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Photons with variable energy, high coherency, and switchable polarization provide an ideal tool-kits for exploring the
cutting-edge scientific questions in the condensed matter physics and material sciences. Over decades, extensive researches
in the sample fabrication and excitation have employed the photon as one of the important means to synthesize and explore
the low-dimensional quantum materials. In this review, we firstly summarize the recent progresses of the state-of-the-art
thin-film deposition methods using excimer pulsed laser, by which syntactic oxides with atomic-unit-cell-thick layers and
extremely high crystalline quality can be programmatically fabricated. We demonstrate that the artificially engineered oxide
quantum heterostructures exhibit the unexpected physical properties which are absent in their parent forms. Secondly, we
highlight the recent work on probing the symmetry breaking at the surface/interface/interior and weak couplings among
nanoscale ferroelectric domains using optical second harmonic generation. We clarify the current challenges in the in-
situ characterizations under the external fields and large-scale imaging using optical second harmonic generation. The
improvements in the sample quality and the non-contact detection technique further promote the understanding of the
mechanism of the novel properties emerged at the interface and inspire the potential applications, such as the ferroelectric
resistive memory and ultrahigh energy storage capacitors.

Keywords: laser molecular-beam epitaxy, optical second harmonic generation, functional oxides
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1. Introduction
The interactions of photon and condensed material sys-

tems involve a variety of physical processes and result in di-
verse effects.[1–4] Among correlated material systems, inten-
sive attention has been paid to the perovskite oxides due to
their ferroelectricity, ferromagnetism, and optical nonlinear-
ity arising from the strong couplings among charge, lattice,
orbital, and spin degrees of freedom.[5–8] In this paper, we fo-
cus on the following three effects of the interactions between
laser and perovskite oxides: the ionization and nucleation in
laser molecular-beam epitaxy (laser-MBE), the nonlinear re-
sponses in the second harmonic generation (SHG) technique,
and the photoelectronic effect in oxides. With the development
of modern smart devices, the size of computing unit shrinks
significantly and the integration level enhances dramatically,
thus the interfaces between different perovskite oxides gradu-
ally play a dominant role in the performance and functionali-
ties of devices composed of those materials.[9–12] “The inter-
face is the device,” Nobel laureate Herbert Kroemer famously
claimed, refers to the remarkable ground-breaking properties
to be found at the heterojunctions where layers of different
materials meet.[13,14] Emergent phenomena at the interfaces
between perovskite oxides, such as two-dimensional elec-
tron gas,[15,16] the interfacial superconductivity,[17–19] magne-

toresistance (MR),[20,21] resistive switching,[22–24] and interfa-
cial ferroic orderings,[25–27] have been discovered. These in-
terfacial properties generate increasing interests for develop-
ing high-density, fast-response, and low-power-consumption
device units.[23,28] The precise fabrication of atomically flat
oxide interfaces is highly required not only in fundamen-
tal research, but also in the high-quality functional devices.
Over decades, scientists found that the interfacial coupling
effects, such as charge transfer, strain engineering, and spin
reconstruction, decay severely with the increase of the layer
thickness,[29] leading to the deterioration of interfacial mod-
ulations and device performance. Therefore, developing the
detection methods to the interfacial structure and physical
properties, especially the noninvasive detection means, is of
great significance to understand the dynamic process of inter-
coupling mechanism and further to maximize their intriguing
functionalities.

Over past decades, a variety of deposition schemes have
been invented for the fabrication of desired low-dimensional
thin films and heterostructures.[30] Molecular-beam epitaxy
(MBE) has exhibited complete capabilities to nearly perfect
crystalline quality, flat surface, and abrupt interfaces.[30] How-
ever, the MBE became overwhelmed in facing of complex
perovskite oxides, which intrinsically manifest high melting
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point (∼ 2000 ◦C) and complex chemical compositions. To
eke out from this disadvantage, researchers replaced the heat-
ing coils in MBE with the intense laser to evaporate the source
materials, and thus developed the so-called laser-MBE.[31]

By this technique, researchers have been granted the con-
trollability over single atom of perovskite oxides, and have
realized even monolayer-by-monolayer alternation of oxide
materials.[32] The advances in synthesis of perovskite oxides,
in turn, improve the functionalities of these materials. In the
nondestructive detection of surface, interfaces, and interiors
of perovskite oxide structures, the optical SHG technique has
shown unique advantage over other means for its high sen-
sitivity to the space-inversion symmetry breaking and the in-
teractions among domains of perovskite oxides.[33–35] Utiliz-
ing SHG, the symmetry breaking at surface and interface, the
polar state, the evolution of structure with strain or tempera-
ture, as well as the weak couplings among ferroelectric nan-
odomains, of perovskite oxides have been successfully un-
veiled. In this review, we firstly report the recent progress
in the high-precision synthesis and functional optimization of
low-dimensional perovskite oxide structures using laser-MBE
assisted by excimer high-energy photons. The second part will

highlight the applications of the SHG technique in the detec-
tion of surface/interface symmetry breaking, polar state, do-
main distribution, and weak couplings among nanoscale ferro-
electric domains, of non-centrosymmetric perovskite oxides.

