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Strong Electron-Phonon Coupling Mediates Carrier

Transport in BiFeO;

Zhenwei Ou, Bin Peng, Weibin Chu, Zhe Li, Cheng Wang, Yan Zeng, Hongyi Chen,
Qiuyu Wang, Guohua Dong, Yongyi Wu, Ruibin Qiu, Li Ma, Lili Zhang, Xiaoze Liu, Tao Li,
Ting Yu, Zhonggiang Hu,* Ti Wang,* Ming Liu, and Hongxing Xu*

The electron-phonon interaction is known as one of the major mechanisms
determining electrical and thermal properties. In particular, it alters the carrier
transport behaviors and sets fundamental limits to carrier mobility.
Establishing how electrons interact with phonons and the resulting impact on
the carrier transport property is significant for the development of
high-efficiency electronic devices. Here, carrier transport behavior mediated
by the electron-phonon coupling in BiFeO; epitaxial thin films is directly
observed. Acoustic phonons are generated by the inverse piezoelectric effect
and coupled with photocarriers. Via the electron-phonon coupling, doughnut
shape carrier distribution has been observed due to the coupling between hot
carriers and phonons. The hot carrier quasi-ballistic transport length can
reach 340 nm within 1 ps. The results suggest an effective approach to

1. Introduction

The electron-phonon interaction has been
of great interest in solid-state physics,
notably as one of the major mechanisms
determining the electrical resistance,!!
carrier mobility,**! and high-temperature
superconductivity!**! in metals and semi-
conductors. Among these physical prop-
erties, the carrier transport and decay
characteristics have received much atten-
tion as they are crucial for the performance
of electronic and optoelectronic devices.[*8]
The electron-phonon interactions can alter
the carrier transport and set fundamental

investigating the effects of electron-phonon interactions with temporal and
spatial resolutions, which is of great importance for designing and improving

electronic devices.

intrinsic limits to carrier mobilities through
various mechanisms.®! For instance, the
electrons can be scattered by phonons,
leading to temperature (I) -dependent
carrier mobility (u) of u ~ T", where the
coefficient m varies under different temperatures and electron
densities.'% In organic semiconductors, excitons are localized
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Figure 1. Structural characterization of BiFeO; thin films. A) Schematic representation of the pump-probe experiments and the carrier transport in the
BiFeOj; thin film. The incident pump and probe beams are normal to the surface. B) X-ray diffraction patterns of as-grown BiFeOj; epitaxial thin films.
C) Cross-sectional TEM image of BiFeO5 (111) epitaxial thin films. D) HAADF-STEM image of the SrRuO; /BiFeO; interface. E) SAED pattern of BiFeO,

(117) epitaxial thin film. It shows the thin film is (111)-oriented.

and polarons are formed due to the strong interactions between
electrons and vibrational modes, which can then lead to the mod-
ulation of carrier mobility and coherent transport range.['! These
works indicate that carrier transport property can be mediated
by electron-phonon interactions, and significant improvements
in carrier mobility are anticipated with well-designed electron-
phonon coupling.

