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Perovskite oxide materials and their epitaxial thin films have
attracted wide attention in various research fields, due to the
new properties discovered at every period. For the epitaxial
perovskite oxide thin films, the interaction between the films
and substrates could bring in some novel physical properties,
such as two-dimensional electron gas [1], positive colossal
magnetoresistance [2], polar metal state [3,4], interfacial
enhancement effect [5–7]. The (dis)appearance and regula-
tion of these properties are usually accompanied with
structural distortion changing of films, which may originate
from the thickness variation, substrate replacement, or oxy-
gen vacancies [8]. Thus, it is crucial to define what structure
it is and figure out how the structure evolves.
On the other hand, as the simplest example of nonlinear

optic process, second harmonic generation (SHG) is a
powerful tool to explore the symmetry of noncentrosym-
metric structures [9–12]. It works especially well in terms of
surfaces and interfaces where the different media on each
side break the inversion symmetry [13], as well as the
crystals and films with polar structure [14]. Resent re-
searches have proved that SHG can be a convenient, non-
invasive, and effective way to demonstrate the structure of
perovskite oxide and its epitaxial thin films.
As a multiferroic material, BiFeO3 (BFO) and BFO thin

films have drawn considerable attention for the potential
usage in microelectronic information storage devices [15–

18]. When deposited on substrates, BFO thin films can ex-
hibit different structural phases depending on the lattice
mismatch and thermal expansion, and even different con-
clusions were obtained because of different test methods
[19,20]. By engaging SHG technique to explore the phase-
related symmetry evolution of a series of BFO thin films
with different thicknesses, it is clearly demonstrated that the
structure of BFO thin films varies from tetragonal-like (T-
like) phase to rhombohedral-like (R-like) one [9].
High quality BFO films with the thicknesses of 4, 12, 60,

100 and 180 nm were epitaxially grown on (001)-oriented
Nb-doped SrTiO3 (SNTO) substrates. As shown in Figure 1
(a), for ultrathin BFO films in a compressive strain state, the
polarization resolved SHG pattern in s-out configuration
processes a four-fold rotational symmetry associated with
the absence of in-plane anisotropy structure, which indicates
the 4mm point group and the T-like phase of the films. This
feature was kept for thicker BFO films with the thickness up
to 60 nm. For 100- and 180-nm-thick BFO films, the cor-
responding four-fold rotational symmetry in their patterns
disappear, shown as Figure 1(b) and (c) respectively. Theo-
retical analysis further proved the point group are not 4mm
anymore but m, and these BFO films are in R-like phase. By
analyzing SHG results, it is concluded that the disappearance
of four-fold rotational symmetry in SHG s-out pattern im-
plies the appearance of R-phase in epitaxial BFO thin films
[9,21].
Another suitable situation for using SHG to explore the
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structure evolution is the temperature dependent phase
transition. More and more experimental evidences show the
coexistence of displacive and order-disorder dynamics dur-
ing the phase transition process of BaTiO3 (BTO). By ap-
plying SHG in this process, an initial state determined phase
transition was discovered [12]. The normalized SHG in-
tensity variation with temperature for polarized (001) and
non-polarized (100) BTO crystals are quite different, as
shown in Figure 2. Comparing their polarization resolved
SHG patterns during the phase transition process, which
indicates the corresponding structure variation, it is con-
cluded that the dominated kinetic mechanism of phase
transition around TC is displacive for the polarized (001)
BTO, while displacive and order-disorder for the non-po-
larized (100) BTO [12]. Moreover, by introducing SHG, it is
proved the polarization structure evolution depending on
temperature of BTO/La0.5Ca0.5MnO3/SrTiO3 (BTO/LCMO/
STO) heterostructures is nonlinear due to the appearance of
phase transition [22].
Besides the lattice structure evolution, SHG can also be

used to illustrate the polarization state. The SH signal in-
tensity generated only from the surfaces and interfaces are
quite small compared with that from the polarization struc-
tures [23]. For polar metal, in which the traditional method of
proving the existence of polarization have failed, like uti-
lizing electric field, SHG is a powerful tool to illustrating the
polarization structure. Recent researches on the promising
candidate for polar metal, such as Nb-doped PbTiO3 films
and BTO/SrTiO3/LaTiO3 superlattices, have further con-
firmed that SHG technology is suitable in determining the
polar properties in polar metals [23–25].
In addition to the intensity of SHG associated with the

polarization, the relationship between SHG anisotropy pat-
terns and the direction of polarization in perovskite ferro-
electric materials have also been established. We
systematically investigated the evolution of polarization re-
solved SHG patterns of BTO crystal at different azimuth
angles, which means the net polarization direction are also
different. The results illustrated that there is a linear re-

lationship between the rotation angle of SHG patterns and
the polarization angle of BTO crystals. Thus, the polarization
direction of BTO crystal, even of other ferroelectric mate-
rials, can be qualitatively identified in 0°–180° by SHG
technology [11].
With the popularity of lasers in various research fields,

SHG technology, as an optical method to detecting non-
central symmetrical structures, has drawn more and more
attention for its high sensitivity, easy construction, and
nonintrusive measurement. Some recent researches related to
SHG measurements especially on perovskite oxide and its
thin films are given above. Actually, SHG is highly re-
commended in all researches involving structure variation.
Further development and utilization of SHG technology is
awfully expected.

This work was supported by the National Key Basic Research Program of
China (Grant No. 2017YFA0303604), the National Natural Science Foun-
dation of China (Grant Nos. 11721404, 51761145104, 11974390 and
11674385), the Key Research Program of Frontier Sciences of the Chinese
Academy of Sciences (Grant No. QYZDJ-SSW-SLH020), the Youth In-

Figure 1 (Color online) Polarization resolved SHG patterns in s-out configuration for BFO films with the thickness of (a) 4 nm, (b) 100 nm, and (c)
180 nm. The dots show the experimental data and the solid line are theoretical simulation results [9]. Reproduced from Sci Rep with permission.

Figure 2 (Color online) Temperature dependent normalized SHG in-
tensity variation for the polarized and non-polarized BTO crystals. The dots
represent experimental data and the dash lines are for eye-guide. The grey
dashed line denotes the Curie temperature TC of BTO at 120°C [12]. Re-
produced from Appl Phys Lett, with the permission of AIP Publishing.
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