2. Laser molecular-beam epitaxy
The maximization of the functionalities originating from

interfacial modulations requires the thin films with impecca-
ble quality, atomically-flat surface, and precise thickness even
down to the monolayer limit. Practically, there are three nu-
cleation modes during the deposition of thin films: the Frank–
van der Merwe (layer-by-layer) mode, the Volmer–Weber (is-
land) mode, and the Stranski–Krastanov (layer-plus-island)
mode. The Frank–van der Merwe (Volmer–Weber) mode
occurs when the surface energy of the substrate surface γs

is larger (smaller) than the sum of that of the film γf and
that of the interface between the substrate and the film γsf.
The Stranski–Krastanov mode initializes with layer-by-layer
growth mode and alters to subsequent island growth mode
when triggered by other energy contributions (e.g., strain en-
ergy).

Other MBEs

Thermal Evaporation
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1852
Advances in vacuum technology

1939

1968

Magnetron Sputtering

Molecular Beam Epitaxy

Pulsed Laser Deposition

1965

1985

Laser MBE

Fig. 1. Timeline of the introduction of physical vapor deposition techniques.[30] Figure was reproduced from Ref. [30] with permission.

High-quality low-dimensional materials with exotic phe-
nomena and maximized functionalities put stringent demands
on the manufacturing techniques to possess a layer-by-layer
integration mode, ideal controllability over the single atomic
layer, and that over oxygen contents. In the past decades,
a lot of vapor deposition methods have been invented for
the synthesis of ideal low-dimensional condensed matter
systems,[30] such as sputtering,[36] thermal evaporation,[37]

magnetron sputtering,[38] atomic layer deposition,[39] pulsed
laser deposition,[40] and MBE[41] (Fig. 1). Among those
methods, the MBE has been barged to the forefront since
its first application at 1970s. As the MBE is a kinetic pro-
cess, that is, the incident neutral particles are stacked one
by one on the substrate for growth, rather than a thermody-
namic process, so it is capable of growing thin films that are

difficult for ordinary thermal equilibrium methods.[41] With
MBE, researchers have even realized the synthesis of a se-
ries of one-unit-cell-thick monatomic (silicene, germanene,
stanene, hafnene, borophene, phosphorene, bismuthene, and
antimonene) and diatomic (hexagonal boron nitride, transition
metal dichalcogenides, copper selenide, silver telluride, and
FeSe) semiconductors and superconductors up to now.[42,43]

However, the MBE falls short when coming to complex oxides
with high melting point. In order to evaporate these source ma-
terials, researchers brought intense laser into MBE, and thus
developed laser-MBE.[31] The laser pulse with nanosecond
and hundred mJ energy is irradiated onto the ceramic target
surface and excites the ionized plasma out of the targets. The
plasma is sputtered onto the heated single crystal substrates, as
shown in Fig. 2(a),[44] and the sample can be subsequently har-
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vested in the form of thin films,[45–51] heterostructures,[52–55]

and superlattices.[56–59] Meanwhile, in order to identify the in-
situ growth process of low-dimensional structures, a variety of
monitoring techniques have been elaborately developed, such
as the oblique incidence reflectance difference,[60] surface
photo-absorption,[61] spectral ellipsometry,[62] p-polarized re-
flectance spectroscopy,[63] and reflection high-energy electron
diffraction (RHEED).[64] Among these advanced techniques,
the RHEED outcompetes for its high sensitivity to variations
of the surface topography and in-situ monitoring of the in-
plane crystalline structure simultaneously. The high-energy
electron beam in RHEED glancingly incidents on the sub-
strate at a small angle of 1◦–3◦ and reflects to a fluorescent

screen (Fig. 2(b)).[65] The intensity of the reflective electron
beam changes accordingly with the roughness of substrates.
Each intensity oscillation corresponds to the growth of an
atomic layer. By counting the RHEED oscillations, we could
monitor the layer-by-layer growth of thin films, as shown in
Fig. 2(c).[65] Using this method, the laser-MBE is able to ac-
complish unit-cell-by-unit-cell growth and real-time monitor-
ing of the film thickness and their crystal structure. Specially,
the laser-MBE is an ideal means to fabricate the high melting
point, complex composition, and multiple elements materials,
such as perovskite oxides. We will discuss the advantages of
oxide thin film deposition using laser-MBE in the following
sections.
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Fig. 2. (a) Illustration of a laser-MBE system.[44] (b) Surface morphology and diffraction intensity during the deposition of a single atomic layer.[64]

(c) Recorded RHEED oscillations during the deposition of La0.8Sr0.2MnO3 thin film. The inset shows the RHEED pattern of the film.[65] Figure
was reproduced from Ref. [64] with permission.

