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ABSTRACT

In BaTiOs single crystals, we observed a strain-driven phase transition from the tetragonal phase to the tetragonal-orthorhombic phase
boundary which can be introduced by slow cycling compressions (a loading of up to 0.5 GPa, strain rate of 10™* s™', and 100 cycles) at room
temperature. Different from the well-known tetragonal to cubic phase transition under stress (~2 GPa), it only takes place locally around
bent 90° domain walls. The inhomogeneous local stress and electrical fields as well as the mobile point defect pinning effect contribute to
the phase re-entrance. Through comparison experiments by in situ synchrotron x-ray diffraction, Raman scattering, and (scanning) trans-
mission electron microscopy, we explored the phase transition mechanism. Based on that, we developed a mechanical method to obtain
well-stabilized high-density thermotropic phase boundary structures (with tetragonal, orthorhombic, and bridging monoclinic phases) in

BaTiOs3 for potential applications.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0066660

For ferroelastic-ferroelectric materials (FMs), multiple phases
coexisting at the phase boundary can significantly enhance their
properties through a nonlinear effect caused by the complex
microstructural interactions,’ ” e.g., the surprisingly large piezo-
electric effect in BiFeOs and Pb(Mgo33,Nboe7)O3-PbTiOs at the
morphotropic phase boundary.”” Now they attract more research
attention in actuator, memory, flexible/wearable electronic device,
and piezoelectric nanogenerator fields.” '’ Notably, from many FMs’
phase diagrams, we can clearly see that almost none of the phase
boundaries occur at room temperature and ordinary pressure;''
therefore, in the past decades, much effort has been focused on how

to introduce and then stabilize them for daily use, such as stress,’
thermal and electrical methods, and composition doping.*'®"*
Among them, the stress/strain method is particularly interesting: (1)
Since stress is unscreenable in FMs, it can introduce extremely high-
density domain walls and phase boundaries (for coexisting phases,
each has its own domain structures'”'’) which lead to excellent
multiple phase interaction/coupling.”’ (2) Under non-hydrostatic
pressure, the phase transition sequence heavily depends on the
mechanical loading methods which provide more choices for
tuning multiple phase structures.”’ Certainly, understanding
the intrinsic mechanisms of domain and phase evolution
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under stress loading is key. Tracing the full domain
growth and phase transition processes is needed to find the critical
spatiotemporal features (which are commonly complicated hierar-
chical domain/phase structures™”), which are largely shrouded in
mystery.” *’ Encouragingly, recent technology advances, such as
the in situ (scanning) transmission electron microscope [(S)TEM]
with atomic resolution imaging under nanoindentation,’® fast direct
detection device cameras, and synchrotron x-ray diffraction (XRD)
with an accurate auto-loading in situ diamond anvil cell (DAC)
system,’ enable us to clearly record strain-driven hierarchical
domain and phase evolutions. In this work, we designed a series
of in situ experiments to clarify an “abnormal” strain-driven
phase transition [toward a thermotropic phase boundary (TPB)]
in BaTiO3, where domain and multiple phase structures strongly
interact. In addition, the microstructural mechanism has been
discussed.

The bulk BaTiO; single crystal was purchased from Siccas,
Shanghai. Synchrotron XRD was carried out at the Shanghai Syn-
chrotron Radiation Facility (Shanghai, China), beam line 15U1, at
room temperature (300 K). The single crystal BaTiO3; sample was
sealed in a DAC. An x-ray beam with 20 keV energy, 0.6199 A
wavelength, and a beam size of 3-5 ym was used. Notably, the sin-
gle crystal sample in the DAC inevitably undergoes cracking and
grain rotation during non-hydrostatic compression cycling, lead-
ing to polycrystalline-like XRD patterns. About the XRD results, the
data in Fig. 1 were treated by masking and refining with DIOPAS
software. Raman scattering was performed using a Renishaw inVia
system (a 532 nm excitation laser source), with an auto-loading in
situ DAC. Before being put into the DAC, single crystal BaTiO3
was cut by laser. (S)TEM investigations were carried out by using
a Cs-corrected (S)TEM, Thermo Fisher, with a K2-IS DDD camera,
Gatan, and an in situ nanoindentation holder, PI-95, Hysitron. For
in situ TEM study, a BaTiO3 sub-micrometer pillar was prepared by
focused ion beam.

