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coexistent ferroic orders (ferroelectric, 
ferromagnetic, and ferroelastic orders).[1] 
However, the intrinsic domain-wall 
motion and switching speed of polariza-
tion and magnetization in ferroic systems 
are determined by the polarization/mag-
netic anisotropy energy[2] and the activa-
tion energy[3] of domains, whose limits are 
usually on nanosecond timescale.[4] The 
switching time of ferroelectricity and fer-
romagnetism serves as a major concern 
when it comes to related applications on 
ultrafast timescale, thus necessitating 
more efficient approaches to alter the fer-
roic orderings.

Pulsed lasers provide intense electric, 
magnetic, and strain perturbations in 
a short period of time, which could be 
adopted to modulate the ferroic order-
ings in materials. For instance, magneti-
zation reversal can be achieved via large 

magnetic fields generated by circularly polarized optical pulses 
through the inverse Faraday effect.[5–7] This is made possible 
by the fact that the instantaneous magnetic field above crit-
ical depinning threshold enables quasi-linear viscous domain 
wall motion and therefore accelerates the magnetization 
switching.[8–10] Utilizing instantaneous stimulation provided by 
laser pulses, which can be well-manipulated from nanoseconds 

Multiferroics—materials that exhibit coupled ferroic orders—are considered to 
be one of the most promising candidate material systems for next-generation  
spintronics, memory, low-power nanoelectronics and so on. To advance 
potential applications, approaches that lead to persistent and extremely 
fast functional property changes are in demand. Herein, it is revealed that 
the phase transition and the correlated ferroic orders in multiferroic BiFeO3 
(BFO) can be modulated via illumination of single short/ultrashort light 
pulses. Heat transport simulations and ultrafast optical pump-probe spec-
troscopy reveal that the transient strain induced by light pulses plays a key 
role in determining the persistent final states. Having identified the diffu-
sionless phase transformation features via scanning transmission electron 
microscopy, sequential laser pulse illumination is further demonstrated to 
perform large-area phase and domain manipulation in a deterministic way. 
The work contributes to all-optical and rapid nonvolatile control of multiferro-
icity, offering different routes while designing novel optoelectronics.

Nonvolatile electronics with fast switching speed, high storage 
densities, and low energy dissipation are the foundation of 
internet-of-things, cloud computing, information processing, 
and next-generation nanoelectronics. To extend this scene fur-
ther, multiferroics have emerged and become candidate mate-
rials as promising nonvolatile components due to their unique 
multiple logic states and tunabilities, taking advantages of the 
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to femtoseconds, the modulation/switching speed between dif-
ferent states can be pushed to ultrafast timescale. In magnetic 
systems, control of ultrafast, volatile spin precession between 
two metastable magnetic states via inertial reorientation of 
spins has been demonstrated,[11,12] while modulation of anti-
ferromagnetic domains via THz-enhanced optical rectification 
effect has been achieved.[13] In terms of ferroelectric systems, 
instantaneous stimulation of laser pulses could result in fast 
transitions between emergent phases that transiently appear in 
nonequilibrium states.[14] Recent studies have further revealed 
a major breakthrough in the rapid alteration of ferroelectric 
polarizations in PbTiO3/SrTiO3 superlattices via depolarizing 
field effects.[15] Nevertheless, the ultrafast and nonvolatile 
optical control upon correlated phase and ferroic orders in mul-
tiferroics remains a significant challenge hitherto.[14,16–18]

In this study, we demonstrate experimentally nonvolatile 
manipulation of the phases and domain structures in multi-
ferroic BFO thin films on nanosecond and ultrafast timescale 

by the illumination of short/ultrashort light pulses. Scanning 
transmission electron microscopy manifests the ability of rapid 
phase transition originated from a cooperative diffusionless fea-
ture across the T/R phase boundary. Related dynamic studies 
show that the instantaneous strain induced by light stimulation 
determines the targeted phase transformation, accompanying 
well-aligned domain patterns that could be further manipulated 
by optically tuning the electrostatic and elastic conditions. Our 
findings enable the deterministic optical control of phases and 
corresponding ferroic orders in multiferroic thin films on ultra-
fast timescale, which would be promising for the development 
of novel high speed photonic-based devices.[19–22]

Figure 1a shows the experimental setup to induce the phase 
changes in a highly strained mixed-phase BFO thin film via the 
illumination of nanosecond optical pulse. In the 3D topography 
image, the BFO film exhibits a coexistence of flat tetragonal-like 
(T-like) BFO phase and mixed-phase stripes (marked by green 
square) that are composed of both T-like and rhombohedral-like 

