouin
oscillation frequency f; = 18.9 + 0.5 GHz was obtained for
homogeneous (PEA),Pbl, perovskites. A longitudinal
sound velocity v = 1937 + 31 m/s and an elastic modulus
E = 9.84 GPa along cross-plane direction were calculated.
Mode splitting of the Brillouin peak was observed that was
strongly related to perovskite film heterogeneity. Domains
of Pbl,-rich and Pbl,-poor phases were identified. More-
over, light-induced ion migrations and formation of Pbl,
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phase were observed. The measurements show that
coherent acoustic phonons present an all-optical charac-
terization of dynamic disorders in perovskites.

2 Results and discussion

(PEA),Pbl, perovskite films and Au NPLs were both chemi-
cally synthesized based on previously described methods [14,
35]. The detailed synthesis procedures are given in Experi-
mental methods section. The (PEA),Pbl, perovskites were
spin-coated and crystalized on glass substrates. The sche-
matic crystal structure is shown in Figure 1a, where the 2D RP
organic—inorganic hybrid structure consists of sheets of
corner-sharing Pb-I octahedra expanding in two dimensions,
separated by interdigitating bilayers of organic PEA cations.
The structure was demonstrated highly efficient to block heat-
carrying, low-energy acoustic phonons propagation along
the cross-plane direction. The liquid-like motion of organic
cations and large acoustic impedance mismatch at organic—
inorganic interfaces are the dominant factors in impeding
acoustic phonon transport [11, 36]. Study of coherent acoustic
phonons in 2D perovskites will guide the design of more en-
ergy efficient devices.

Au NPLs with thicknesses of 10-20 nm and edge lengths
of 10-20 pm were synthesized and deposited on surface of
perovskite films (schematically shown in Figure 1a).
Figure 1b shows a representative scanning electron micro-
scopy (SEM) image of a single Au NPL on (PEA),Pbl, pe-
rovskites, where the film surface is relatively smooth and Au
NPL is in intimate contact with the perovskites. The crystal
structure and orientation of (PEA),Pbl, perovskite film on
glass substrate was characterized by X-ray diffraction (XRD),
as shown in Figure 1c. The spectrum indicates that the film
has well-defined diffraction peaks corresponding to (00])
(1 =2 4,6, 8, 10 and 12) series of reflections, which is
consistent with previous reports that (PEA),Pbl, film has 2D
layered structures with Pb-I octahedra sheets parallel to the
substrate [37, 38]. The strong and sharp diffraction orders
indicate excellent crystallinity of perovskites. A lattice dis-
tance d = 1.61 A between layers of inorganic Pb-I octahedra
sheets was calculated, which is consistent with reported
values. Figure 1d displays the UV-visible absorption and PL
spectroscopy of (PEA),Pbl, perovskites that exhibit a strong
absorption band at ~516 nm and a narrow emission at
~532 nm [39]. The spectra also indicate the successful for-
mation of (PEA),Pbl, perovskites [40, 41].

Coherent acoustic phonons in perovskites were
launched indirectly by exciting single Au NPLs with
femtosecond laser pulses and detected by a time-delayed
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Figure 1: Spectroscopic characterization of (PEA),Pbl, perovskite films.
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(@) Schematic diagram of sample configuration where Au NPLs were deposited on surface of perovskites for the generation of coherent
acoustic phonons. The perovskite film was spin-coated on glass substrate. (b) SEM image of an area of perovskite film with a Au NPL on top. (c)
XRD spectrum, and (d) UV-Vis absorption (black line) and photoluminescence (red line) spectra of the perovskite film.

probe laser in a pump-probe scheme (see Experimental
methods for details) [24, 29]. Previously, thin Au nanoplates
were demonstrated to be potential and easily deployable
optoacoustic transducers [29]. The advantages of using
chemically synthesized Au NPLs to generate acoustic pho-
nons are the broad applicability of plasmonic nanoparticles.
In the current studies, the samples were excited and detected
from the side of Au NPLs rather than the perovskites. This
configuration minimizes the photodamage of perovskites.
Propagation of coherent acoustic phonons in perovskite film
was detected with pump-probe spectroscopy. Typical powers
were 2.5 mW for the 800 nm pump beam and 50 pW for the
530 nm probe beam. Under these conditions, the detected
Brillouin oscillations were stable.