Given its importance, electron-phonon coupling has been ex-
tensively studied in a variety of materials.[*12*] Among them,
the multiferroics exhibit strong charges-spins-lattices interac-
tion and inherent couplings between simultaneous ferroelectric
and ferromagnetic orderings.!'>"'”] These couplings can be read-
ily manipulated by optical excitations, making multiferroics an
outstanding platform for the investigation of electron-phonon
coupling. The bismuth ferrite (BiFeO,), the most widely stud-
ied room-temperature multiferroic,['®1?! exhibits unique phys-
ical properties arising from the inherent couplings and ex-
change interactions such as magnetoelectric coupling,[2!] pho-
toinduced mechanical strain,[??2*] and magnon sidebands.[2>2¢]
Moreover, unlike most multiferroics, the BiFeO, exhibits strong
photoresponse, 28 photovoltaic effect,?®] and domain wall
conductivity,?®! making it a potential material for optoelectronic
and photovoltaic device applications.l*] In addition, the carrier
decay dynamics can also be modulated by coupling to the spins
and optically excited phonons.[*"*?] Despite the outstanding pho-
toresponse and exchange interactions in BiFeOj;, the direct im-
pact of electron-phonon coupling on the spatial and temporal
charge carrier transport properties is still a subject to be investi-
gated currently. Understanding how and to what extent electron-
phonon coupling can alter the carrier transport behavior in space
and time is important for the development of high-efficiency elec-
tronic devices and may even enable new ways to manipulate elec-
trons and phonons for novel device applications.
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To address this issue, transient absorption microscopy (TAM),
a microscopy technique combined with ultrafast optical spec-
troscopy, has been employed to directly study the carrier decay
dynamics and image the carrier population distribution in space
and time (Figure 1A).1%] Here, it illustrates that the carrier trans-
port behavior can be strongly mediated by the electron-phonon
coupling in BiFeO,. With photoexcitation, the GHz longitudinal
acoustic (LA) phonons are generated by the inverse piezoelec-
tric effect. This LA phonon mode can couple with the photoex-
cited carriers, resulting in oscillatory properties in carrier decay
dynamics and spatial density distribution. Interestingly, quasi-
ballistic transport behavior and doughnut shape carrier distri-
bution are observed within 1 ps, which are caused by the cou-
pling between the hot carrier and phonon mode. It shows that the
quasi-ballistic transport length of ~#340 nm in BiFeO, thin films
is significantly larger than that of hot carriers in Si, GaN, and
CH,NH,Pbl, perovskites.>*3¢! After the cooling of hot carriers,
the maximum diffusion coefficient mediated by electron-phonon
coupling can still be two orders of magnitude larger than that in
bulk BiFeO,. The long-range carrier quasi-ballistic transport over
hundreds of nanometers associated with unique multiferroic and
photovoltaic properties make BiFeO, potential material for novel
device applications combing the ferroelectric, electronic, and op-
toelectronic functionalities.

2. Results

2.1. Thin-Film Growth and Characterization

BiFeO, epitaxial thin films were fabricated by pulsed laser depo-
sition and further details on the sample growth can be found in
the Method section. For a systematic study, three epitaxial thin
films have been fabricated with different orientations. Figure 1B

© 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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shows the X-ray diffraction (XRD) patterns for the three BiFeO,
epitaxial thin films on different SrTiO; substrates ((100), (110),
and (111) orientations). To improve the epitaxial crystalline qual-
ity, a Sr;AL O, buffer layer has been introduced before BiFeO,
deposition.’*% 1t is found that all the epitaxial BiFeO; thin
films exhibit excellent epitaxy relation on SrTiO,. Correspond-
ingly, only (100)/(200), (110), and (111) diffraction peaks can be
observed in the detected 26 range, respectively. Thus, it is con-
firmed that high-quality epitaxial thin films have been deposited
with three different orientations. To further verify the quality of
the epitaxial thin films, atomic force microscope (AFM), recipro-
cal space mapping, and transmission electron microscopy (TEM)
measurements have been conducted. Figure S1C (Supporting
Information) illustrates the AFM image of the (111)-oriented
BiFeO, epitaxial thin film. It presents a dense microstructure and
relatively smooth surface without ordinary defects such as pin
holes. The average roughness (R,) and the square root rough-
ness (R,) are ~#1.11 and 1.41 nm, respectively. The sharp peaks
of the rocking curves present the single-crystalline properties
of the BiFeO, thin films (Figure S3, Supporting Information).
The diffraction peaks of the BiFeO; layers follow that of the
SrTiO, layers in both conventional X-ray diffractions (Figure 1;
Figure S3, Supporting Information) and reciprocal space map-
pings (Figure S3, Supporting Information), indicating excellent
epitaxial relation. Figure 1C shows the cross-sectional TEM im-
ages of BiFeO, (111) epitaxial thin film. It has distinctly illustrated
the SrTiO; substrate, Sr;AlL, O, buffer layer, StTRuO, electrode,
and the BiFeO,; thin film. The film thickness of the Sr;Al,O
buffer layer is 23 nm and it is ~#142 nm for the BiFeO, (111)
epitaxial layer. In addition, Figure 1D shows the magnified high-
angle annular dark-field (HAADF) image of the SrRuO, /BiFeO,
interface. It demonstrates a sharp interface and the perfect epi-
taxy structure between them. The selected area electron diffrac-
tion (SAED) pattern of the BiFeO, thin film is shown in Figure 1E
which further indicates the orientation is along the (111) plane
and the epitaxial relation. Moreover, the lattice constant of BiFeO,
can be estimated from the SAED pattern as a = 3.946 A and
B = 89.6° with a typical R-phase.***!l Figure S2 (Supporting In-
formation) shows the piezo response force microscopy images of
the three thin films, which illustrate the ferroelectric properties
and domain structures.

