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ABSTRACT: Precise determination of atomic structures in
ferroelectric thin films and their evolution with temperature is
crucial for fundamental study and design of functional materials.
However, this has been impeded by the lack of techniques
applicable to a thin-film geometry. Here we use cryogenic scanning
transmission electron microscopy (STEM) to observe the atomic
structure of a BaTiO3 film on a (111)-SrTiO3 substrate under
varying temperatures. Our study explicitly proves a structure
transition from a complex polymorphic nanodomain configuration
at room temperature transitioning to a homogeneous ground-state
rhombohedral structure of BaTiO3 below ∼250 K, which was
predicted by phase-field simulation. More importantly, another
unexpected transition is revealed, a transition to complex
nanodomains below ∼105 K caused by an altered mechanical boundary condition due to the antiferrodistortive phase transition
of the SrTiO3 substrate. This study demonstrates the power of cryogenic STEM in elucidating structure−property relationships in
numerous functional materials at low temperatures.
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Ferroelectric materials exhibit spontaneous electric polar-
ization, which can be switched between energy-degenerate

states by applying electrical fields and/or mechanical forces.1,2

This feature has been exploited in a variety of applications
including memory devices, dielectric capacitors, and electro-
mechanical units. Polarization switching is closely associated
with domain configuration and crystal structure. The most
important ferroelectric phenomena are spontaneous phase
transition and the formation of polarization domains. The
domain configurations and structural phases of ferroelectric
film systems are strongly influenced by complex interactions
associated with mechanical and electrostatic boundary
conditions. This offers an opportunity to produce novel
domain structures with promising device applications. For
example, by exploiting misfit strain and epitaxial symmetry,
researchers constructed morphotropic phase boundaries in
single-compound oxide films.3−5 Additionally, they observed
polymorphic nanodomain structures,6 similar to those
discovered in chemically complex, high-performance piezo-
electric ceramics. These complex nanoscale domains with
varying structures and symmetries can provide a low-energy
barrier for polarization rotation, which accounts for their
extraordinary dielectric and piezoelectric responses.7,8 For a
better understanding and efficient implementation, it is

important to obtain in-depth knowledge of the energetics of
different structural phases and the evolution of domain
structures under varying external forces or thermodynamic
stimuli.
In recent decades, numerous experimental techniques have

been developed for studying the domain configurations and
local structures of ferroelectric materials. Among them,
spherical aberration-corrected scanning transmission electron
microscopy (STEM), particularly with in situ capabilities, is a
powerful tool for atomic-scale analysis of ferroelectrics, such as
nanoscale domain structures and atomic defects.9−11 The
advanced functionalities of in situ STEM allow the acquisition
of real-time nanoscale images of domain switching,12,13 domain
growth,14 and topological transformation of the domain
structures,15,16 and have thereby significantly enhanced our
understanding of the energetics of complex domain structures,
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leading to the optimization of ferroelectric domain engineering
strategies.
However, STEM with in situ temperature control has rarely

been used for obtaining atomic-scale information on domain
and crystal structures near phase transitions. Previous low-
temperature TEM studies have investigated the phase
transitions of bulk SrTiO3 (STO),17 thiospinel CuIr2S4,

18

and bulk BaTiO3 (BTO).19 However, these studies were
achieved mostly by using electron diffraction and probing a
large area. This is due mainly to instability during scanning,
arising from thermal drift caused by different thermal
expansion coefficients among stages and/or target materials,
and the vibration from bubbling of liquid nitrogen (LN2)
(Figure S1). These issues have been major barriers to the
acquisition of reliable, high-quality atomic-resolution STEM
images. Postprocessing techniques have been applied to
overcome these issues.20−25 Among these, image registration
has been applied to obtain atomic-level STEM images to
achieve picometer precision at low temperatures.25 This
method has successfully provided a way to clarify atomic
arrangements at low temperatures using STEM, for example,
charge-ordered Manganite26,27 and 1T′-TaTe2.28 However,
despite developments in methodologies and experimental
techniques, ferroelectric nanodomain structures have not yet
been investigated at atomic resolution under varying temper-
atures.