Figure 1. Optical pulse induced changes in mixed-phase multiferroic BFO. a) Experimental setup of the nanosecond laser pulse illumination on the 
mixed-phase stripes (region marked by green square) of highly strained BFO thin films. The extended inset shows the sketch of mixed-phase stripes 
composed of T-like and R-like BFO phases. The blue and gray layers represent the bottom electrode and LAO substrate, respectively. b,c) Evolution of 
topography (left), in-plane PFM (middle), out-of-plane PFM phase (right) and surface potential images (insets) of mixed-phase BFO films (b) before 
and (c) after optical pulse illumination, respectively. These images were taken with cantilever pointing along [010]pc direction of the LAO substrate. 
The green/purple circles mark the position of laser spot. d) Energy landscape of as-grown BFO films (gray dashed curve) and BFO mixtures under 
illumination (green curve). The gray and red circles refer to the initial and final states after pulse illumination. e) Fe L3,2-edge X-ray absorption spectra 
(XAS) of as-grown mixed phase BFO films, pulse written T-like BFO matrix and strained R-phase BFO with the X-ray polarization E parallel to an axis 
in the ac-plane 20° away from c-axis (LH, orange line) and E perpendicular to c-axis (LV, blue line). The experimental illustration is shown in the inset. 
f) The corresponding L3-edge X-ray linear dichroism (XLD) spectra.
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(R-like) BFO phases. The films used in this study were pre-
pared by pulsed laser deposition (see Experimental Section), 
while detailed characterizations of crystal structure, surface 
topography and ferroelectric domain of the highly strained BFO 
films are presented in Figure S1, Supporting Information. In 
the optical setup, a 532 nm nanosecond pulsed laser is operated 
at a single pulse mode, i.e., a single laser pulse with a duration 
of ≈10 ns, and is then focused onto mixed phase stripes with a 
spot size of ≈2.5 µm and pulse energy of ≈7 nJ. Detailed tem-
poral and spatial description of pulsed laser is available in the 
Experimental Section and Figure S2, Supporting Information.

Before laser illumination, the 120  nm thick mixed phase 
BFO film shows a nearly equal proportion of mixed-phase BFO 
stripes (relaxed state) and flat T-like BFO region (strained state), 
which could be comprehended that these two states are energet-
ically equivalent with each other. In the in-plane piezoresponse 
force microscopy (PFM) images of as-grown mixed-phase BFO 
films (Figure 1b), the flat T-like BFO matrix possesses polariza-
tion variants that are along <100>pc directions, forming mutual 
parallel domain wall lying along the <110>pc directions. On the 
other hand, the R-like BFO phase circumscribed inside the 
curved T/R phase mixtures exhibits in-plane polarization com-
ponent along the <110>pc directions. After the illumination of a 
single nanosecond pulse, it could be observed that polarization 
variants and domain configuration of original phase mixtures 
(Figure  1b) are explicitly converted to pure T-like BFO matrix 
(Figure 1c). Figure 1d illustrates the possible energy landscape 
of as-grown BFO films and BFO mixtures under illumination. 
Additionally, the newly created domains tend to follow sur-
rounding unilluminated T-like BFO background, remaining 
consistent domain type and domain wall continuity (please also 
refer to angular-resolved PFM in Figure S3, Supporting Infor-
mation). The surface potential images shown in the insets of 
Figure 1b,c indicate no detectable photo-induced carriers accu-
mulated at the illuminated area. Reference experiments have 
shown that the light induced phase transition is independent 
of the polarization of the incident pulses (see Figure S4, Sup-
porting Information). These observations verify that single 
short optical pulse could drive fast phase transition in BFO 
thin films. In such a short period of time, the electric dipoles 
of mixed-phase stripes start to reorient due to the lattice insta-
bility fluctuated by light stimulus, accompanying considerable 
changes in ferroelectric anisotropy energy. The internal elastic 
energy and dipole–dipole interactions therefore determine the 
resultant domain structure that appears similar to the sur-
rounding ferroelectric configuration. The detailed alteration of 
ferroelectric polarization before and after pulse illumination is 
shown in Figure S3, Supporting Information.

