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Abstract
Investigating phase transitions between ferroelectric states is crucial for understanding the nucleation, dynamics, 
and kinetics of domains, both before and after transformation. Here, we assess all phase transitions and domain 
evolutions in single-crystal BaTiO3 by implementing microelectromechanical systems (MEMS)-based in situ 
cryogenic (cryo-) and heating transmission electron microscopy (TEM) by continuously varying sample 
temperatures from -175 °C to 200 °C. Every possible phase-cubic, tetragonal, orthorhombic, and rhombohedral - 
was identified. An ultra-stable imaging condition was achieved with a mean drift speed of 1.52 nm/min, providing 
unique opportunities for atomic resolution in situ scanning TEM with a wide temperature range. Furthermore, 
domain nucleation and evolution across phase transitions were investigated using complementary dielectric 
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measurements, optical microscopy, and a phenomenological model. This study underscores the effectiveness and 
utility of MEMS-based in situ cryo-/heating TEM in revealing phase transitions and domain structures in 
ferroelectric materials.

Keywords: in situ heating/cryogenic TEM, phase transitions, ferroelectrics, domain nucleation

INTRODUCTION
Improving tools and methodologies to characterize chemical and physical properties has been essential for 
studying the relationship between microstructure and macro behaviors, advancing various fields, including 
material and life sciences. Among all state-of-the-art technologies, in situ (scanning) transmission electron 
microscopy [(S)TEM] offers an irreplaceable advantage by providing direct observations of a sample’s 
response to external stimuli with high spatial resolution, ranging from the micrometer to even picometer 
scale.

Although the first electron microscope was built in 1932 by Knoll and Ruska[1], it was over 20 years later that 
the first cryogenic (cryo-) and heating TEM studies were reported, in 1954[2] and 1958[3], respectively. 
Subsequently, there was a burst of developments in in situ cryo- and heating TEM particularly in terms of 
the in situ TEM holder and following experimental applications from the 1960s to the 1980s[4]. In the early 
stages, there were two types of heating TEM holders: the ribbon-type and the furnace-type[4]. The former 
had advantages such as instant heating speed, but suffered from disadvantages such as inaccuracy in 
temperature control and image instability. To improve this, the calibration between the specimen 
temperature and the input power was essentially required, achieved by observing sharp changes in a 
material at known temperatures, such as phase transitions in a ferromagnetic material[5]. The latter offered 
uniform heating, excellent temperature stability, and precise temperature control. However, it had the 
drawback of longer heating times, typically taking 2-5 min to reach equilibrium temperatures[4]. Significant 
improvements to both types of heating holders were achieved through power-input temperature pre-
calibration[6] and the thermocouple read-out method[7]. A substantial decrease in thermal drift was 
accomplished by thermally insulating the area between the hot stage and the microscope[8] and introducing 
a compensating opposite drift[9]. Combining a heating stage with an environmental cell enabled in situ 
observation of the gas-solid interactions inside the microscope from room temperature to over 1500 K[10-13], 
which was commercially available due to the efforts of Hashimoto et al. and Hiziya et al.[14-16].

Since the earliest applications of cryo-TEM to the present-day usage, the process has consistently required 
liquid coolant supplied directly from an external cryostat to the stage[17] or a coolant container installed 
within the microscope[18]. According to the different coolants, such as liquid nitrogen[19] and helium[17,18,20-25], 
the operating temperature could be extended from the room temperature to the liquid nitrogen temperature 
and below 5 K, respectively. In addition to extending the temperature ranges for cryo-TEM, versatility and 
reliability were also developed in the cooling holder’s design and function without sacrificing the spatial 
resolution[4,17,26,27]. These improvements include designing more convenient facilities for specimen exchange, 
enabling double-tilt capabilities of the stage between millimeter-sized pole pieces, maintaining mechanical 
stability despite turbulent and boiling coolant circulation, and ensuring thermal stability despite differing 
thermal expansions in the stage and specimen. Additionally, they involve eliminating contamination from 
residual vapor condensation inside the microscope during stage cooling, precisely controlling the stage 
temperature continuously before reaching the lowest temperature limit, and optimizing coolant 
consumption for greater efficiency. These advancements in cryo-TEM technologies laid the groundwork for 
later significant breakthroughs in the biological sciences[28], such as in studies of the frozen hydrated 
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biological specimens[29-31], the vitrification technology[32,33] and viruses[34]. They also catalyzed progress in 
material sciences, enabling detailed studies of superconductors[22], solidified gases[18], and magnetic 
domains[35] from the 1960s to the 1980s. Over the subsequent decades, material scientists have pursued more 
stable working conditions in TEM in order to achieve higher resolution.