Figure 2a shows a transient reflectivity trace of a
single Au NPL on (PEA),Pbl, film where a pronounced
modulation of signal is observed over several hundred
picoseconds. The red curve is a fitting to the damped
Brillouin oscillations which gives a vibrational lifetime of

~300 ps. This relatively short lifetime could be due to
limited penetration depth of the probe light at energy
bandgap. The fast Fourier transform (FFT) spectrum of
the modulation signal gives an oscillation frequency
f»=18.9 + 0.3 GHz. The observed oscillations are assigned
to Brillouin oscillations instead of acoustic vibration of Au
NPL [29, 42]. This was confirmed by measuring the Bril-
louin oscillations with varied probe wavelengths from 530
to 600 nm. The measured vibrational frequencies are
shown in Figure 2b and the corresponding transient
reflectivity signals are presented in Supporting Informa-
tion Figure S1. The FFT spectra are shown in Supporting
Information Figure S2. Note that the localized acoustic
vibration of the Au NPL was not observed where the fre-
quency is NPL thickness dependent and irrelevant to the
probe wavelength [29, 42]. The completely damping of
localized acoustic vibration of Au NPL and the formation
of propagating acoustic phonons demonstrate that Au
NPL is mechanically coupled to perovskites.
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Figure 2: Coherent acoustic phonons in perovskites.

Spring constant ¥ (N-m™)

(a) Transient reflectivity trace for a single Au NPL on (PEA),Pbl, film where Brillouin oscillations were observed with pump and probe wavelengths of
800 and 530 nm, respectively. The red is a fit to the curve which gives phonon lifetime of 300 ps. Inset shows the fast Fourier transform (FFT) spectrum
of the oscillations together with a Lorentz curve fitting in red. (b) Probe wavelength dependent Brillouin oscillation frequency and the calculated
sound wave velocities with average value of v = 1937 + 31 m/s (error stands for standard deviation). (c) Schematic illustration of the bead-spring
model in (PEA),Pbl, film. (d) Calculated spring constant k versus acoustic phonon frequency. The marker is the experimental measurement in

(PEA),Pbl, perovskites.

The frequency of Brillouin oscillations is given by
f» = 2vn/A,;, which depends on refractive index and sound
velocity of the medium [24, 29, 36, 43, 44]. The wavelength
dependent refractive index n of (PEA),Pbl, was adopted
from previous data and was shown in Supporting Informa-
tion Figure S3 [45, 46]. Using the refractive index and
measured Brillouin oscillation frequency, we calculated a
longitudinal speed of sound v = 1937 + 31 m/s and the results
are plotted in Figure 2b. The cross-plane sound velocity is
slightly smaller than literature value 2100 m/s for (PEA),Pbl,
single crystals, but much larger than the value 1476 m/s for
(BA),Pbl, single crystals [36, 43]. Furthermore, an elastic
constant was calculated E = 9.84 GPa, using equation E = pv2
with p = 2.622 g/cm’ being the density of (PEA),Pbl,, perov-
skites [13]. Compared to 3D perovskites, the relatively small
sound velocity and elastic constant indicate the softness of
crystal lattices of 2D RP perovskites, which are in good
agreement with previous reports [22, 36, 43, 44]. To gain
insights of coherent acoustic phonon propagation along

cross-plane direction of 2D perovskites, we illustrate the
interaction among layers using one dimensional bead-
spring model following the work done by Guo et al.[36]. The
model is schematically presented in Figure 2c. Each bead
represents a single Pb-I octahedron in the model, which
was linked by PEA cations with spring constant k. In the
model, the distance d = 16.1 A is determined from the
XRD spectrum and the weight of single Pb-I octahedron is
mpypy, = 1.187 x 1072 kg. The calculated spring constant k
versus the acoustic phonon frequency is presented in
Figure 2d. A value of k =~ 1.709 N m™ matches the experi-
mental results which is slightly larger than the spring con-
stant 1.13 N m™ of BA cations in (CH;(CH,)sNHs),Pbl,
perovskites [36]. A larger value of k also indicates the larger
rigidity of PEA cations compared to BA and a higher acoustic
phonon velocity in (PEA),Pbl, perovskites.