2.1. Atomically precision structural engineering by laser-
MBE

The state-of-the-art workmanship exploiting the laser-
MBE in multifunctional perovskite oxides is the epitaxy of
ultra-thick single-crystalline films[66,67] and the precision syn-
thesis of monolayer-thick films with atomically abrupt surface
and interface.[32] In 2001, G. Z. Yang et al.[66] had realized
the homoepitaxy of a SrTiO3 layer with a thickness more than
1000 u.c. on the (001)-oriented SrTiO3 substrates. Figure 3(a)
shows partial real-time RHEED oscillations during the film
growth.[66] Atomic force microscopy and high-resolution
scanning transmission electron microscopy (STEM) results re-
vealed that the surface of the sub-micrometer thick SrTiO3

film still maintained atomically smooth.[66] Such atomic-scale
controlled epitaxy of oxide films can be used for construct-
ing artificially designed oxides that exhibit unexpected physi-
cal properties and emergent phenomena, and therefore opens a
door for investigating the underlying physical mechanisms and
stimulates the potential applications based on oxides.[66] Ex-
cept for the ultra-thick epitaxy, the single-unit-cell precision
growth of perovskite oxides is also a world-class challenge,
which requires the fine control of lots of growth parameters
and in-situ monitoring of the layer growth extremely carefully.
Figure 3(b) shows a STEM image of a single-unit-cell thick
LaCoO3 layer embedded in a matrix of SrCuO2 layers.[23] The

clear “dark stripes” in the superlattices represent the atomi-
cally thin LaCoO3, which exhibits different out-of-plane lat-
tice constants compared to those of the SrCuO2 layers. The
atomic-precision-controlled growth can maintain up to 15 bi-
layer’s repeats with abrupt interfaces and uniform layer thick-
ness.

Aside from the epitaxy of single layer of perovskite
oxides, the laser-MBE technique has also made great pro-
gresses in creating new functionalities by stacking differ-
ent perovskite oxides together. In order to examine the na-
ture and length scales of charge screening in complex ox-
ides, A. Ohtomo et al.[29] have fabricated an idealized het-
erostructure with one-unit-cell interlayer of LaTiO3 embed-
ded in SrTiO3 layers. Despite the chemical abruptness of
the interfaces, they found that a minimum thickness of five
atomic buffer layers was required for the center titanium site
to recover bulk-like insulating properties by fully screening
the electronic gas generated at the LaTiO3/SrTiO3 interfaces.
Their work represented a framework within which the short-
length scale electronic response can be incorporated in thin
film oxide heterostructures.[29] Moreover, by making the ut-
most of laser-MBE capability, S. Li et al.[32] succeeded in
fabricating a superlattice composed of one-unit-cell-by-one-
unit-cell alternation of LaCoO3 and SrCuO2 layers (Fig. 3(c)).
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Fig. 3. (a) The 950–1050th RHEED oscillations during the homoepitaxy of SrTiO3 on SrTiO3.[66] (b) STEM image and schematic of single-unit-cell
precision controlled LaCoO3 layer embedded in 8-u.c.-thick SrCuO2 layers.[32] (c) STEM image and intensity profile of a superlattice with alternative
single-unit-cell thick LaCoO3 and SrCuO2 layers.[32] (d) Illustration of (upper) Pt/BaTiO3/Nb:SrTiO3 heterostructure and (lower) its resistance–voltage
curve at different temperatures.[68] (e) Schematic illustration of (upper) optoelectronic synapses stimulated by three types of light pulses and (lower) the
photo-induced polarization switching in the BaTiO3 film underneath the monolayer MoS2.[69] (f) Photograph of the neuromorphic sensor array.[70,71]

Panels (a), (b)–(c), and (e) were reproduced from Refs. [66], [32], and [69], respectively, with permission.

They achieved a surprisingly strong ferromagnetism in atomi-
cally thin cobaltite by local structural modification. The mag-
netic moment and Curie temperature of one-unit-cell LaCoO3

layer were larger than those previously reported for any mono-
layer oxides. Thus, the strategy for creating functional quan-
tum heterostructures by exploiting atomic interfacial engineer-
ing provides great opportunities for discovering novel interfa-
cial physics and stimulating potential applications in the quan-
tum heterostructure.[32]

2.2. Maximizing the functionality of perovskite oxides by
laser-MBE

Simultaneously, with the advances of laser-MBE tech-
nique, the functionalities of perovskite oxide heterostructures
have been greatly improved. Taking ferromagnetic perovskite

oxides as an example, numerous efforts have been devoted
to the enhancement of the MR magnitude. Typically, MR
is evaluated by (RH − R0)/R0, where the R0 and RH repre-
sent the resistances under the magnetic fields of 0 and H, re-
spectively. In the past decades, the giant negative MR down
to four orders of magnitude reduction in resistivity had been
achieved in manganite thin films.[21] Previously, the giant MR
was obtained at relatively low temperatures (e.g., 60 K) under
large magnetic fields (e.g., 80000 Oe). The extreme condi-
tions limit the real device applications based on MR effect.
K. J. Jin et al.[20] reported a distinct positive colossal magne-
toresistance at the interfaces between p-type La0.9Sr0.1MnO3

and n-type SrNb0.01Ti0.99O3 near the room temperature. Sur-
prisingly, the positive magnetoresistance can be even achieved
with a tiny magnetic field of only 5 Oe.[20,72] The intriguing
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phenomenon and its underlying physics not only stimulate the
further theoretical work, but also imply the potential applica-
tions of magnetic sensors and nonvolatile data storage devices
with ultrahigh sensitivity and extremely low power consump-
tion. Recently, with the improvement of laser-MBE technique,
the long-range room-temperature ferromagnetic ordering has
even been achieved at the interfaces of the antiferromagnetic
oxides and the antiferromagnetic nitrides.[73] This finding not
only opens new avenues for potential applications, but also
provides an access to hidden phases at low-dimensional quan-
tum heterostructures.[73]