BTO is a displacive ferroelectric material with several
structural phases: cubic, tetragonal, orthorhombic, and
rhombohedral (from high to low temperature).29−32 BTO
changes the off-center direction of the Ti cation in each
structural phase.31 The tetragonal structure stabilizes at
approximately room temperature, with the Ti cation being
displaced from the center of the oxygen octahedron in the
[001] direction. The orthorhombic and rhombohedral phases
emerge at lower temperature with Ti displacing toward [110]
and [111], respectively (Figure S2).
In this study, we applied cryogenic STEM to directly

visualize the domain evolution in a (111)-BTO film at low
temperatures. We mapped the displacement vectors of Ti
cations with respect to the Ba cation cage as widely used33−35

to observe the polymorphic nanodomains of the (111)-BTO
film at room temperature,6 and then cooled it to 140 K to
further observe the development of a long-range polar order
with a rhombohedral phase. The findings of this study
demonstrate the critical role of epitaxial symmetry in the
interaction between substrate clamping and domain formation
in ferroelectric epitaxial films, highlighting the potential of
cryogenic STEM for resolving long-standing issues pertaining
to spontaneous phase transitions in material systems with
complex nanoscale structures, such as relaxor ferroelectrics.36

We previously demonstrated that a 3-fold rotational
symmetry enforced by a (111)-STO substrate on a BTO
epitaxial film can induce a polymorphic nanodomain state (in

Figure 1. (a) Electrical measurement device. (b) Polarization−electric field (P−E) hysteresis loop measured at 300 K (black), 130 K (red), and
100 K (blue). (c) Plot of remnant polarization obtained by lowering the temperature from 300 to 100 K in increments of 10 K. Two solid red lines
linearly fitted to two separate regions based on 240 K intuitively show the trend change by lowering the temperature. (d) Schematic diagram of the
experimental setup for obtaining SHG signals. (e) Azimuth-dependent PP and PS SHG signal intensity of (111)-BTO measured at 300 K (black
dots). Experimental SHG anisotropy patterns were fitted with C3v point group symmetry (red solid lines). (f) Plots of the temperature- and
azimuth-dependent IMinor

PP (2ω)/IMajor
PP (2ω) (black) and a3/a1 (red) of SHG signals, obtained by lowering the temperature from 300 to 90 K in 20 K

increments and especially in 10 K increments around the transition temperature. (c, f) Two-stage phase transition temperatures under discussion
are denoted by blue vertical lines, obtained based on second-order derivation.
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which the domain size ranged from 1 to 10 nm) with
coexisting tetragonal, orthorhombiclike, and rhombohedral
structures at room temperature.6 Moreover, the polymorphic
nanodomain state exhibits exceptional dielectric and piezo-
electric responses, which are particularly intriguing for on-chip
devices based on chemically simple ferroelectric thin films.
According to our earlier phase-field simulations, we ascribed
the enhanced properties to an electric-field-driven structural
transition of polymorphic domains to a pure rhombohedral
structure.6,37,38 Notably, field-driven structure transitions have
been well-documented in other high-performance piezo-
materials, usually in relation to a ground-state rhombohedral
structure existing at low temperatures.39−41 In the (111)-BTO
film, a low-temperature rhombohedral structure was inferred
from temperature-dependent Raman spectroscopy measure-
ments,6 but it has not been unambiguously demonstrated in
other structural studies. Detailed investigation of the low-
temperature crystal structure is highly desirable to enhance our
understanding of the intriguing domain system of (111)-BTO
film.
As in our previous work,6 we investigated high-quality, 330

nm thick BTO films that were epitaxially grown on a (111)-
STO substrate through pulsed laser deposition (PLD; Figure
1a) of an intermediate SrRuO3 (SRO) layer to measure
electrical properties. X-ray diffraction (XRD) and second-
harmonic generation (SHG) analyses indicated that the BTO
film at room temperature possesses a seemingly rhombohedral
structure with an out-of-plane 3-fold rotational symmetry.6

This is in contrast to the tetragonal structure of bulk BTO, as
well as (001)-BTO films at room temperature. However,
temperature-dependent dielectric spectra and Raman spectros-
copy measurements suggest the existence of a structural
transition at ∼220 K.6 Although the rhombohedral structure is
the lowest-energy ground state, in epitaxial films, the structural
transition is usually complicated by the mechanical boundary
condition.42 In this context, it is vitally important to investigate
the temperature-dependent structural transition and associated
property changes of (111)-BTO film using in situ cryogenic
STEM and optical measurements. Here, we will focus our
discussions only on the mechanical boundary condition,
without the electrostatic boundary condition as a governing
parameter for the transitions. This is mostly because the latter
is mostly considered prominent in ultrathin ferroelectric films
(in the range of several nanometers) due to the finite size effect
of the charge screening mechanism (see the supplementary
discussions of the Supporting Information).43,44