The steady-state absorption and photoluminescence (PL) spec-
tra of (111) BiFeO, thin film are shown in the Supporting Infor-
mation (Figure S4, Supporting Information). For better under-
standing, the band structure is marked out by the blue and red-
shaded areas according to results from previous works.[25:26:42]
The spectra show a sharp increase in absorbance and a strong
peak in PL at ~2.66 eV. This indicates that the bandgap
is ~2.66 eV, which is consistent with previous experimental
results.[2#243] However, the absorptance onset occurs at a much
lower energy of ~1.65 eV. In addition, the absorptance spectrum
exhibits a broad shoulder centered at 2.0 eV and a small ab-
sorbance feature below 1.5 eV. These absorption bands can be as-
signed to the °A;, — *T, (below 1.5 eV) and °A,, — *T,, (between
1.65 and 2.2 eV) transitions of the Fe’* ions.!?>2%] These broad ab-
sorption bands are named magnon sidebands.!?>%l The magnon
sidebands originate from the spin-charge coupling interactions
and are associated with the reduced symmetry in BiFeO,.?>) The
small PL peak at ~1.65 eV can be attributed to the carrier recom-
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bination in magnon sidebands. Therefore, it provides an excel-
lent platform to study the spin-charge-lattice interactions in mul-
tiferroics.

2.2. Ultrafast Carrier Dynamics and Electron-Phonon Coupling

With the broad absorption spectrum, the hot carrier cooling and
carrier dynamics can be systematically studied by pump-probe
spectroscopy. In the transient absorption experiments, the pump
and probe wavelengths are selected to be 400 and 750 nm, re-
spectively. Figure 2A shows the typical transient reflectance sig-
nals (AR/R) under different pump fluences. The AR/R imme-
diately reaches a maximum value after photoexcitation for all
pump fluences. Notably, the decay rate in the first 10 ps dramati-
cally increases under the pump fluence larger than 120 pJ cm=2,
and an oscillation feature appears as marked by the dashed lines
in Figure 2A. It is noted that high-order recombination terms
(carrier-carrier annihilation, Auger recombination, etc.) can in-
crease the decay rate and will complicate the analysis. To ex-
clude these effects, the maximum AR/R has been extracted as
a function of the pump fluence. It presents a linear relation-
ship (Figure S5A, Supporting Information), indicating that the
high-order recombination terms can be neglected in this excita-
tion range. The transient absorption decay dynamics (AT/T) are
shown in Supporting Information (Figure S8, Supporting Infor-
mation). The maximum AT/ T values also linearly depend on the
pump fluence, and the normalized decay dynamics are consis-
tent throughout the entire excitation density range (Figure S8A,
Supporting Information). It further confirms that the high-order
recombination terms can be neglected in this excitation range.
The AR/R signal can be characterized by an exponentially de-
caying component superimposed with an oscillatory signal. The
inset in Figure 2B displays the oscillatory signal after subtract-
ing the exponentially decaying component. Figure 2B shows the
corresponding fast Fourier transform (FFT) of the oscillatory
components. The main recognizable feature is the only peak at
30.3 GHz, which is associated with the longitudinal acoustic (LA)
phonon mode in BiFeO, thin films.[?>-¢]