The evolution of antiferromagnetic properties before and 
after the stimulus of pulse illumination on mixed phase 
BFO films was then investigated by Fe L-edge X-ray absorp-
tion spectroscopy (XAS) and X-ray linear dichroism (XLD). 
The experimental details of XAS and XLD are available in the 
Experimental Section. Figure 1e shows the Fe L3,2-edge XAS of 
the as-grown mixed phase BFO films and the light converted 
T-like BFO region at room temperature with the X-ray polariza-
tion LH (orange line) and LV (blue line), respectively. For com-
parison, XAS spectra of pure R-phase BFO grown on SrTiO3 
substrate were also taken, as shown in Figure 1e. These spectra 

between T-like BFO and R-BFO are quite different in the two 
absorption peaks (marked as A and B). The corresponding 
XLD spectra are shown in Figure 1f, which are directly derived 
from the XAS of mixed-phase, T-like phase, and R-phase BFO 
shown in Figure  1e.  Here the XLD arises from two different 
origins: magnetic-linear dichroism and crystal-field-induced 
linear dichroism.[23–25] The T-like BFO has been reported to 
have Néel temperature close to room temperature, thus only 
crystal-field-induced linear dichroism contributes to the XLD at 
Fe L3,2 of T-like BFO. On the other hand, the Néel temperature 
of R-phase BFO is significantly higher than room temperature, 
suggesting that magnetic-linear dichroism and crystal-field-
induced linear dichroism both contribute to the XLD. In 
Figure  1f, one can see that the XLD of the mixed-phase BFO 
can be reproduced by a linear combination of the T-like phase 
XLD and the pure R-phase XLD. As a result, the evolution in 
XLD from the mixed-phase to light-induced T-like BFO shown 
in Figure 1f not only indicates the changes in crystal structure 
but also the suppression of the antiferromagnetism after pulse 
illumination. Having revealed that both the ferroelectricity and 
antiferromagnetism in mixed-phase BFO could be modified by 
short optical pulse, it is of significant importance to investigate 
the origin of the light induced changes. The fast nonvolatile 
phase transition might originate from complex combinatorial 
effects involving flexoelectric field, strain, local heating and so 
on. However, flexoelectric field in BFO usually leads to redistri-
bution of T-like phase and mixed-phase stripes.[26] The distinct 
induced topography as compared in Figure S5 (Supporting 
Information) precludes the flexoelectric effect, suggesting that 
the main driving force for the unidirectional phase change 
from R-like to T-like BFO could be thermal heating or instanta-
neous strain perturbation.

In order to investigate complex effects as light interacting 
with BFO thin films, we carried out numerical simulation of 
transient thermal transport. A commercial software package 
ANSYS is exploited for the finite element analysis (FEA), which 
is evident of efficiency and accuracy to deal with the thermal 
transport problems such as laser annealing[27] or ablation[28] 
for laser-based processing and thermal-electric analysis for RF 
integrated circuits.[29] Without considering the quantum phe-
nomenon like carrier excitation and relaxation under nonequi-
librium condition, reports have indicated that classical Fourier 
heat transfer could sufficiently describe the lattice's thermal 
diffusion behavior that take place at the time scale longer than 
0.1  ns.[30,31] The parameters of FEA simulation are detailed in 
Experimental Section and Figure S6 (Supporting Informa-
tion), while the associated thermal/optical properties of mate-
rial and experimental condition for calculation are detailed in 
Table S1 and Figure S2, Supporting Information. In the inset 
of Figure  2a, the heat generation in BFO films under optical 
pulse illumination is calculated based on Equation (3) as shown 
in Experimental Section. Note that only limited total heat is 
generated when light propagates through the ultra-thin LNO 
bottom electrode, thus the LNO layer is not considered in the 
FEA simulation. Viewing the cross-section of the BFO/LAO 
heterostructure, a huge absorption drop occurs as light passes 
through BFO/LAO interface (along −Z direction) due to the 
relatively high optical absorption of BFO, which is ≈400 times 
larger as compared to LAO substrate.[32,33] Besides, the thermal 
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diffusivity of LAO is ≈8 times larger than that of BFO, indi-
cating the LAO substrate serves as an excellent thermal sink 
that could mediate the thermal transport behavior in the BFO/
LAO structure.

As shown the temporal evolution in Figure  2a, as a laser 
pulse (green line) with peak power of 0.9 W and pulse duration 
of ≈7  ns in FWHM shines on the BFO/LAO heterostructure, 
the local temperature at center of BFO/LAO interface (blue 
dashed line) delays ≈7  ns to reach a maximum temperature 
(TMax) of ≈160 °C. The temperature evolution at center of BFO 
top surface has similar tendency, whereas the reached max-
imum temperature is around 3–4 times higher compared to 
that at center of BFO/LAO interface. The impact of laser pulse 
only extends within tens of nanoseconds. As our first-principle 
calculations suggest that a lattice perturbation could cause tran-
sition between T-like and R-like phases (see Figure S7, Sup-
porting Information), a local instantaneous strain generated by 
heating process on nanosecond timescale might also give rise 
to the rapid light induced phase transformation. By adopting 
an isotropic thermal expansion coefficient for both BFO films  
(0.6 × 10–5 K–1) and LAO substrate (1.1 × 10–5 K–1),[34] we evalu-
ated the light-induced instantaneous strain distribution over the 
cross-section of the BFO/LAO structure at time TMax, as shown 
in the contour plot of Figure 2b. Note that the inset of Figure 2b 
represents the dimension for FEA simulation, which is suf-
ficiently large compared to the spot size (marked as the pink 
square). The distribution in Figure  2b shows a Gaussian-like 
gradient along thin film in-plane, while the strain magnitude 