Next we explore the possibility of using coherent
acoustic phonons to investigate structural inhomogeneity
in perovskites. Fluorescence was previously demonstrated
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Figure 3: Correlation between Brillouin oscillations and PL intensities for the characterization of structural heterogeneity.

(a) PL imaging of an area with a single Au NPL on top of (PEA),Pbl, film. (b) Variations of PL intensity of (PEA),Pbl, film at different locations
where bright (PL intensity in top 20%) and dim (PL intensity in bottom 20%) areas were selected for Brillouin spectroscopy measurements.
(c) and (d) are the corresponding FFT spectra of Brillouin oscillations in areas with bright and dim PL, respectively. The frequency at ~19 GHz in
(c) corresponds to pure (PEA),Pbl, where Pbl, octahedron is preserved. The frequencies at ~11and ~21 GHz in (d) are assigned to Pbl,-rich and

Pbl,-poor phases, respectively.

to be strongly correlated to structural heterogeneities.
Duim et al. have shown that ion segregations in (PEA),Pbl,
produce PblL,-rich and Pbl,-poor phases with varied fluo-
rescence intensities compared to pure (PEA),Pbl, structure
[47]. In the current studies, (PEA),Pbl, perovskites with
nonuniform fluorescences were also prepared and a
representative fluorescence imaging is shown in Figure 3a
with a mapping area of ~25 x 25 pm” where a hexagonal Au
NPL was on top. The fluorescence spectroscopy is pre-
sented in Figure 3b for the bright (PL intensity in top 20%)
and dim (PL intensity in bottom 20%) areas. The reason for
this selection is to show a clear correlation between fluo-
rescence and Brillouin oscillation frequency. Note that
structural heterogeneity affects fluorescence intensity
more effectively than the emission wavelength. Figure 3c
and d show the corresponding FFT spectra of Brillouin
oscillations in areas with bright and dim PL intensities,

respectively. A single Brillouin peak at f;, = 18.6 + 0.5 GHz
was observed for the areas with bright PL, while mode
splitting appeared for the areas with dim PL. The Brillouin
peak at ~18.6 GHz in Figure 3c can be assigned to acoustic
phonons in pure (PEA),Pbl, phase, that is consistent with
results in Figure 2. Since ion segregation in (PEA),Pbl,
films was confirmed previously by PL measurements, Pbl,-
rich and Pbl,-poor phases were suggested for the structural
heterogeneity [9, 47]. The split of Brillouin peak in
Figure 3d could also be the formation of Pbl,-rich and Pbl,-
poor phases. The calculated Brillouin frequency for pure
Pbl, phase is ~11.5 GHz by using sound velocity of ~1540 m/s
and refractive index of ~2 [48, 49]. The lower frequency
band at ~11 GHz in Figure 3d is close to the frequency of
acoustic phonon in pure Pbl,, it is thus reasonable to label
it as acoustic wave in Pbl,-rich phase. Similarly, the other
higher frequency band at ~21 GHz is acoustic phonon in
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PbI,-poor phase. Not surprisingly, both the frequency bands
of Pbl,-rich and PbL-poor phases are extremely broad due to
wide stoichiometry. Determination of stoichiometry in Pbl,-
rich and Pbl,-poor phases using Brillouin frequency needs
further investigations. Lastly, we emphasize that the current
studies of structural inhomogeneity of perovskites were
limited by the imaging speed in pump-probe microscopy.
Two-dimensional mapping of structural inhomogeneity
using coherent acoustic phonons will provide full correla-
tions with PL spectroscopy [17, 50].