2.3. Electron-Phonon Coupling Mediated Carrier Transport

The dynamics results illustrate that phonons can couple with
photoexcited carriers and modulate the carrier dynamics in the
BiFeO, thin films. However, whether this electron-phonon cou-
pling can impact the carrier transport property is still unknown.
The TAM has been previously demonstrated as an effective tech-
nique to directly image carrier transport with a high time reso-
lution and spatial precision.**] Here, the pump and probe wave-
lengths are selected to be 400 and 750 nm, respectively. The setup
and experimental details can be found in the Supporting Infor-
mation. The pump fluence is set to be 395 uJ cm~2 to reach a
better signal-to-noise ratio and avoid high-order recombination
processes.

Figure 3A displays the two-dimensional TAM images at dif-
ferent delay times. If a normal carrier diffusion scenario is pre-
sented in the BiFeO, thin film, one should observe the carrier dis-
tribution gradually spread broader with a Gaussian distribution.

© 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. Transient reflection dynamics of BiFeOj; thin film. A) Transient reflection spectra under different pump fluence. The pump and probe wave-
lengths are 400 and 750 nm, respectively. The signals show clear oscillatory characteristics as marked by dashed lines. B) The oscillatory component
extracted from the transient reflection signal (inset) and its fast Fourier transform spectrum.
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Figure 3. TAM images and quasi-ballistic carrier transport. A) TAM images at different delay times as labeled. The pump and probe wavelengths are
400 and 750 nm, respectively, and the pump fluence is 395 u) cm~2. B) The overall integrated population of the photogenerated carriers extracted from
the TAM images as a function of pump-probe delay times. Inset: Time evolution of the carrier population integrated from the square area as marked by
the blue solid line in the TAM image. C) Time evolution of the 62 — aé probe along the two perpendicular directions as marked by the dash lines in the
TAM image, where 62 is the width of the spatial carrier distribution obtained at zero pump-probe delay. The blue and red lines represent fits using the
equation, Dt*. The diffusion exponent a ~ 2 signifies that the carriers propagate in a quasi-ballistic manner. Inset: Time evolution of the relative change

in the quasi-ballistic transport length, L, = /0?2 — o3 . The dotted lines represent the resultant fit of L = vt, where v is a coefficient that provides the
velocity of the quasi-ballistic transport.

However, the diameters of the Gaussian distributions expand sig-
nificantly within 1 ps, and a doughnut shape carrier distribution
appears at 1 ps. In addition, this feature recovers back to a Gaus-
sian distribution at 15 ps. The unique evolution process implies
that unexpected transport behavior along the radial direction ex-
ists apart from the normal diffusion scenario. Furthermore, the
carrier distributions appear to be constantly oscillating which

Adv. Sci. 2023, 10, 2301057
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lasts up to 120 ps. Figure 3B displays the time evolution of the
carrier population. Here, the AR i area @0d AR (1 er area Signals
are obtained by integrating the whole and the center area (1 pm?)
of the TAM images, respectively. The AR ;. area Signal decays ex-
ponentially and shows no obvious oscillation characteristics. The
AR pier area Signal, however, shows consistent decay properties as

the transient reflection dynamics (Figure 2A). They both decrease

© 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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rapidly in the first few picoseconds and exhibit oscillatory com-
ponents in longer delay times. Note that the transient reflection
dynamics (Figure 2A) can only detect the carrier population with
the probe beam size. This consistency further confirms that the
carrier diffusion is mediated by the LA phonon mode.