decreases rapidly from the center of the BFO surface (≈0.27%) 
to the center of BFO/LAO interface (≈0.13%). The large instan-
taneous strain and the strain difference induced by the laser 
pulse might be a possible mechanism to drive the rapid phase 
transformation.

To further clarify the mechanism of the rapid transforma-
tion from conventional thermal heating or instantaneous 
strain, we conducted power-dependent study on the as-grown 
mixed phase BFO films. As shown in Figure  2c, the mixed-
phase stripes are converted to flat T-like BFO with illumination 
of laser pulse beyond a threshold peak power of 0.8 mW. The 
calculated light induced raising temperature and instantaneous 
strain as a function of laser power are shown in Figure  2d,e, 
respectively. At elevated temperature, the original mixed-phase 
stripe patterns gradually reshape into a long single-line feature 
(300–400 °C) due to motion of T/R boundary[34] (denoted as 
TRB), and eventually disappear. Additionally, phase evolution 
driven by elevated temperature is reversible, namely, the pure 
T-BFO phase formed at high temperature will return to mixed-
phase mixture when it is cooled.[35,36] However, the observed 
phase transformation induced by laser pulse is totally different 
from that caused by local heating. In a conventional thermal 
driven transformation route, the mixed-phase stripes recover 
after returning to room temperature; on the contrary, a long-
lasting phase transformation of pure flat T-like BFO can be 
achieved in optical stimulus route (also refer to Figures S5, S8 
and S9, Supporting Information). To this end, we reasonably 
deduce that the above-threshold laser illumination effectively 

Figure 2. Thermal transport simulation under pulse illumination. a) The temporal evolution of incident laser pulse with full width at half maximum of 
≈10 ns and calculated temperature responses at center of top surface and interface. The inset shows the calculated volumetric heat generation at laser 
peak power of 0.9 W, in which the cyan and purple regions refer to the BFO film and the LAO substrate, respectively. b) Contour plots of instantaneous 
strain at the time when surface-center temperature reaches its maximum (i.e., TMax in (a)). The inset of (b) shows the calculated dimension for the 
thermal analysis, showing sufficiently large area is considered, as compared to laser spot size. c) Surface topography evolution as a function of pulse 
power. Linear pulse illumination is adopted here to highlight the light induced changes, while the peak power of laser pulses varies from 0.3 to 1.0 W. 
The scale bar in the graph corresponds to 2 µm. d,e) Calculated light induced raising temperature (d) and instantaneous strain (e) as a function of 
laser power. f) The structural transformation routes in mixed-phase BFO thin films under thermal and optical stimuli.
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modifies the energy landscape of R-like and T-like BFO phases, 
while the resulting strain perturbation further promotes the 
preferential T-like phase transition. The final phase features 
obtained from local heating and light-induced strain perturba-
tion are schematically illustrated in Figure 2f. It is noteworthy 
that the T-like phase and R-like phase have the same compo-
sition, the transformation from R-like to T-like phase only 
involves a slight structural distortion driven by external stimuli, 
as revealed by scanning transmission electron microscope 
(STEM) observation in Figure S10, Supporting Information. 
The STEM result suggests that the mixed-phase BFO possesses 
representative lattice structures exhibiting typical diffusion-
less/displacive phase transition, whose transition speed could 
sometimes be comparable to the speed of sound.[37–40] Having 
revealed the instantaneous strain driven phase transition in 
mixed-phase BFO, which possesses extremely fast phase trans-
formation speed, the next question is: can we realize the non-
volatile phase and ferroelectricity control on ultrafast timescale?
Figure 3a–c shows the illumination experiment using single 

ultrafast laser pulse, through which the nonvolatile phase tran-
sition is also observed. It is noteworthy that herein the driving 
force of the light induced strain will no longer arise from local 
heating, given that the heat induced phonon vibration usually 
takes place after a few nanoseconds.[30,31] Therefore, the phase 
transition might proceed via strong correlation between the lat-
tice structure and nonequilibrium light-excited carriers induced 
by ultrafast excitation. In this respect, ultrafast optical pump-
probe spectroscopy (Figure  3d) was conducted to resolve the 
dynamic insights of the photoinduced transient strain. The 
technique has been used to investigate the coherent longitu-
dinal acoustic (LA) strain pulses in BFO.[41–45] Figure 3e shows 