We performed temperature-dependent electrical measure-
ments. Figure 1a shows a detailed schematic of the capacitor
geometry. Figure 1b shows the polarization−electric field (P−
E) hysteresis loop of the (111)-BTO capacitor, which forms a
slim, slanted P−E loop with small remnant polarization (Pr) at
300 K, suggesting a strong ferroelectric relaxation. As the
temperature decreases (e.g., at 130 K), the P−E hysteresis loop
becomes more square-shaped with increasing Pr. Figure 1c
shows the evolution of Pr with temperature. In addition to the
general trend of increasing Pr at lower temperature (see the
supplementary discussions in the Supporting Information), the
slope of increasing Pr changes at about 240 K. This observation
supports the occurrence of an inferred phase transition around
that temperature6 and suggests that the low-temperature phase
favors the out-of-plane polarization.
To elucidate this inferred phase transition, we performed

temperature- and azimuth-dependent SHG measurements

(Figure 1d). On the basis of the P-polarized incident wave,
the P- and S-polarized SHG states were analyzed. Figure 1e
shows representative SHG anisotropy patterns of the (111)-
BTO film observed at 300 K. The Pin−Pout (PP) and Pin−Sout
(PS) SHG patterns, which show 3- and 6-fold symmetry, are
well-matched to the point group C3v. As the temperature
decreases to 90 K, the symmetry of each pattern remains
unaltered, whereas the intensity of each contributing lobe
changes slightly (Figure S3). To assess structural evolution
according to the temperature, we compared the intensities of
the major and minor lobes in the PP SHG anisotropy pattern.
The ratio given by IMinor

PP (2ω)/IMajor
PP (2ω) (Figure 1f) tends to

increase at the inferred transition temperature, similar to the
change in Pr values shown in Figure 1c. On the basis of this
information, we can estimate the structural evolution, although
the macroscopic structural symmetry remains invariant.
To evaluate the change in the out-of-plane symmetry as a

function of temperature, we compared the in-plane and out-of-
plane nonlinear susceptibility components, i.e., a1 and a3,
respectively (for details, see Figure S4). Figure 1f displays the
temperature dependence of the a3/a1 ratio. In contrast to the
aforementioned ratio of IMinor

PP (2ω)/IMajor
PP (2ω), the out-of-plane

symmetric component increases as a3/a1 increases. During the
initial cooling stage down to ∼240 K, a plateau was observed,
followed by a clear increase. The turning point was coincident
with the inferred phase transition temperature.6 After the
transition at ∼240 K, the ratio value continued to increase with
decreasing temperature, that is, the out-of-plane symmetric
components increased. These results are consistent with the
afore discussed P−E hysteresis loop measurements, especially
the plot of remnant polarization (Figure 1c). The observed
SHG results reflect the average crystal symmetry of nanoscale
domains because the probing beam spot size was set at 30 μm.
Despite the fact that the macroscale crystal symmetry over a
wide temperature range seems to be consistent with the
rhombohedral phase, the actual local nanoscale crystalline
structures could be different.
This intriguing phase transition with invariant macroscopic

crystal symmetry was previously explained in terms of a
transition from a polymorphic nanodomain state to a pure
rhombohedral phase, based on phase-field simulations.6 At
room temperature, the (111)-BTO film possesses nano-
domains of coexisting tetragonal, orthorhombic, and rhombo-
hedral structures, and the averaged macroscopic response
could resemble that of a rhombohedral structure. This is
similar to the so-called adaptive phase at the morphotropic
phase boundary of PbZrxTi1−xO3, which exhibited a seemingly
monoclinic structure in diffraction studies but actually consists
of mixed tetragonal and rhombohedral nanodomains according
to electron microscopy analyses.45,46 To verify this possibility,
we carried out STEM measurements.
The STEM images were obtained near the center regions of