The solution to the diffusion equation with a Gaussian initial
condition is given by MSD = o — o, which is proportional to
t*, where MSD is the mean-squared displacement, and « is the
diffusion exponent (experimental details in the Supporting In-
formation) [*4*1. For normal diffusion, the diffusion coefficient
is independent of time and a equals to 1. For the superdiffu-
sive transport scenario such as ballistic transport, the diffusiv-
ity depends on time and « is larger than 1. Notably, the diffusion
model can only be used to fit the Gaussian distribution. When the
carriers are coupled with the phonons and result in a doughnut
shape distribution, this diffusion model is no longer applicable.
Figure 3C displays the time evolution of MSD along the two per-
pendicular directions as marked by the dash lines in the TAM im-
age (Figure 3A). Interestingly, the fittings give the diffusion expo-
nents of @ =2.09 + 0.12 and « = 2.11 + 0.14 for the horizontal and
vertical directions, respectively. The similar values along horizon-
tal and vertical directions illustrate undistinguishable anisotropic
diffusion behavior. The pump polarization-dependent transient
reflection dynamics also show isotropic response (Figure S6, Sup-
porting Information). The previous study illustrates that the rela-
tive propagation direction of the light and the ferroelectric polar-
ization can impact the photoresponse of ferroelectrics.[*] How-
ever, the piezo force microscopy results show that the domain
structures in BiFeOj thin films are small and randomly arranged,
which is one order of magnitude smaller than the probe beam
size (Figure S2, Supporting Information). The small domain size
and the disordered domain structures are responsible for the
isotropic response. Moreover, the value (a = 2) signifies that the
carriers propagate in a quasi-ballistic manner in the first picosec-
ond. The quasi-ballistic transport length (L,) can then be plotted

2 2
6, =0y,

the velocity of the quasi-ballistic transport (Inset in Figure 3C).
The linear region gives the quasi-ballistic velocities of 4.09 x 10°
and 4.24 x 10° m s~! for the horizontal and vertical directions, re-
spectively. The quasi-ballistic transport length is ~340 nm within
the first picosecond, which is even larger than that of hot elec-
trons in Si (20 nm), GaN (14 nm), and CH;NH,PbI; perovskites
(230 nm).13*3%1 The long quasi-ballistic transport length is signif-
icant for BiFeO,-based high-efficiency electronic device applica-
tions.

We now discuss the possible origins of such spatial propaga-
tion at room temperature. First, it is noted that the measured
quasi-ballistic velocity (4 X 10° m s7!) is orders of magnitude
larger than the velocity of phonons (typically below 10 m s71).
This means that the pure phononic origin is not responsible for
the measured AR/R signal. Second, previous works illustrate that
the collective phase modes of the electronic condensate can hy-
bridize with the phonon modes in an excitonic insulator.[*’8] The
hybrid modes result in the excitations of mixed electronic and
phononic nature and propagate ballistically at velocities close to
the pure phase modes (on the order of 10°~10° m s~!) over several
picoseconds. However, such hybrid modes cannot explain the ob-
served quasi-ballistic transport behavior in this work due to the

as L= vt = where v is a coefficient that provides
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low carrier diffusion constant and rather flat dispersion relation
of the magnon sidebands in BiFeO,.*] Other potential explana-
tions, such as phonon-polaritons and exciton-polaritons, either
propagate at velocities larger than 5 x 10° m s~1, or require a sub-
stantially high Q factor to reach the picosecond lifetimes.!*8] The
BiFeO, thin films and the measured velocity of x4 x 10° m s™!
do not agree with those conditions. Besides, none of these pos-
sibilities can exhibit the spatiotemporal evolutions as shown in
Figure 3A.