the typical time-resolved transient reflectivity (ΔR/R) of the 
mixed-phase BFO thin films on LAO substrates. The nonos-
cillatory rise and decay of the transient reflectivity have been 
reported in previous studies of BFO.[42,46,47] The oscillatory fea-
ture with tens GHz has been attributed to the strain pulse,[41–45] 
which arises from the interference between the probe pulse 
reflected from the BFO surface and the propagating acoustic 
wavefront (see Figure 3d).

To further verify whether the oscillation component of ΔR/R 
is caused by a strain pulse, we evaluate the sound velocity from 
the strain pulse model[42,48]

v n Tλ θ= cos / 2s probe probe  (1)

where λprobe is the wavelength of the probe beam, nprobe is the 
refractive index of BFO in the probing wavelength, θ is the 
refractive angle of probe beam in BFO after passing through 
the air/BFO interface, and T is the period of oscillation signal 
in ΔR/R. Here λprobe  = 800  nm, T  = 33.9  ps, nprobe of rhom-
bohedral and tetragonal BFO along [001] direction are 2.8 and 
2.47, and the correlated θ are 3.9° and 4.4°, respectively. The vs 
is obtained to be 4.20 and 4.76  km s−1 for rhombohedral and 
tetragonal BFO, respectively, which are close to the value of 
4.88  km s−1 in previous pump-probe study[42] and 4.31  km s−1 
by using the pulse-echo technique.[49] In Figure  3f, the oscil-
lation component after 82  ps is induced by the strain pulse 
propagating inside the LAO substrate. According to Equa-
tion (1), the sound velocity of LAO can be further calculated to 
be vLAO = 6.84 km s−1, corresponding nicely with the velocity of 
LA phonon propagating along [001] of LAO[50] and the value of 
6.74 km s−1 reported in reference.[45] Furthermore, the frequency 

Figure 3. Ultrafast nonvolatile optical modulation via photoinduced transient strains. a) Topography image of a linear T-like phase area written by 
illumination of moving fs laser pulses in the marked region. b,c) Evolution of (b) topography and (c) in-plane PFM images before and after the illu-
mination of a single fs pulse. d) Schematic illustration of the pump-probe spectroscopy and the propagation of strain pulse inside the BFO thin film 
and LAO substrate. e) Time-resolved transient reflectivity (ΔR/R) of BFO thin films with different thicknesses. f) The oscillation signal obtained by 
subtracting the non-oscillatory background. Solid lines are the sinusoidal fitting. Inset in (f) shows an enlarge scale around zero delay time. The scale 
bars shown in (a–c) correspond to 500 nm.
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of the acoustic phonon in the mixed-phase BFO is 29.5 GHz, 
which is close to the frequency of 24  GHz in rhombohedral 
and tetragonal BFO/LAO,[45] 34  GHz in the BFO/SrTiO3,[42] 
and 36  GHz in bulk BFO.[44] Therefore, the oscillation super-
imposed on the reflectivity transient ΔR/R is attributed to the 
strain pulse carried by the longitudinal acoustic phonons.

In polar materials, the strain pulse could be generated 
through various mechanisms, for example, i) electron-hole 
deformation potential mechanism induced by pump pulses,  
ii) electrostrictive effect created by separating of the electron-
hole pairs, and iii) the thermal expansion of lattice due to hot 
carriers transfer energy to lattice.[51] In our case, the laser pulse 
produces a DC electric field inside materials within the pulse 
duration of femtosecond timescale, an ultrafast strain in BFO 
lattice can be generated via electrostrictive effect (or optical 
rectification) which is anisotropic due to the specific direction 
of ferroelectric polarization. Similar mechanism of the inter-
action between photoexcited carriers and lattice in R-like BFO 
has been investigated in previous studies.[42] As also shown in 
the inset of Figure  3f, the divergence of sinusoidal fitting in 
the oscillation component significantly indicates the starting 
point of the photoinduced transient strain (coherent LA strain 
pulses). In this mixed-phase system, the transient strain is gen-

erated at 5.2 ps after optical pumping. After ≈80 ps, the strain 
pulse generated on the surface of BFO will transport to the 
interface between BFO and LAO as schematically illustrated in 
Figure 3d. Consequently, the persistent phase transition of the 
mixed-phase BFO caused by the photoinduced transient strain 
perturbation could be as fast as 5.2  ps after optical stimulus. 
Namely, the photoinduced phase transition in the mixed-phase 
BFO can be conducted in ps timescale. These results suggest 
that the light induced strain perturbation plays the dominant 
role to drive the phase transformation in extremely short period 
of time.