the film. The homogeneity of the (111)-BTO films in a broad
thickness range (from ten to hundreds of nanometers) was
previously proven by macroscopic characterization including
PFM, P−E hysteresis loops, and XRD.6 We further verified the
homogeneity of the film as a function of depth using ultraviolet
photoelectron spectroscopy (Figures S5). Therefore, the
center region of our 330 nm thick BTO film might be able
to represent the majority of the film well, despite the minor
heterogeneity that could arise at the interfacial regions of the
BTO film.
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Figure 2a,b shows the low-magnification high-angle annular
dark-field (HAADF)-STEM image and selected-area electron
diffraction (SAED) pattern at 300 K, respectively. The BTO
film is well-developed on STO, with an intermediate SRO layer
as an electrode. Noticeably, the asymmetric reciprocal space
mapping using X-ray revealed that the intermediate SRO layer
is fully in-plane strained.6 The SAED pattern also demonstrates
an epitaxial relationship between the oxides. Figure 2a clearly
shows both interfaces, STO/SRO and SRO/BTO. From the
high-quality, atomic-resolution HAADF-STEM images of the
BTO film, we mapped the Ti displacement vectors relative to
the center of the nearest Ba-unit cage to directly visualize the
domain structure. At 300 K, nanodomains with different
symmetries were observed (Figure 2c), in agreement with the
simulation results.6 In Figure 2d, the corresponding distribu-
tion of Ti-displacement vectors in the space spanned by basis
[110] and [001] are plotted with blue dots. These microscopic
structural observations prove the formation of polymorphic
nanodomains, though the averaged macroscopic response by
SHG is similar to that of a rhombohedral structure which

results in averaged [111]-polar state at 300 K. For comparison,
Ti-displacement values of the STO substrate are plotted with
black dots. The vanishing Ti displacements of STO, compared
to those of BTO, demonstrate the accuracy and quality of our
STEM images and data analysis technique. To quantitatively
evaluate the reliability of STEM measurements at 300 K, we
calculated the Ti-displacement vector cluster of STO using a
Gaussian mixture model: μ[110] = −0.6 pm, μ[001] = −0.9 pm,
σ[110] = 1.1 pm, and σ[001] = 1.2 pm, where μ and σ are the
center and standard deviation of the Gaussian distribution,
respectively. The directional information on the Cartesian
coordinates is indicated by subscripts [110] and [001].
To obtain STEM images at lower temperature, we used a

cryogenic liquid, i.e., liquid nitrogen, which typically causes
serious experimental difficulties, including bubbling and
vibrational drift (Figure S1). To overcome these difficulties,
we acquired multiple images at fast scan speeds and applied
postimage registration with a shift matrix.25 Figure 2e shows a
typical HAADF-STEM image of the (111)-BTO film at 140 K.

Figure 2. (a) Low-magnification HAADF-STEM image confirming a well-grown BTO film on (111)-STO with an intermediate SRO layer as a
bottom electrode. (b) SAED pattern showing the epitaxial relationship of the BTO film with the SRO intermediate layer and STO substrate. The
position of the direct electron beam is indicated by the white dotted circle. Crystal orientations are denoted by arrows with indexed reciprocal
lattice points, which is shared with panel a. (c) 2D displacement vector map of the (111)-BTO film acquired from an atomic-resolution HAADF-
STEM image at 300 K. Each vector was measured according to the relative displacement of Ti compared to the center of the Ba cage with
picometer (pm)-precision. The field was drawn based on the color wheel (inset). (d) Ti-displacement vectors (blue) of (111)-BTO film are plotted
in the vector space to show the vector distribution. The accuracy of the measurements is shown by the cluster of black dots representing the STO
substrate around a value of 0 pm. The mean values of the two clusters are plotted as yellow dots. The red solid square represents the scanning pixel
(px) size, which is 18.7 pm/px at 300 K. (e) HAADF-STEM image of (111)-BTO acquired at 140 K. (f) 2D displacement vector map drawn in
accordance with the color wheel. (g) 2D displacement vector distributions of (111)-BTO (blue) and STO (black). The scanning step was 20.1
pm/px at 140 K. Using the two vector distributions, the polarization amplitude can be directly measured with variation in temperature. (Scale bar =
2 nm).
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This image is very high quality, reflected in the sharp contrast
between the cation sublattices and dark background.
Using these high-quality images, we obtained the corre-