Synchrotron XRD results (Fig. 1) show a subtle phase tran-
sition in single crystal BaTiO3 under slow non-hydrostatic cycling
compression (a maximum engineering stress of 0.5 GPa and average
loading/unloading rate of 107* s™!). The diffraction peaks changed
at {111} and {200}, after more compression cycles (the XRD curves

scitation.org/journal/adv

were measured after unloading). As shown in the right inset of Fig. 1,
the width of the {111} peak becomes broader, and the intensities
of the two shoulder peaks of {200} get closer, exhibiting a typical
symbol for tetragonal (T, P4mm, a = 3.9925 A, and b = 4.0365 A)
to orthorhombic (O, Amm2, a = 3.9874 A, b = 5.6751 A, and ¢
= 5.6901 A) phase transition in BaTiOs.”! As known, during the
T-O phase transition, the XRD multiple peaks at 11.78°-11.82°,
which look similar to a single “broad peak,” should display an
obvious broadening owing to the further splitting of the multiple
peaks.'®’" Here, we have recorded the broadening of the multiple
peaks (the shoulder), as shown in the right inset of Fig. 1, evi-
dently approving the T-O phase transition in BaTiO3. Considering
the classical phase transition sequence of BaTiO3 by hydrostatic
pressure, i.e., from T to cubic (C),1 192 the phase transition here is
“abnormal.” As known, recent theoretical and experimental reports
predicted that the T-O phase transition inclines, leading to a wide
TPB composed of T, O, and a bridging monoclinic (M) phase,“”‘ %31
where the local inhomogeneous fields and domain structures are
responsible for the stable multiple phase structures.'” As expected,
we find that the cycling-induced phase structure is well stabilized
after unloading, even for weeks. Such domain/phase structures
should be useful if they are stable under electrical excitation and over
a broad temperature range.

To further verify the abnormal phase transition, we performed
Raman scattering (more sensitive to detect multiple phase evolu-
tion) on the BaTiO3 sample inside the DAC (also measured after
unloading). Figure 2 (iii)-(v) (see the right inset’s enlarged view)
demonstrate the T to O phase transition. As cycling goes on, we
find that the A1(TO1) (~240 to 270 cm™") peak down-shifts and
its intensity increases, accompanied with an obvious broadening. In
addition, the TO3 (~300 to 320 cmfl) peak up-shifts, and its inten-
sity decreases. Clearly, the phase structure does not transit toward
the cubic one, which leads to a paraelectric type of Raman spec-
trum, as shown in Fig. 2(i), with only two weak peaks of A1(TO1)
and TO3. Moreover, the E(TO4) (~485 cm™") peak emerges, imply-
ing that there is multiple phase coexistence. In addition, we find
no rhombohedral (R) phase here. The typical R phase Raman
peaks of E(TO1) and TO2-LO2 [~160 to 200 cm™, the intensive
ones in Fig. 2 (vi) and (vii)] are not detectable at all.** Therefore,

{110}

(iii) L{lll} {200} 210}
{100} 2

Intensity (arb. units)

{200}

FIG. 1. Synchrotron XRD results of a
BaTiO; single crystal inside an auto-
loading DAC measured (i) before and (i)
after 30 cycles and (iii) 100 cycles of
compressions, with corresponding direct
diffraction patterns given beside. The
right inset shows an enlarged view of
{111} and {200} diffraction peaks, for
knowing their variations in detail.

10.2 10.3
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FIG. 2. Raman spectra of the BaTiO; single crystal inside a DAC for compari-
son study, before compression cycling at (i) 450 K (C phase), (i) 300 K (room
temperature), (vi) and (vii) 200 and 150 K (R phase), and at room temper-
ature after (iii)—(v) 30, 60, 100 cycles, respectively. The right inset shows an
enlarged view of A1(TO1) and TO3 in (ii), (iii), and (v), with multiple peak fit-
ting (the peak frequency, width, and relative intensity are highlighted with dotted
lines).

(@

E-Beam

Diamond
Tip

Sample Electrode

scitation.org/journal/adv

we suggest that a TPB at the T-O phase boundary has been intro-
duced in BaTiO3.'""" " The phase transition should be regarded as a
phase re-entrance, which has been reported in such a nanostructure
and highly strained system of FMs.”"">*7*’

As known for multi-phase-coexisting microstructures at
BaTiOs’s T-O phase boundary, there have been long-time contro-
versies, e.g., the adaptive phase theory, which denies the bridging
M phase and attributes the macroscale, measured the “new phase”
to the average effect,”” and even recent theoretical and experi-
mental research, which confirmed the bridging phase, also declared
that the phase is not a classically defined one but with a flexible
lattice structure.'”'*”" To understand the phase transition at the
T-O phase boundary, we have traced the microstructural evolu-
tions. Figure 3 exhibits an in situ TEM study on a free-standing
single crystal BaTiO3; sub-micrometer pillar, which acts as a model
sample to show what happened at atomic resolution during the
non-hydrostatic cycling.