In the research area of ferroelectric perovskite oxides,
the key parameters (ON/OFF ratio) of ferroelectric tunnel-
ing junctions (FTJs) regarding to their future applications in
the nonvolatile memory devices and neuromorphic comput-
ing devices have been greatly improved in recent years.[74–76]

In 2017, C. Yoon et al.[9] fabricated a FTJ composed of Ag,
PbZr0.52Ti0.48O3, and La0.8Sr0.2MnO3, and reached a record-
high ON/OFF ratio up to 107. Meanwhile, the Ag ion migra-
tion in this ultrathin FTJ has enabled an ultralow energy con-
sumption (potentiation energy consumption ∼22 aJ and de-
pression energy consumption ∼ 2.5 pJ). Following this work,
J. K. Li et al.[68] have achieved a giant ON/OFF ratio of
5.1× 107 at room temperature and 2.1× 109 at 10 K in a
Pt/BaTiO3/Nb:SrTiO3 FTJ (Fig. 3(d)), which functionalizes
with ON and OFF states depending on the polarization di-
rection of the BaTiO3 layer. This result pioneers the design
of high-performance resistive switching devices based on ul-
trathin oxide heterostructures using electric field controlled
ionic engineering.[68] Exploiting the ON/OFF ratio, recently,
J. Y. Du et al.[69] have successfully developed high-efficiency
MoS2/BaTiO3 optoelectronic synapses (Fig. 3(e)). These neu-
romorphic vision sensors work on the multiple resistance
states resulting from the photo-induced ferroelectric polariza-
tion reversal of the BaTiO3 layer (Fig. 3(e)). Furthermore,
based on the multiple resistance states of vanadium dioxides
with the stimulation of light, G. Li et al.[70] have developed
the optoelectronic neuromorphic sensors with both the high
sensitivity for ultraviolet light and the nonvolatile multi-level
storage characteristics. Benefitting from the simulations of
these oxides prepared by laser-MBE to optoelectronic neu-
romorphic units, the artificial neural networks consisting of
these optoelectronic sensors (Fig. 3(f)) are able to perform
neuromorphic computing and image preprocessing, and sig-
nificantly promote the image recognition accuracy from 24%
to 93%.[70,71] These optoelectronic devices integrating sens-
ing, memory, and processing functions can be integrated on
silicon at the wafer-scale, and have greatly improved the effi-
ciency of artificial vision systems, and offered new opportuni-
ties for near-sensor and in-sensor computing.[70,71]

The multifunctional perovskite oxides grown by laser-
MBE have also demonstrated significantly improved per-

formance in the high-density energy storage.[77] In 2021,
H. Pan et al.[78] reported a serial of dielectric supercapac-
itors with ultrahigh energy preservations. Specifically, the
Sm-doped 0.3BiFeO3–0.7BaTiO3 (Sm-BFBT) relaxor ferro-
electrics exhibited an energy storage density of 152 J/cm3, a
world record in the same type of oxide materials. This work
demonstrates a generic approach to dielectric energy stor-
ages with high energy density and continuously improved effi-
ciency by compositional control and polymorphic domain de-
sign through laser-MBE. Besides, a series of oxide films fabri-
cated by laser-MBE are able to manifest better superconduct-
ing functionalities. For example, in the nickelate oxide films
synthesized by laser-MBE technique, scientists have achieved
a pressure-induced monotonic enhancement of critical temper-
ature (Tc) to over 30 K in the superconducting Pr0.82Sr0.18NiO2

thin films,[79,80] which is the highest Tc among nickelates so
far.[79,80]

3. Optical second harmonic generation
Interface between different oxides plays a dominant

role in their physical properties. Suitable detection meth-
ods on the surficial and interfacial structures and properties
are highly demanded in both fundamental understandings
and practical applications. Photon detections have unique
advantages over other physical detection means. First of
all, it is nondestructive and non-contact means. The sam-
ple quality and surface/interface largely preserve its virgin
states after the measurements. Secondly, the optical detec-
tion is fast. Both static and dynamic processes of interfacial
properties can be probed in a short time-frame, sometimes
even in the femtoseconds. It allows us to investigate the
ultrafast responses in the structural variations or magneto-
electric properties. Lastly, the photons with different energy
and wavelength have high penetration depth. The structural
changes buried under deep interfaces can be probed and this
hidden information normally is important for the throughout
understanding of their interfacial properties. By exploiting
the interactions of photon and multifunctional perovskite ox-
ides, serval techniques, such as the Raman spectra,[81] fluo-
rescence spectrum, ultrafast optics,[82] and optical SHG,[83]

have been developed for the nondestructive access of physi-
cal properties of multifunctional perovskite oxides. Among
these different investigation methods, the SHG technique has
outperformed for its splendid sensitivity and resolution to
the symmetry and interactions among domains of perovskite
oxides.[5,33,34,84] As the simplest nonlinear optical response,
SHG is the process that a focused fundamental light (with
frequency of ω) irradiates on the sample and emits a doubled
frequency light (with frequency of 2ω).[85] Typical configu-
rations of SHG scheme with far-field reflection and transmis-
sion modes are illustrated in Figs. 4(a) and 4(b), respectively.
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The intensity of the SH component I2ω at the fixed incident
laser power Iω can be described as