sponding Ti-displacement map and distribution plot (Figure
2f,g, respectively). These images demonstrate that the (111)-
BTO transforms into a pure rhombohedral phase at lower
temperatures. Figure 2f clearly shows the pure rhombohedral
phase of the BTO film with polarization in the [1̅1̅1̅] direction,
namely, toward the bottom electrode in the Figure 1a. This
polarization state was seen in all of our STEM observations
(Figure S6), except for one domain boundary observation
(Figure S7). Compared to the phase-field simulations reported
in our previous study,6 these STEM results firmly establish that
the rhombohedral phase is the low-temperature state of (111)-
BTO. Moreover, Figure 2g shows stronger out-of-plane
polarization than its 300 K counterpart (Figure 2d). The
average [1̅1̅1̅]-projected Ti displacement value is 27.4 pm at
140 K, which is much larger than that of 300 K (i.e., 9.9 pm).
This difference explains the enhancement of Pr and SHG
intensities at low temperatures. As for how domain evolution
occurs during the transition, the phase-field simulations have
shown that colossal rhombohedral domain emerges and grows
while tetragonal and orthorhombic domains gradually
disappear.6

Next, we evaluated the reliability of our low-temperature
STEM measurements. Similar to the results obtained at 300 K
(Figure 2d), the STO displacement vector was also calculated
at 140 K. As shown in Figure 2g, we calculated the Ti-
displacement vector cluster of STO at 140 K (μ[110] = 1.3 pm,

μ[001] = 0.2 pm, σ[110] = 1.9 pm, and σ[001] = 1.5 pm). These Ti-
displacement values of STO at 140 K are much smaller than
those of BTO, and comparable to those of STO at 300 K,
indicating that reliable high-quality STEM images can be
obtained using cryogenic experiments.
We further lowered the measurement temperature to 95 K,

which is the lowest temperature we can reach. Though the
STEM specimen stage was cooled down by LN2, the sample
could not reach LN2 temperature (77 K) due to thermal loss of
thermal conductor consisting TEM holder. Interestingly, we
observed that the single rhombohedral domain collapsed into
complex nanodomains. Figure 3a,b displays a fine atomic-
resolution STEM image and the corresponding Ti-displace-
ment vector map of BTO at 95 K, respectively. Figure 3c
displays the corresponding distribution plot of Ti-displacement
vectors of the STO substrate (black) and BTO film (blue).
The Ti-distribution values of STO are quite small (μ[110] = 0.7
pm, μ[001] = −0.1 pm, σ[110] = 1.3 pm, and σ[001] = 1.5 pm),
again demonstrating the reliability of our measurements. In
contrast, the Ti-displacement vector map for the BTO shows a
complex polarization pattern with significant rotation at the
nanoscale (Figure 3b). The magnitude of the polarization
decreased sharply with a dispersed distribution of polar
directions (Figure 3c). The emergence of complex nano-
domains was unexpected, given that bulk BTO exhibits no
structural phase transition at temperatures below 183 K.
This unexpected state is likely attributable to the mechanical

constraints on the STO substrate at 95 K. It is known that
cubic STO undergoes a structural phase transition into the

Figure 3. (a) HAADF-STEM image of (111)-BTO acquired at 95 K. (b) 2D displacement vector map was drawn based on the aforementioned
color wheel. (c) 2D displacement vector distributions of (111)-BTO (blue) and STO (black). The scanning step was 13.4 pm/px at 95 K. (d)
SAED pattern of the STO substrate at 300 K along the [11̅0] zone axis. (e) SAED pattern of the STO substrate at 95 K along the [11̅0] zone axis,
showing extra spots (cyan circles) not visible at 300 K. (f) Illustration of the crystal structural model of STO with octahedral rotation (a0a0c−)
along the [11̅0] directions, corresponding to the axis vector reconstructed from unit-cell doubling and the SAED pattern at 95 K. (g) Exaggerative
illustration of the pseudocubic-cell of tetragonal STO representing anisotropic elongation along cp.c. lattice viewing along [100]p.c. direction (scale
bar = 2 nm).
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tetragonal phase having a cationic distortion of c-axis
lengthening at 105 K.17 This transition is supported by
SAED measurements of the STO substrate at 300 and 95 K
(Figure 3d,e, respectively) because it is accompanied by
oxygen octahedral rotations (OOR) of a0a0c− pattern system in
Glazer notation (Figure 3f).17,47,48 The half-integer diffraction
spots emerge between the first-order reciprocal peaks due to
cell-doubling by OOR. However, OOR is not a driving way of
symmetry breakdown because it is known that OOR
connectivity is confined within only a few unit cells.49−51 To
clarify this issue, we obtained SAED patterns of BTO covering
STEM observation area by temperature (Figure S8). The fact
that no extra spots emerges at 95 K confirmed that BTO has
no OOR. Instead, the asymmetric lattice parameters (ap.c. =
3.898 Å and cp.c. = 3.904 Å)52 of tetragonal STO regarding
cationic sublattices play a key role as a mechanical boundary
perturbation below 105 K, namely, the break down of 3-fold
rotational symmetry along out-of-plane direction (Figure 3g).
Tetragonal cationic cell-cage generates anisotropic strains in
the in-plane dimension, which lead to the transformation into
the polymorphic nanodomains.53 This second-stage sponta-
neous transition of ferroelectric domains was also verified by
the afore discussed SHG measurements. As shown in Figure 1f,
we observed an additional slope change below 105 K in the
plots of both ratios, IMinor