Under large compression, single crystal BaTiO3 inevitably dis-
plays local shearing to release stress, e.g., via inhomogeneous local
strain distribution and ultrasmall domain evolution.”” As a result,
the abnormal phase transition has been triggered locally, accompa-
nied by a domain wall pinning effect,”” explained step by step as
follows [see Fig. 3(b) (i)-(v)]:

S

Domains

New Phase

FIG. 3. (a) Setup of the in situ (S)TEM. (b) (i)-(vi) In situ observation of a single crystal BaTiO3 sub-micrometer pillar under its 30th cycle compression, loaded up to 520
MPa (axial engineering stress). The dark-field TEM operation vector g = 404. For (i), (iii), (v), and (vi), the corresponding domain and phase structures are represented by
simplified models below, and the lowest insets illustrate the SAED results of the pillar (pink-framed region), with an enlarged view showing the diffraction spot splitting. Here,
only 1/4 SAED patterns are shown. For (vi), two upper right insets show the zoomed-in morphological view (by the white arrows) and a further zoomed-in HRSTEM view
around a 90° domain wall, evidently exhibiting a multiple phase structure (white dotted lines highlight the phase boundaries). The white, blue, and red scale bars are 100,

20, and 1 nm, respectively.
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(1) Under loading, typical herringbone domain structures com-
posed of 90° and 180° domains are observed, and the bent
domain walls (as the simplified models show) are related
to local shearing, which also causes bending contours (as
dark-field TEM images show) in the pillar.

(2) Notably, we find no domain side growth (i.e., two domain
walls of one domain move laterally in opposite direc-
tions) or merging (i.e., domain walls disappear) during the
domain evolution, implying that they are strongly impeded
after domain nucleation and forward growth [as shown in
(i)-(vi)].® It should be connected with mobile point defects,
i.e., the pinning centers, which accumulate at the bent 90°
domain walls for charge neutrality and subsequently pin the
domain walls from lateral motion or merging.'"*" " The
intrinsic electrostatic potential drop across the 90° domain
wall (instead of the 180° one) creates electric fields and cause
charged defects aggregating on different sides of the domain
wall.*** In addition, the strain-charge interaction can
greatly enhance this defect accumulation effect, under stress
loading,* and long-time cycling is responsible for accumu-
lation of mobile point defects.” Moreover, without domain

merging, it inevitably causes domain miniaturization,**"’

which in turn promotes large local shearing in BaTiO3 (Wac
~ G2, w, is polytwin’s periodicity and G is the local shear
strain®®").

(3) Asloading further increased, some ultrathin microstructures
appeared at 90° domain walls [see (vi) in Fig. 3(b)]. Topo-
logically, the morphology (shown by white arrows) cannot
be classified as any domain structure of T phase BaTiOs.”" In
addition, the selected area electron diffraction (SEAD) shows
that there is a new induced phase, with a splitting diffraction
spot beside the 90° domain. In good agreement, the atomic
resolution observation (the blue-framed inset) reveals that
the phase boundaries (denoted by white dotted lines) obvi-
ously belong neither to the T nor to the O phase domain
wall geometry.'® It indicates there is a bridging M phase at
the T-O phase boundary (a TPB). In addition, they is no
composition changing (see the supplementary material).

Figure 4 schematically shows the strain-driven TPB at a 90°
domain wall in BaTiOs. The abnormal phase transition (a phase re-
entrance) takes place locally around bent domain walls (as well as
stressed surfaces),”””” where local stress/electrical fields play criti-
cal roles.”"’ Here, the compression loading (engineering stress of
up to 520 MPa) is not enough to trigger any global phase tran-
sition (~2.3 GPa for BaTiO3;’’), and the long-time (~10? cycles,
with loading rate ~10™* s™!) non-hydrostatic compression cycling
is also essential: it not only stabilizes the stress-introduced domain
walls and phase boundaries via mobile point defect pinning effect
(see Fig. 4, where mobile point defects accumulate at the 90°
domain walls)'”*"** but also impedes domain side growth and
merging, therefore causing domain miniaturization (it in turn pro-
motes local shearing) and providing more domain walls for TPB
nucleation.®

Based on the above-mentioned discussions, we believe we have
found a way to mechanically induce a TPB into BaTiO3 at room
temperature. Compared with electrical and thermal methods, the
stress method is good at introducing extremely high-density domain

scitation.org/journal/adv
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FIG. 4. Schematic diagram for the strain-driven TPB around a 90° domain wall.
Here, the geometry of the TPB and T phase domain is a result of phase field simu-
lation (for the method, see Ref. 8). The “New Phase” actually includes both O and
M phases, which can be introduced simultaneously during the phase transition. '
The phase and domain structures (with local shearing) correspond to Fig. 3(b)(vi).
The blue scale bar is 20 nm.

walls and phase boundaries (since the stress is unscreenable in FMs),
greatly promoting multiple phase coupling.”’ It is worth pointing
out that “proper” compression cycling parameters are critical to
avoid possible material failure: for fracture-free engineering, the
loading must be slow enough (e.g., ~10™* s7"), and loading maxi-
mum should not be too high (e.g., <600 MPa’?). Here, small size
greatly favors mechanical engineering since it contributes to both
FMs’ flexibility and domain miniaturization (high-density domain
walls enable high-density TPB structures because they are TPB
nucleation sites”"). In addition, selecting a proper temperature is
also effective in tuning the strain-driven phase transition pathways
and subsequently the TPB structures.”””’

SUPPLEMENTARY MATERIAL

See the supplementary material for the sensitive Electron
Energy Loss Spectroscopy (EELS) at domain and domain walls,
before and after domain/phase transition, showing no edge vari-
ation, and the results illustrate that they do not change in
composition.
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