One remaining possibility is the coupling between hot carriers
and the LA phonon mode. In our results, the spatiotemporal evo-
lutions of the AR/R signals reveal a propagation velocity of 4 x
10° m s~! within the first picosecond. Noting that the ballistic ve-
locity of hot carriers is directly related to the excess energy above
the bandgap.*®! In BiFeO;, the electrons and holes have similar
smallest effective masses and m” ~ 0.39 m,, where m; is the elec-
tron rest mass.[*%! Then, the corresponding ballistic velocity v,,,,,
isgivenby A E, = 1/2m’v? _,where A E,=3.1-2.66=0.44¢V,
leading to a value of %5.74 X 10° m s!. The measured propaga-
tion velocity (4 x 10° m s7!) is close to v,,,,, indicating the hot car-
rier quasi-ballistic transport. Moreover, the doughnut shape car-
rier distribution illustrates that the hot carriers can strongly cou-
ple to the LA phonons. Previous works illustrate that when car-
riers are strongly coupled with the low-energy acoustic phonons,
the hot carrier relaxation lifetime can be increased in contrast
to coupling with the optical phonons.>'54l Besides, the strong
hot carrier-LA phonon coupling may lead to carrier propagation
with electronic and phononic nature.l>*¢ The hot carrier ballis-
tic motion leads to a favored propagation in the radial direction,
which is modulated by the combination of the ballistic driving
terms and the phonon-induced electronic motions. Due to the
small carrier diffusion constant of BiFeO, (Figure S10, Support-
ing Information), the carrier normal diffusion can be neglected
compared to the quasi-ballistic transport. The Gaussian popula-
tion distribution evolves into a doughnut shape presenting the
phononic nature. In the next step (after 5 ps), the phononic na-
ture will drag the carriers to move toward the center spot. Then,
the carrier population in the center area increases, while the car-
rier population around the doughnut shape area decreases. As a
result, the doughnut shape evolves into the Gaussian distribution
again as time goes by. This also indicates that the AR/R signals
do notrepresent acoustic phonons, because the acoustic phonons
will not experience such spatial evolutions and will propagate like
a wave.l%’]

Figure S12 (Supporting Information) displays the carrier
transport properties after 10 ps. Distinct periodic oscillations
can be observed in the time evolutions of the variances o
(Figure S12B, Supporting Information). The oscillation fre-
quency of #30.5 GHz is consistent with the oscillation frequency
of the LA phonon mode (Figure 2B). This suggests that cou-
pling between the carriers and the LA phonon mode will re-
sult in the periodic change of the carrier density distribution.
The time derivative over the oscillatory variances then gives the
time-dependent carrier diffusion coefficient D, mediated by the
electron-phonon coupling (Figure S12C, Supporting Informa-
tion). The maximum mediated diffusion coefficient can reach
45 cm? s71, which is still two orders of magnitude larger than the
bulk (0.16 cm? s7!) measured by the TAM (Figure S11, Support-
ing Information). The increased diffusion coefficient has strong

© 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. Transient phonon characteristics and phonon dispersion analysis. A) Transient reflection dynamics with different probe wavelengths. The pump
wavelength is 400 nm and the intensity is 276.5 ) cm™2. The red dash line marked out the oscillation phase shifts. B) Probe wave vector dependence
of the oscillation frequencies fitted from the oscillation components shown in (A). The red solid line gives the sound velocities of the acoustic phonon
mode. n(4) is the wavelength-dependent refractive index. C) Schematic of the R3c phase BiFeO; primitive unit cell. D) Calculated phonon dispersion
curves for BiFeOj; along high symmetry directions from first-principle DFT-based approaches.

implications for their optoelectronic applications and implies
new ways to modulate the carrier transport in BiFeO, thin films.