I2ω ∝

∣∣∣𝐸2ω ·𝜒(2) : 𝐸ω𝐸ω

∣∣∣2 I2
ω , (1)

𝐸ω=
(
sin(α)Lxx

ω cos(θ)cos(α)Lyy
ω sin(θ)cos(α)Lzz

ω

)
, (2)

↔
χ
(2)

=

χ11 χ12 χ13 χ14 χ15 χ16
χ21 χ22 χ23 χ24 χ25 χ26
χ31 χ32 χ33 χ34 χ35 χ36

 , (3)

𝐸2ω=
(
sin(ϕ)Lxx

2ω cos(θ)cos(ϕ)Lyy
2ω

−sin(θ)cos(ϕ)Lzz
2ω

)
, (4)

where 𝐸ω and 𝐸2ω are the unit vectors of the electric fields of
the incident and reflected light, respectively. θ is the incident
angle, α (ϕ) is the angle between the incident plane and the
direction of the incident (detection) polarization. χ(2) is the
2nd-order optical nonlinear susceptibility whose independent
nonvanishing elements of point groups that violate spatial in-
version symmetry can be found in Ref. [85]. L j j

iω (i = 1 and 2,
j = x, y, and z) are the three diagonal elements of transmission
Fresnel tensor of frequency iω whose specific expression can
be acquired from Ref. [86]. 𝐸ω𝐸ω is a dyadic tensor.

By detecting the optical signals, SHG can be used to
study the symmetry of non-centrosymmetric structures,[87]

which manifest the removal of an inversion center due to
the macroscopic discontinuities or microscopic symmetry
breaking,[88–90] such as the sample surface,[83,91,92] the inter-
faces within heterostructures and superlattices,[93–96] and the
intrinsic ferroelectrics.[97,98] In past decades, extensive atten-
tion has been paid to the symmetry determinations of surface
and interfaces in perovskite oxide films using SHG where the
SH polarimetry directly reflects the symmetry, and its intensity
dominates the strength of the polarization within those struc-
tures. It has also been successfully applied to determine the
polar state, domain distribution, and interactions among indi-
vidual domains within many functional oxide films. Below
we summarize several examples in which the SHG technique
plays a determinative role in their functionalities.

3.1. Determining the surface/interface symmetry using
SHG

The surface and interfaces in the complex oxide het-
erostructures exhibit the natural symmetry breaking due to
the discontinuity of different materials. It contributes to the
intrinsic nonlinear optical signals. Therefore, the SH com-
ponents from the surface and interfaces can be accurately
identified prior to complex structures of perovskite oxides.
R. Q. Zhao et al.[35] revealed that the surface of (100)-
orientated cubic SrTiO3 and (111)-orientated cubic Nb:SrTiO3

substrates present an equivalent 4mm and 3m point group,
respectively. By implanting an underneath buffer layer, the
intensity of SH response of SrTiO3 surface can be signifi-
cantly enhanced through the interfacial effects.[35] Recently,
H. Zhao et al.[99] reported the emergence of the SH signals in
AB-type superlattices where A and B represent centrosymmet-
ric SrTiO3 and LaTiO3, respectively. In these lattices, there
are no macroscopic broken inversion symmetry, and thus the
SH responses were assumed generated by the SrTiO3/LaTiO3

interfaces.[99] They proposed that such interfaces composed
of centrosymmetric layers demonstrated an equivalent 4mm
symmetry, in consistent with that of the (001) SrTiO3 surface
(which can be regarded as an interface between the SrTiO3 and
air/vacuum) revealed in previous work.[35] Furthermore, the
SH polarimetry could be tuned in these superlattices by tailor-
ing the number of SrTiO3/LaTiO3 interfaces. These two exam-
ples provide inspirations for isolating the SH signals of mate-
rial interiors from those of surface and interfaces in perovskite
oxide structures with surface/interfaces exhibiting equivalent
symmetry of 4mm point group, in which the SH signal at the
normal incidence scheme will only contain the SH response
from the material bulk.