With successful demonstration that the pulsed laser could 
lead to ultrafast nonvolatile phase transition in multiferroic 
BFO, it is of great significance to investigate the optical tun-
ability of the correlated macro-/microscopic ferroelectric 
domains. Figure 4a shows the schematic setup for sequential 
optical pulse radiation, in which a XY motor stage is adopted 
to move the focal position of laser beam, ensuring each pulse 
is sequentially illuminated on different location along the tra-
jectory marked by solid blue lines. The size of each step was 
chosen as 0.2–1  µm. As shown in Figure  4b, the illumination 
of moving pulsed laser effectively “wipes out” the mixed-phase 
stripes in a larger area, forming a sizable T-like BFO region in 

Figure 4. Ferroelectric domain manipulation via sequential pulse illumination. a) The schematic of a XY-motor-stage-assisted illumination setup, in 
which a single laser pulse illumination is performed sequentially in each step along the trajectory marked by solid blue line. b) The topography image 
and the out-of-plane PFM image (inset) in which a large square area of mixed-phase BFO stripes are erased via sequential nanosecond pulse illumina-
tion using 50X objective. The writing trajectory is indicated by the cyan arrows, where the solid arrow shows the fast axis while the dashed arrow shows 
the slow axis. c) The in-plane PFM image of a large T-like BFO matrix created by sequential illumination of nanosecond pulses with a 100X objective 
(blue dashed square). In the blue dashed square, three types of domain structures are observed, as illustrated the identified in-plane polarization in 
the insets. d) The spatial mapping of the local phase/antiferromagnetism evolution after sequential laser pulse illumination. The image was obtained 
from the ratio of XAS signals taken at 707.4 and 708.6 eV for each pixel, as labeled by peak “A” and “B” in the Figure 1e, respectively. e) Re-written 
mixed-phase stripes with “BFO” pattern on the region of (b) done via a biased AFM tip. f) Optically re-writing the mixed-phase stripes (marked by red 
arrow) via a CW laser illumination using a 100X objective, on which sizable T-like BFO area created via illumination of sequential nanosecond pulses 
beforehand. The scale bars shown in (b–f) correspond to 2 µm.
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highly strained BFO films without any aid of external electrical 
and magnetic fields. At the light induced T-like BFO region, a 
macroscopic regular domain pattern is constructed with mutual 
parallel domain walls after a series of pulse illumination, as 
shown in the marked area of the IP-PFM image in Figure 4c. 
As the mixed phase stripe is shone by a laser pulse, the ini-
tially formed T-like BFO tend to retain domain and domain 
wall continuity along with surrounding T-like BFO background 
to minimize the elastic energy. The light induced T-like BFO 
further extends as optical pulses are sequentially illuminated 
on the preset moving path. Note that the size of the laser spot 
is also tunable by using different objective lens, for example, 
50X or 10X (see Figure S11, Supporting Information), offering 
flexibility when designing large-area domain patterns. In ferro-
electrics, domain configurations and spontaneous polarization 
are usually determined by the complex competition of elastic 
and electrostatic energies.[52–54] With the fact that the domain 
arrangement and directions of domain walls are predominantly 
dominated via elastic terms set by surrounding environment, 
as observed in Figures 3c and 4c, we show that the polarization 
in light induced domains could be further tuned by controlling 
electrostatic conditions. This is made possible through the com-
bination of illumination procedure and scanning trajectory. By 
adopting repeated radiation of optical pulses (≈5 pulses) at the 
starting boundary, the increased electrostatic energy stemmed 
from the photoexcited carriers could promote the formation 
of tail-to-tail 71° and 180° charged domain wall along fast-scan 
axis (please refer to Figure S12, Supporting Information). These 
results suggest the competing elastic and electrostatic energies 
can also be tailored by extremely short light pulse, enriching 
degrees of freedom in controlling the ferroelectric polarization 
and eventual domain configurations. The successful manipula-
tion of ferroelectric domain patterns via laser pulses also sug-
gests the ability to control the correlated antiferromagnetism 
over a large area. The light induced T-like BFO and its contrast 
with original mixed-phase can also be revealed by XLD spa-
tial mapping of the multiplet features, i.e., the ratio between 
“A” and “B”, as labeled in Figure  1e. Figure  4d shows corre-
sponding XLD mapping of a macroscopic pattern created by a 
sequential of pulse illumination, in which a dramatic decrease 
of A/B ratio can be seen in the written area, resulting from the 
elimination of R-like phase. Furthermore, we show that the 
mixed-phase stripes can be restored at will either by applying 
electrical field (Figure 4e) or by illumining CW laser (Figure 4f 
and Figures S5, S8, and S9 (Supporting Information) for dura-
tion dependent analysis). The reversible manipulation also 
precludes the concerns of possible damage and degradation in 
the samples, which further evidences all-optical deterministic 
control.