PP (2ω)/IMajor
PP (2ω) and a3/a1, followed

by an increasing and decreasing trend, respectively. The slope
change after the transition indicates that the ferroelectric
domain structure collapsed again into complex nanodomains.
Notably, despite the structural similarities between the
nanodomain structure below 105 K and that at room
temperature, the (111)-BTO film exhibits large remnant
polarization, i.e., negligible polar relaxation, from the P−E
response below 105 K (Figure 1b,c). These behaviors can be
explained by suppressed thermal fluctuations at low temper-
atures. In the previous study, the phase-field simulation
showed that the polarization in our 330 nm thick (111)-
BTO film is easily reoriented toward the direction of the
applied out-of-plane electric field, thus resulting in massive
transition to [111]-polarized rhombohedral phase even at 300
K.6 However, at 300 K, our ferroelectric films exhibited strong
polarization relaxation, where the thermal fluctuation is
responsible as in the case of conventional relaxor ferro-
electrics.6,54,55 Therefore, the thermal energy could disrupt the
field-driven electric dipole alignments, resulting in polarization
relaxation and small remnant polarization. In contrast, the
cryogenic environment significantly reduces the thermal
energy, thus, makes the stable ferroelectric state, just as the
conventional relaxor ferroelectrics form long-range ferroelectric
domains resulting in ferroelectric transition. In other words,
ferroelectric transition from the relaxor ferroelectric state
represents itself such that the thermal activation is significantly
suppressed. Therefore, electric-field-aligned electric dipoles
along the out-of-plane direction maintain an unstirred remnant
polarization at appreciably low temperatures, thereby resulting
in the discussing discrepancy.
This work demonstrated the critical role of substrate

clapping effects in ferroelectric domain formation. On the
basis of high-precision in situ cryogenic observation over the
entire phase transition range, we showed that ferroelectric
BTO film grown on (111)-STO undergoes a two-stage phase
transition, accompanied by both mechanical clamping and
thermodynamic driving forces. These observations show that
the structural transition of the substrate must be taken into

account when interpreting the physical properties of thin film
systems, constrained by the nature of the substrate surface
symmetry.
In conclusion, we report direct observation of thermally

driven phase transitions of (111)-BTO film at the atomic level
under the influence of substrate clamping, particularly with
symmetry enforcement. A correlation between the phase
transition and electrical properties was also identified. Two-
stage phase transitions of the (111)-BTO film occurred as the
temperature was lowered over the range from 300 to 95 K. In
the first stage, ferroelectricity was enhanced, as evidenced by
the increased domain size and polarization magnitude of the
[111]-polarized ground rhombohedral phase BTO. In the
following stage, antiferrodistortion of the STO substrate
caused a symmetric mismatch between the ground polarization
direction of BTO and the substrate surface, resulting in the
formation of mixed-state polarization domains. Our results
provide new insight that could facilitate further development of
functional materials, e.g., through manipulating the morpho-
tropic boundary in a variety of heterostructures using
substrates with thermal expansion coefficient mismatch.
Furthermore, the accuracy of the atomic-level cryogenic
electron microscopy measurements provides direct evidence
of local microstructural changes, such as chemical inhomoge-
neity and structural variations, which affect macroscopic
properties. Combined with SHG analysis, the changes in
crystal structure with temperature are comprehensively under-
stood from macro and microscopic perspectives. This
capability has immense potential for explaining structure−
property relationships in numerous functional materials.
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