3.2. Quantifying the polar states using SHG

For the intrinsic ferroelectric materials possessing a rem-
nant polarization, SHG is one of the most powerful techniques
to analyze their polar states.[100] Because the SHG only probes
the polar distortions projected on the plane perpendicular to
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the incident light,[101–103] it is, therefore, accessible to disen-
tangle the SH component of in-plane oriented a-domains and
out-of-plane pointed c-domains by changing the orientation of
the polar axis with respect to the incident light.[100] Uniax-
ial tetragonal ferroelectric PbZr0.2Ti0.8O3 shows a thickness-
dependent domain distribution upon its complex domain
variations.[104] A fully strained PbZr0.2Ti0.8O3 thin film pos-
sesses the single c-domain state (Fig. 5(a)), whereas a relaxed
thick PbZr0.2Ti0.8O3 film presents a coexistence of a- and c-
domains.[105,106] The c-oriented PbZr0.2Ti0.8O3 whose polar
axis is parallel to the c-axis exhibits no SH response at normal
incidence (θ = 0◦). If the incident beam tilts away from the c
axis, the SH signal increases with the tilting angle (Fig. 5(b)).
It is caused by the increasement of the projected polarization
on the plane orthogonal to the incident light. As shown in
Fig. 5(c), the angular dependence of SH response (at an inci-
dent angle of 40◦) identifies the projection of the polar distor-
tion to be along the direction of the double-lobe shape.[100] For
the thick PbZr0.2Ti0.8O3 films with c-domains and nanosized
stripe a-domains (Fig. 5(d)), the normal incidence configura-
tion allows the discrimination of the in-plane (black) contri-
butions from the out-of-plane (red) contributions to the non-
linear optical responses[107] (Fig. 5(e)). Specifically, at the
normal incidence, the SHG intensity associated with the out-
of-plane domains vanishes, but that from the in-plane domains
remains. For instance, figure 5(f) shows the SHG results of
a PbZr0.2Ti0.8O3 thick film with normal incidence. The re-
sults clearly highlight the presence of a macroscopic in-plane

polarization.[100]

In the presence of complex domain architectures where
two sets of orthogonally oriented a-domains coexist,[106] the
SH signals will not yield the spontaneous polarization of each
domain. Instead, they reflect the direction of the macroscopic
in-plane net polarization coming from the sum of all a-domain
contributions.[100] Therefore, the correspondence between the
angular dependence of the SH response and the orientation of
the polar axis can be exploited further to identify the direc-
tion of a net polarization when more complex domain struc-
tures are considered. For example, the domain-engineered
multiferroic BiFeO3 films subjected to an in-plane anisotropic
strain present two ferroelectric variants arranged in a stripe
pattern[5] (Fig. 6(a)). The in-plane projections of the polar-
ization in adjacent domains differ by 90◦, as highlighted by
the small white arrows in the piezoelectric force microscopy
(PFM) scan (Fig. 6(a)). This difference produces an aver-
age net in-plane polarization orthogonal to the domain wall
elongation, as indicated by the large white arrow in Fig. 6(a).
In the case of normal incidence (Fig. 6(b)), the angular de-
pendence of the SH signal manifests as a two-fold symme-
try oriented along the macroscopic net polar axis direction,[5]

as shown in Fig. 6(c). In the absence of such in-plane polar-
ization anisotropy (Fig. 6(d)) and in case of normal incidence
(Fig. 6(e)), four equivalent ferroelectric variants nucleate.[5]

These results are confirmed by the absence of an average
macroscopic in-plane polarization (Fig. 6(f)).
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Furthermore, SHG is also capable of detecting subtle po-

lar changes, such as strain-induced monoclinic distortions, in

the epitaxial perovskite oxide films. In particular, the BiFeO3

films will present a tetragonal-like (T-phase) crystalline struc-

ture under extremely large compressive strain.[108] As the

compressive strain relaxes, BiFeO3 film will maintain its bulk

rhombohedral-like (R-phase) structure.[109] These two phases

possess the same monoclinic point group (m), and the only dif-

ference between those two phases is that the R-phase BiFeO3

rotates relatively its in-plane polarization by 45◦ at the unit-

cell level.[110] To distinguish this subtle change in the crystal

structure is a challenging task for many techniques. However,

SHG methods can separate these two phases firmly by ob-

serving the direction of the double-sided lobes,[5] as shown in

Figs. 7(a) and 7(b). The R- and T-phases can also coexist in the

same thin film. The SHG contributions associated with these

two phases have different relative intensities as a function of

the incident angle[111] (Fig. 7(c)). The T-phase (red) has a

symmetric behavior similar to a genuine tetragonal structure,

whereas the SH response of the R-phase (green) reflects its
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polarization anisotropy. These distinct behaviors allow associ-
ating the nonlinear optical output at different incident angles to
the two ferroelectric phases.[111] Another effective way to in-
vestigate the strain effects on the epitaxial films is to compare
the films with variable thicknesses on a substrate. The strain
will relax with increasing film thickness, and this strain evo-
lution results in a symmetry change between T- and R-phases
in BiFeO3 films with increasing film thickness. The ultrathin
BiFeO3 film (4 nm) grown on a Nb:SrTiO3 substrate suffers
from a compressive strain.[86] A four-fold rotational symmetry
associated with the absence of in-plane anisotropy is subject
to the T-phase BiFeO3,[86] as shown in Fig. 7(d). As the film
thickness increases to∼ 100 nm, both T- and R-phases present
in a BiFeO3 single thin film[86] (Fig. 7(e)). The SH signal ex-
hibits a clear transition from four-fold to two-fold rotational
symmetry. We could also identify that the polar axis of the
R-phase is fully developed in a 180-nm-thick BiFeO3 film,[86]

as shown in Fig. 7(f). Therefore, the sensitivity of the SHG
method allows us to precisely determine the subtle changes
in the crystalline symmetry, even though the two variants are
extremely close to each other.