To further confirm the Pbl,-rich and Pbl,-poor phases, we
studied the dynamic phase response under light stimulus.
Earlier works have shown that light can break down perov-
skite lattices, even in layered perovskites [9, 41, 51, 52]. Un-
derstanding the dynamic response of layered perovskites
under external stresses is particularly interesting from both
application and fundamental standpoints. Figure 4a shows
the Brillouin oscillations of (PEA),Pbl, film after continuously
exposing to pulsed laser light for several minutes. A shifting
of the Brillouin oscillations was clearly observable and the
corresponding FFT spectra are shown in Figure 4b. The re-
sults show that the Pbl,-poor phase with Brillouin frequency
at ~25 GHz was slowly disappearing with increasing light
fluences, while the Pbl,-rich phase at ~11 GHz was stable and
the frequency band became narrower indicating the gradual
formation of Pbl, phase. Previously, Fang et al. have shown
that light can induce degradation of (PEA),Pbl, perovskites
via releasing of PEA + HI, and leaving Pbl, phase in the
crystals [9]. Observations of the disappearance of Pbl,-poor
phase and the formation of Pbl, phase using coherent
acoustic phonons also confirm the light-induced degrada-
tions in 2D perovskites. Compared to the PL intensity mea-
surements, assignment of structural changes based on the
frequency shift of Brillouin oscillations presents a direct
measurement,

Coherent acoustic phonons are less explored in pe-
rovskites, especially in 2D RP layered perovskites. High
quality single crystal perovskites were mainly used due to
the improved stability. However, understanding acoustic
phonon properties for thin film perovskites will be partic-
ularly interesting for its practical applications, such as
solar cells [4, 6, 26]. It is also a prerequisite to excite the
crystals with energies above-bandgap to generate coherent
acoustic phonons in perovskites. Using plasmonic metal
nanostructures as optoacoustic transducers to generate
coherent acoustic waves in perovskites will mitigate these
limitations. Exploring time-domain Brillouin spectroscopy
for the study of coherent acoustic phonons in thin film
perovskites presents an exciting aspect.

Guo et al. and Maity et al. have investigated the gener-
ation and propagation of coherent acoustic phonons along
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Figure 4: Light induced ion migration monitored with coherent
acoustic phonons.

(a) Transient reflectivity traces show the Brillouin oscillations at
varied pump fluences from 0.4-2 m)/cm?. The traces were shifted
vertically for a clear vision. (b) The corresponding FFT spectra show
the gradual formation of Pbl, phase at frequency of ~11 GHz and
slowly disappearing of Pbl,-poor phase at frequency of ~25 GHz.

the cross-plane direction of 2D RP perovskites using pump-
probe spectroscopy [36, 43]. The probe wavelengths were
tuned away from optical bandgap to reduce attenuations in
order to have a deep penetration depth and a long phonon
lifetime. It can also be interesting to study the coherent
acoustic phonons with probe at optical bandgap where
structural heterogeneity is detectable. Compared to many
other spectroscopy techniques, time-resolved Brillouin mi-
croscopy provides an additional toolbox to study structural
and elastic heterogeneity in perovskites. Furthermore,
coherent acoustic phonons can be applied to dynamically
monitor structural evolution under external stresses. How-
ever, the sensitivity of coherent acoustic phonons to struc-
tural heterogeneity needs further improvement due to the
broad acoustic phonons bandwidth.
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3 Conclusions

In the current studies, metallic Au NPLs were used as opto-
acoustic transducers to facilitate the generation of coherent
acoustic phonons in 2D RP (PEA),PbI, perovskites. A lon-
gitudinal sound velocity v = 1937 + 31 m/s along the cross-
plane direction was measured, which is lower than that of
3D perovskites. Mechanical properties were obtained from
the sound velocity. We calculated an elastic modulus
E = 9.84 GPa along the cross-plane direction for (PEA),Pbl,
perovskites. Analyzing the phonon propagation in 2D RP
perovskites with a bead-spring model, we obtained a spring
constant of k ~ 1.709 N m™* for PEA cations which is slightly
larger than BA cations in (CH;(CH,);NH;),Pbl, perovskites.
The small value is consistent with the low sound velocity
and poor thermal conductivity in 2D layered perovskites. We
further applied coherent acoustic phonons to differentiate
structural heterogeneity in (PEA),Pbl, perovskites and
monitor dynamic phase evolution under light stimulus.
Pbl,-rich phase and Pbl,-poor phase were both observed
and the results were consistent with PL. measurements. In
particular, realizing dynamic structure examination in pe-
rovskites will help the understanding and tuning structural
dependent properties.