3. Discussion

Our results indicate that the electron-phonon coupling can
strongly mediate the carrier dynamics and transport properties
in BiFeO, thin films. It is important to identify the exact phonon
mode that dominates in the coupling. Due to the phonon disper-
sion relation, the coupling between photoexcited carriers and the
acoustic phonon mode with different oscillation frequencies is
expected when the probe wavelength is changed.*®! Figure 4A
displays the AR/R signals detected with different probe wave-
lengths. Two distinguishing features are presented. First, the
oscillation period changes with the probe wavelength. The cor-
responding oscillation frequencies are extracted in Figure 4B.
The linear fit gives the sound velocity of the phonon mode as
4.32 + 0.37 km s71.15%) Second, the cosine-like oscillations give
the initial phases at the delay time near zero (the dashed line
in Figure 4A), which are always close to either 0 or z. In mul-
tiferroics, the photoexcited carriers can lead to the instantaneous
change of the quasi-equilibrium positions of the positive and neg-
ative charges due to the inverse piezoelectric effect. This will re-
sult in the generation of coherent acoustic phonons, which is
called the displacive excitation of coherent acoustic phonons.[*’]
The initial phases of the cosine-like oscillations agree with the

Ady. Sci. 2023, 10, 2301057
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displacive behaviors of the lattice, indicating that the inverse
piezoelectric effect is responsible for the generation of the ob-
served acoustic phonons.>8>9]

To further verify the origin of the observed phonon mode, the
first-principles calculations based on density functional theory
(DFT) are performed using the Vienna ab initio simulation pack-
age (VASP) code.l®l The primitive unit cell of R3¢ BiFeO, con-
taining 10 atoms is adopted and G-type antiferromagnetism is
preserved. The projector augmented-wave (PAW) approximation
and Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tion is used to consider the electron-nuclear interactions and
electron-electron interactions.[®"62] A typical effective Hubbard U
value of 4 eV is applied for 3d electron of Fe atoms.|®*] The energy
cutoff is set to 650 eV. The convergence criteria for energy and
atomic forces are smaller than 10~® eV and 0.001 eV A~!, respec-
tively. To obtain the vibrational properties, real-space force con-
stants are calculated using the finite displacement method imple-
mented in the VASP code, and phonon frequencies are calculated
by PHONONPY codel® using 3 x 3 x 3 supercell with 3 x 3 x 3
Monkhorst-Pack k-point mesh. Figure 4D presents the calculated
phonon dispersion curves along I'(0,0,0)-T(0.5,0.5,0.5)-H,-H,-
L(0.5,0,0)--S,-S,-F(0,5,0,0.5)-I" directions. It shows that three
acoustic phonon modes exit along the I'-T direction, with two
lower degenerated transverse acoustic (TA) phonon modes and
one higher LA phonon mode. Furthermore, according to v, =
dw/dq , the group velocities of the LA and TA modes near the

© 2023 The Authors. Advanced Science published by Wiley-VCH GmbH
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T point are calculated as 4.38 and 1.92 km s, respectively. The

calculated group velocity of the LA mode is in good agreement
with the measured sound velocity of 4.32 + 0.37 km s!. Thus, it
can be confirmed that the observed phonon mode corresponds to
the LA phonon mode, and it polarizes and propagates along the
[111] crystallographic direction.

The dynamics and transport properties are also investigated
in (100) and (110) BiFeO, epitaxial thin films. The dynamics and
corresponding FFT results are shown in the Supporting Informa-
tion (Figure S13, Supporting Information). Both the dynamics in
(100) and (110) BiFeO, thin films show clear oscillatory compo-
nents, and the extracted oscillation frequencies are ~29.21 and
31.02 GHz, respectively. These frequencies are consistent with
the LA phonon mode found in (111) BiFeO; thin films, which
further indicates that photoexcited carriers will couple with this
LA phonon mode in BiFeO,. Moreover, the carrier diffusion co-
efficient is also enhanced in the initial 1 ps (Figure S14, Support-
ing Information). Notably, it is observed that the enhancement is
smaller in (100) and (110) than that in (111) BiFeO, thin films.
In transient reflection spectroscopy, the effective probing depth
is near the surface.l] Thus, the observed carrier diffusion can be
considered as the carriers near the surface plane, which are dif-
ferent orientations in these three epitaxial thin films. Since the
observed LA phonon mode is polarized and propagated in the
(111) plane, the enhancement of this coupling on carrier diffu-
sion should be the most obvious in the (111) plane.