3.3. Determining the domain distribution by SHG

Spatial arrangement of the same polar axis (state) iden-
tifies the single-polarized domain of ferroelectrics. There-
fore, spatial scanning of the SH response is able to un-
veil the domain distribution of ferroelectrics. By switching
the polarization of multiferroic BiFeO3 films using in-plane

PFM, J. Y. Chauleau et al.[112] created an area with fully
a-oriented polarization. The polar axis is indicated by an ar-
row in Fig. 8(a). The SH intensity of this switched domain
exhibits evident distinction to those of the as-grown one un-
der SHG mapping, even at the normal incidence (Fig. 8(b)).
Meanwhile, the uniform contrast inside this engineered do-
main further announces that the intensity of the polarization
is approximately identical within this switched area. Aside
from the domain originating from the ferroelectric polar-
ization, SHG mapping is also capable of unmasking the or-
dering arising from antiferromagnetism (Fig. 8(c)).[112] In
structures with simultaneous non-vanishing ferroelectric and
magnetic orders, the SHG tensor χ(2) can be described as
χ(2) = χ(f)+χ(m), where χ(f) and χ(m) correspond to the ten-
sor component associated with crystallographic (ferroelectric)
and magnetic orders, respectively.[112] The SH signals from
ferroelectric and magnetic orders usually manifest different
dependences on the polarization of the incident light, and this
difference results in small asymmetry in the SHG patterns of
the structures with both non-zero ferroelectric and magnetic
SHG tensors. Therefore, the best fitting of experimental SHG
patterns by the combination of ferroelectric and magnetic
SH contributions allows us to separate the SH signals from
ferroelectric polarization and magnetic structures. In engi-
neered domain with uniform in-plane polarization in Fig. 8(a),
the polarimetry of the SH response has shown three differ-
ent patterns,[112] as shown in Figs. 8(d)–8(f), respectively.
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Fig. 8. (a) PFM of BiFeO3 thin film with engineered in-plane domain, the polarization direction of which is indicated by the arrow.[112] (b) SH response
of areas in (a).[112] (c) The antiferromagnetic ordering hidden inside the ferroelectric domain.[112] (d)–(f) Three distinct SH polarimetry patterns within
the switched domain in (a).[112] The opened dots are the experimental data. The blue, red, and green filled areas are the fits of the SH data, composed of
the ferroelectric part (grey areas) and the antiferromagnetic part (white areas). Figure was replotted from Ref. [112] with permission.
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Two domain patterns present small asymmetry in the SHG
signals (Figs. 8(d) and 8(e)). They believed that the subtle
changes in the symmetry may come from the antiferromag-
netic ordering in the films. Quantitative disentanglement of
the total SH signal revealed the spatial distribution of antifer-
romagnetic ordering hidden below the ferroelectric ordering
(Fig. 8(c)). Moreover, the SHG mapping has been competent
to distinguish the antiferromagnetic ordering outside the do-
main engineered area, as indicated by ellipses in Figs. 8(b) and
8(c), where lacks a net ferroelectric polarization. Additionally,
assessed by SHG, the ferroelectric and antiferromagnetic do-
mains can behave independently, i.e., the ferroelectric (anti-
ferromagnetic) switching does not necessarily generate evo-
lution in the antiferromagnetic (ferroelectric) ordering, thus
revealing that magneto-electric coupling can lead to various
arrangements of the two orders.[112] Beyond the new insight
provided on the intimate nature of magneto-electric coupling
at the microscopic scale, this property permits one to envisage
a two-level coding where classical ferroelectric information
can be complemented by a built-in discrete antiferromagnetic
message.[112] This work apparently strongly depends on the
sensitivity of signals from distinct domains using SHG map-

ping technique. The clear visualization allows scientists to in-
dependently control ferroelectric and antiferromagnetic writ-
ing using external fields.