Our work successfully fulfills extremely fast nonvolatile 
optical control of mixed-phase BFO films via illumination of 
light pulses. The adoption of nanosecond and femtosecond 
pulses both generate significant strain perturbation, resulting 
in the prompt phase transformation as well as alteration of cor-
related ferroic orders on nanosecond timescale and beyond. 
The instantaneous strain follows a phase transformation route 
that is different from conventional heating, offering additional 
degree of freedom in tuning phase stability. Moreover, the con-
figuration of optically written ferroelectric domains can be fur-

ther tuned by symmetry breaking of charge distribution, taking 
advantages of competing elastic and electrostatic energies. The 
persistent and efficient alteration of coupled ferroelectricity, 
antiferromagnetism and enhanced magnetization in multi-
ferroics via short optical pulse not only promises low-power 
applications, but also offers a novel route for development of 
high speed photonic-based devices, such as nonvolatile random 
access memories and related radio frequency applications.

Experimental Section
Sample Growth: The mixed-phase BiFeO3 films were epitaxially grown 

on the conductive LaNiO3-buffered (001) LaAlO3 single crystal substrates 
by pulsed laser deposition (Mobile Combi-Laser MBE MC-LMBE, Pascal 
Co, Ltd). KrF excimer laser with wavelength of 248 nm and energy 
density of ≈1.5 J cm–2 was employed to strike a sintered BiFeO3 ceramic 
target at a laser repetition rate of 10 Hz. The 2 nm LNO layer and 120 nm 
BFO layer were sequentially deposited at 700 °C, with an oxygen pressure 
of 100 mTorr. After deposition, the films were cooled down to room 
temperature in 760 Torr oxygen pressure.

Laser Illumination Setup: The optical modulation was conducted 
via a confocal laser microscope system (Modular Raman Microscope, 
HORIBA) combined with an attenuation-adjustable neutral density 
filter to precisely control the incident laser power and a high-resolution 
stepper motor stage (Tango desktop, Märzhäuser Wetzlar) to perform 
sequential optical pulses illumination. A 532 nm solid-state pulsed 
laser with peak power of 900  mW or a 532 nm solid-state continuous 
wave laser with power of 50  mW was then focused into a spot size 
of 2.7 µm in diameter by a 100X objective (Olympus MPlan Apo N,  
NA = 0.95) to tailor the phase transition of mixed-phase BFO. A 
defocused condition (4 µm from the focus point) is adopted to ensure 
the focal laser result in uniform energy distribution on the BFO sample. 
Detailed characterizations of temporal and spatial profile of pulsed laser 
are included in Figure S2, Supporting Information.

Scanning Probe Characterization: Topography, PFM, and surface 
potential images (operated in PeakForce KPFM mode) were acquired 
using a commercial scanning probe microscope system (Dimension 
Icon/Multimode 8, NanoScope V, Bruker). Commercial Pt/Ir-coated tips 
with elastic constant of 7 N m−1 and resonance frequency of 160  kHz 
(NANOSENSORS PPP-NCSTPt) were employed for electromechanical 
detection. PFM experiments were conducted by applying an oscillating 
AC voltage of amplitude 1 V and frequency 7 kHz to the probe (with 
cantilever direction parallel to [010]pc direction of the T-like BFO matrix), 
while PeakForce KPFM experiments adopted an AC frequency of 60 kHz 
to the probe for frequency-modulation. In Figure  4e, the electrical 
lithography is achieved by utilizing NanoMan module of the system.