In summary, we have directly observed the impact of electron-
phonon coupling on carrier transport in BiFeO, epitaxial thin
films. The carrier transport behavior is significantly altered by
coupling to the LA phonons, resulting in a temporal doughnut
shape carrier distribution. The hot carriers can couple to the LA
phonons and quasi-ballistic transport with a velocity of ~4.24
x 10° m s71, which gives a transport length of 340 nm within
the first picosecond. After the cooling processes, the maximum
carrier diffusion coefficient can still reach 45 cm? s~ mediated
by electron-phonon coupling, which is over two orders of mag-
nitude larger than that in bulk BiFeO,. The high carrier mo-
bility and transport length could be the key factor for efficient
charge transport and electronic device applications. Besides, our
approach provides a compelling method to study the carrier de-
cay dynamics and transport properties in a variety of materials
with electron—phonon interactions.

4. Experimental Section

Sample Preparations and Characterizations: The epitaxial thin films
were deposited by pulsed laser deposition, the ceramic target of Sr;Al,Og
was prepared by solid-state reaction method,[?’3° and the ceramic
targets of BiFeO; and SrRuO; were commercially available. Sr;Al,Og,
SrRuO; and BiFeOj; thin films were deposited sequentially on SrTiOs
substrates using a KrF excimer laser with a wavelength of 248 nm. The
Sr3Al,Og layer was grown at 750 °C under an oxygen pressure of 15 Pa,
the energy density was ~0.8 ] cm™2 and the repetition rate was 3 Hz. The
SrRuO; layer was grown at 650 °C under an oxygen pressure of 20 Pa,
the energy density was ~0.8 | cm™2 and the repetition rate was 3 Hz. The
BiFeO; layer was grown at 600 °C under an oxygen pressure of 1 Pa, the
energy density was ~0.7 ] cm~2 and the repetition rate was 5 Hz.

High-resolution X-ray diffraction measurements (6-26 scan) were con-
ducted by a PANalytical Empyrean diffractometer. The surface morphol-
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ogy was characterized by atomic force microscopy (Bruker Icon). Atomic-
resolution high-angle annular dark-field (HAADF) and annular bright-field
(ABF) images were obtained on a JEOL ARM200F microscope with CS-
corrected STEM operated at 200 kV.

Transient Absorption Microscopy: An optical parametric amplification
(ORPHEUS twins, Light Conversion) was pumped by the output of a high-
repetition-rate amplifier (repetition rate of 400 kHz, 1030 nm central wave-
length, and pulse duration of 120 fs, PHAROS, Light Conversion) to gen-
erate two independent wavelength-tunable femtosecond lasers. One as
a 400 nm pulse was used to pump the BiFeOs thin film, and the other
one was tuned from 500 to 800 nm and acted as the probe light. A me-
chanical translation stage (DDS600-E/M, Thorlabs) was used to delay the
probe to the pump. Both the pump and probe beams were spatially fil-
tered before being focused onto the sample by a 60x objective (0.95 NA,
Nikon). The probe beam was collected by the same objective (or by an-
other 50 objective in the transient absorption scheme) and filtered by
a 458 nm long-pass filter before being detected by an avalanche photodi-
ode (APD410A/M, Thorlabs). The pump-induced change of the probe was
detected by a lock-in amplifier (Signal Recovery 7265, Ametek SI). A pair
of galvanometer mirrors (Thorlabs GVS002) was used to scan the probe
beam relative to the pump in space to obtain the carrier population dis-
tribution profiles. The probe beam profile did not vary when scanning the
entire optical delay stage. The schematic of the TAM setup is presented in
the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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