4 Experimental methods

Materials. HAuCl,-3H,0, 1-pentanol, poly(vinylpyrrolidone) (PVP,
Mw = 40,000), cetyltrimethylammonium bromide (CTAB, 299%) lead
(I) iodide (Pbl, >99.99%), phenyl-ethyl ammonium iodine (PEAI,
99%), N, N-dimethylformamide (DMF) were purchased from Sigma-
Aldrich (USA). Ethanol (AR, 299.7%), dichloromethane (AR, 299.5%)
were purchased from Shanghai Chemical Reagent Company. Glass
coverslips (catalog no. CG15KH) were purchased from Thorlabs China.
All chemicals were used as received without purification.

Synthesis of Au nanoplates. The Au NPLs were synthesized
using a modified method [35]. Briefly, 60 mg PVP and 25 mg CTAB were
dissolved in 10 mL 1-pentanol solution. 0.167 mL HAuCl, (0.1 M)
1-pentanol solution and 0.5 mL ultrapure water were added to the
solution. The above mixture was heated to 120 °C and maintained for
24 h to facilitate the growth of Au NPLs. The solution was cooled to
room temperature and the samples were washed with ethanol at least
three times by centrifugation to remove excessive surfactants. The
final Au NPLs were kept at dichloromethane before the deposition on
surface of perovskite films.

Synthesis of 2D perovskite films. The synthesis procedure was
modified from previous report [14]. Phenethylammonium iodide
(498 mg) and Pbl, (461 mg) were dissolved in DMF (1.5 mL) at 70 °C and
the solution was kept stirring for 1 h. Glass substrates for supporting
the perovskite films were cleaned with acetone, ethanol, and water in
the ultrasonic bath for 20 min in each solvent and then cleaned with
oxygen plasma for another 20 min. 10 pL of the prepared solution was
spin-coated on the glass substrate. The perovskite film was obtained
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by heating the substrate at 70 °C for 20 min. The Au NPLs in
dichloromethane were deposited on the perovskite films by drop-
casting. Note that dichloromethane does not affect the integrity of the
perovskite films. The perovskite films were characterized by absorp-
tion, photoluminescence and X-ray diffraction spectroscopy. The
propagation of coherent acoustic phonons in perovskites was studied
by transient absorption microscopy.

Transient absorption microscopy. The coherent acoustic
phonons in perovskite films were launched by exciting single Au NPLs
with a pump beam and detected by a probe beam in a pump—probe
scheme. Specifically, the measurements were performed with a
Coherent Mira 900 Ti:sapphire laser system, which gives an output
power of ~4.5 W at 800 nm with ~76 MHz repetition rate and ~100 fs
pulse width. The output laser beam was split with a 80/20 beams-
plitter. The weaker portion was modulated by an acousto-optical
modulator (IntraAction AOM-402AF3) at 1 MHz before exciting the
samples, that was triggered by the internal function generator of a
lock-in amplifier (Stanford Research Systems SR844). The stronger
portion of the laser beam was designed to pump an optical parametric
oscillator (Coherent Mira OPO) to give a visible probe light. The pump
and probe beams were spatially overlapped with a dichroic mirror and
focused at the sample with an Olympus 60 x 0.9 numerical aperture
(NA) microscope objective. A Thorlabs DDS600 linear translation
stage was used to control the time delay between the pump and probe
beams. A Hamamatsu C12702-11 avalanche photodiode was used to
detect the reflected probe light. Typical powers were 2.5 mW and
50 uW for the pump and probe, respectively. The measurements were
conducted under ambient conditions.
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