3.4. Weak ferroelectric coupling illustrated by SHG

When scaling down to nanometer, the domains of ferro-
electrics degenerate into polar nanoregions, i.e., local sym-
metry broken. The PFM and other scanning probe tech-
niques have been successfully applied in the observation
of polar state and domain distribution in the multifunc-
tional perovskite oxides. However, they fell short when
coming to the characterizations of weak ferroelectric cou-
plings among nanoscale domains. In these systems with
nanodomains, e.g., relaxor ferroelectrics[113] and molecular
ferroelectrics,[114] the SHG technique has great advantage
over the other means. Through varying doping concentration
(x), H. Pan et al.[78] elaborately modulated the domain size of
relaxor ferroelectric Sm-BFBT films into nanoscale, as indi-
cated in Figs. 9(a) and 9(b). In these films, the polymorphic
nanodomain designs have opened a window for the emer-
gence of the super-paraelectric state, which were purposed by
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Cross[113] for relax ferroelectrics and were featured with weak
couplings among nanodomains. Despite massive explorative
studies, only circumstantial evidences for its existence were
reported.[77] Here, by utilizing temperature-dependent SHG
technique, which announces the in-situ evolution of the inter-
actions among ferroelectric domains, we have directly proven
the existence of such super-paraelectric phase in the engi-
neered nanocrystalline film of Sm-BFBT. Moreover, we have
also determined the specific temperature range of that phase
in these films[78] (Fig. 9(c)). Specifically, with increasing
temperature, the SH intensities from the relaxor ferroelectric
regime are weaker than those from the ferroelectric phase in
all Sm-BFBT films (Fig. 9(d)).[78] This decrease of SH re-
sponse indicates the vanishing of the long-range ferroelectric
order and the weakening of interactions among the ferroelec-
tric domains. This weak coupling can be distinguished by
optical methods. In the superparaelectric regime, the SH in-
tensities further reduce, and reach the minimal values with
only residual surface signals at their respective Burns temper-
ature (TB), above which the coupling of nanodomains van-
ishes. The persistence of SH intensities in the temperature
segment between the temperature corresponding to the max-
imum dielectric constant of Sm-BFBT (Tm) and TB indicates
the presence of polar domain structures. This result provides
solid evidence on the theoretically predicted super-paraelectric
state in these materials. Figure 9(e) shows the SH polarimetry
measured at representative temperatures in the relaxor ferro-
electric, super-paraelectric, and paraelectric segments for Sm-
BFBT film (x= 0.3).[78] The film exhibits weaker intensity but
similar SH polarimetry in the super-paraelectric segment rela-
tive to those of the relaxor ferroelectric state. Hence, although
a decline of interactions among domains in Sm-BFBT occured
during the state transition from relaxor ferroelectric to super-
paraelectric, the crystal structure of these films still remained
tetragonal. In the state transition from super-paraelectric to
paraelectric, however, the structural symmetry of Sm-BFBT
transformed from tetragonal to cubic, with point group altering
from 4mm to m3̄m.[115] Additionally, the intensity anomalies
near 450 K were ascribed to thermally enhanced local disor-
ders in the nanodomain structures, originating from the order–
disorder phase transition of the BaTiO3 component in these
films.[115–117] These results indubitably evince the capability
of SHG technique in the unveiling of the subtle evolutions in
perovskite oxides.

As one can tell from above examples, the SHG tech-
nique has achieved significant success in the probe of sur-
face/interface symmetry, polar state, domain distribution, and
weak couplings among nanodomains of multifunctional per-
ovskite oxides. The accurate interpretations of the measured
SH signals from complex structures, however, still remain
challenging. In most ferroelectrics, the SH contributions from

the surface and interfaces can be ignored because their inten-
sities are much smaller than those from the interiors of the fer-
roelectrics. In these systems with weak couplings, however,
the SH signals from the surface and interfaces become com-
parable with those from ferroelectrics interiors, and cannot be
ignored. Although the SH components from some surface and
interfaces have been clarified, the precise deconvolution of SH
signals has not been well presented due to the intimate en-
tanglements among the SH response from the sample surface,
interfaces, and interiors.

4. Conclusion and perspectives
In summary, regarding the interactions of photon and

multifunctional perovskite oxides, we summarized the appli-
cations in the thin film fabrication and intriguing property de-
tection using laser-MBE and optical SHG technique, respec-
tively. We discussed the atomically precision structural en-
gineering of perovskite oxide thin films and heterostructures.
Then, we enumerated the potential applications based on their
functionalities, e.g., giant ON/OFF ratio, ultralow energy con-
sumption, and ultrahigh energy storage. With the develop-
ment of laser-MBE technique, the low-dimensional quantum
heterostructures with emergent phenomena were discovered.
The proof-of-principle devices with evolutionary performance
are expected and will prominently promote the great advances
in the material sciences and information technologies. Along
with the development of SHG technique, we narrated the re-
cent progresses in the determination of surface/interface sym-
metry, polar state, domain distribution, and weak couplings
among nanodomains of the functional perovskite oxides. No-
tably, although the optical SHG has achieved immense accom-
plishments in these materials, the disentanglement of nonlin-
ear optical responses from the surface, interfaces, and interi-
ors in complex structures has not been well understood. To
bring the external stimulus, such as the temperature, mag-
netic/electric fields, microwaves, and mechanical stress, into
the SHG detection surely will introduce the advantages in un-
derstanding the coupling between lattice and other degrees of
freedoms in the transition metal oxides and other quantum ma-
terials. Also, scientists are eager to detect the nonlinear optical
responses from a segment in nanoscale. The outcomings will
not only extend the length scale of research targets, but also
help to obtain the underlying mechanism that has never been
explored using traditional detection methods.
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Deranlot C, Bibes M and Barthélémy A 2015 APL Mater. 3 061101
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