Soft X-Ray Absorption Spectroscopy: The antiferromagnetic properties 
of the BFO films were investigated by measuring the linear polarization-
dependent soft X-ray absorption spectroscopy (XAS). The experiments 
were conducted at beamline TPS45A of the National Synchrotron 
Radiation Research Center (NSRRC) in Taiwan. The XAS spectra were 
collected in total-electron yield (TEY) geometry. The spot size of the X-ray 
beam was focused to 5 µm × 5 µm (FWHM) and then incident on the 
sample at an angle of 20° and 90° from the sample surface for grazing 
incidence (to conduct the XLD measurements) and normal incidence 
(to conduct the XLD spatial mapping), respectively. An elliptically 
polarizing undulator was employed to switch the light polarization 
between horizontal (LH) and vertical (LV) polarized X-ray, as shown by 
the schematic diagram in the Figure 2d. Before the XAS measurement, a 
large-area T-like BFO region of 100 × 100 µm2 was created by sequential 
pulse illumination (please refer to the schematic in Figure 4a), which is 
much larger than the X-ray beam size. The XLD measurements shown 
in the Figure 2f were obtained from the difference of absorption spectra 
taken by LH and LV polarized X-ray at grazing incidence (Figure  2e), 
enabling the characterization of the magnetic properties between T-like 
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and R-like phase of the BFO films, respectively. Please be noted that 
the signal collected in XLD arises from magnetic linear dichroism and 
crystal field linear dichroism, the XLD of R-BFO at RT is evidenced to be 
dominated by the magnetic contribution, while that of T-like BFO would 
only contain crystal field information due to the magnetic disorder near 
TN. On the other hand, the spatial mapping of the antiferromagnetic 
variation across the area after sequential optical pulse illumination 
(Figure 4d) was obtained from the ratio of XAS signal taken at 707.4 and 
708.6 eV at each pixel.

Finite Element Analysis: The transient transport of thermal energy 
absorbing from a laser beam in the BFO films follows Equation (2)

k T C T
t

Qp· 0ρ( )∇ ∇ − ∂
∂ + =  (2)

where the material-specific quantity k, ρ, and Cp represent thermal 
conductivity, density, and specific heat capacity, respectively. Q is the 
volumetric heat generation and T is the temperature at particular location 
and time t. By considering the input laser excitation behaves a Gaussian 
beam evolution in spatial domain (Dspatial, m–2) and a Gaussian profiles 
in temporal domain (Dtemporal, dimensionless), the mathematic form of 
internal heat generation (Qheat generation, W m–3) from material absorption 
of light (Dabsorption, W m–1) could be expressed as Equation (3)

Q D z D r z D t( ) ( , ) ( )heat generation absorption spatial temporal=  (3)
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2( ) = −   (6)

where Ppeak power, w0, w(z), z0, λ, tFWHM represent peak power, spot size 
at beam waist, spot size variation in function of z, focal plane position, 
wavelength, and temporal FWHM of the TEM mode Gaussian pulse, 
while α and d represent absorption coefficient and the position offset of 
targeted materials.

The thermal transport simulation of the BFO/LAO heterostructure in 
the presence of laser pulse illumination was carried out using commercial 
finite element analysis (FEA) package (ANSYS 17.0). By adopting axial 
symmetry consideration, a 2D cross-section model composed of  
0.12 µm × 10 µm BFO film and 15 µm × 10 µm LAO substrate was built. 
ANSYS thermal PLANE55 elements with axisymmetric setting were then 
used to partition the model into numerous meshes. The minimum mesh 
size and initial time step for transient simulation are determined as 
0.012 µm and 5 × 10–6 µs to guarantee the calculation accuracy in vicinity 
of heat source. Through a series of convergence tests, 20 724 nodes and 
20 436 elements were obtained. The initial condition of temperature at 
each node is 23 °C. Heat convection load is applied at the BFO film 
surface with the convection coefficient of 10–17 J µs–1 µm–2 K–1, while heat 
generation is applied on the entire modeling with a well-defined function 
as mentioned in the main text (Figure 2a). More detailed information for 
FEA simulation is available in Figure S6, Supporting Information.

Ultrafast Laser Setup and Dynamics: The femtosecond laser 
modulation was performed by combination of a commercial microscope 
system (Raman Fiber Probes, HORIBA) and an amplified Ti:sapphire 
laser (Solstice Ace) with central wavelength of 800  nm, average power 
of 1 mW, and pulse duration of 50 fs. A single-shot of laser pulse was 
focused into a 2.7 µm spot (in diameter) by a 100X objective (Olympus 
MPlanApo N, NA = 0.95). The ultrafast laser induced phase transition 
was processed by the illumination of a single pulse. The pump-probe 
measurements were performed by using a Ti:sapphire laser oscillator 
(repetition rate: 5.2  MHz, wavelength: 800  nm, pulse duration: 50 fs) 
and a homemade dual-color pump-probe system with the standard 
lock-in technique at room temperature. The pump beam of 400 nm was 

used to generate the photoinduced transient strain. The detection of the 
strain pulses was carried out by a probe beam of 800 nm. The fluence of 
pump beam and probe beam were 120 and 8 µJ cm–2, respectively.

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