Over the last decade, the advancement of aberration-corrected (S)TEM has revolutionized atomic-scale 
imaging and spectroscopy, making these techniques widely and commonly used. This progress has reignited 
interest in in situ (S)TEM studies, leading to efforts to achieve native observations under various stimuli-
such as heating, cooling, environmental (liquid/gaseous), mechanical, and biasing - especially at the atomic 
scale. Consequently, this high demand is driving the development of ultra-stable, versatile in situ TEM 
holders. For example, Gai et al.[36,37] focused on developing a heating holder combined with environmental 
conditions, based on earlier work[38]. They pushed the high-temperature limits to over 2000 °C[39], covering 
the temperature range required for the formation of ceramics, carbon nanotubes, and other materials. They 
demonstrated in situ characterizations of nanoparticle sintering with a resolution close to 1 Å[39]. Tai et al.[40] 
developed a prototype cryo-holder with an environmental cell in 2014, demonstrating the dynamic process 
of ice solidification with continuous temperature control between 220 K and 260 K. Later, Bell and 
Zandbergen[41] developed a side-entry JEOL-based cryo-holder in 2016, achieving less than 2 nm/min drift 
and sub-1 Å resolution in high-resolution TEM (HRTEM) imaging mode. In 2018, a Nion-based, 
microelectromechanical system (MEMS) chip-compatible, single-tilt version was reported, extending the 
operating temperature range from liquid nitrogen to ~1000 °C[42]. By 2020, Goodge et al.[43] reported a 
double-tilt, full-versatility holder with low drift rates of 0.3-0.4 Å/s, capable of sub-1 Å resolution STEM 
imaging. The rapid advancements in cryo-TEM technology have provided an invaluable tool for mitigating 
irradiation damage and examining delicate systems at atomic resolution. This has revolutionized the life 
sciences by revealing the atomic structures of sensitive biomolecules in their native states[28,44,45], a milestone 
that earned Dubochet the 2017 Nobel Prize in Chemistry[46]. Additionally, it has driven advancements in 
materials sciences[47], including energy storage materials[48,49], soft materials[50], metal-organic frame works[51], 
hybrid organic-inorganic halide perovskites[52], and quantum materials[53-55].

Despite many achievements in in situ cryo-TEM that have been reported, far less common are in situ multi-
stimuli or so-called multi-modal TEM studies of the dynamics in ferroelectric materials, especially for 
covering the low to high temperature range in a single TEM operation. For instance, by applying in situ 
heating TEM, our previous work[56] demonstrated the dislocation-mediated domain nucleation and domain 
wall (DW) pinning in single crystal BaTiO3 (BTO), where the phase transition of room-temperature 
tetragonal (T) phase to high-temperature paraelectric phase was observed directly. Ignatans et al.[57,58] 
reported local hard and soft pinning effect of 180° DWs in bulk BTO by in situ biasing TEM at room 
temperature and the direct observation of individual Barkhausen pulses by in situ biasing TEM at 130 °C. 
O’Reilly et al.[59] demonstrated that in situ annealing of single-crystal BTO specimens at 800 °C for 5 min in 
a TEM microscope promotes the reorganization of the domain structure and enhances reproducibility 
across samples. O’Reilly et al.[60] presented another case of in situ heating in STEM, from room temperature 
to above the Curie temperature of BTO, but under different environmental conditions, to provide insights 
into surface-screening mechanisms in domain dynamics. Tsuda et al.[61] applied cryo-TEM with convergent-
beam electron diffraction techniques to demonstrate localized rhombohedral (R) symmetry in the 
Orthorhombic (O) and T phases of bulk BTO. Mun et al.[62] also demonstrated a cryo-STEM study on thin 
film BTO, where atomic-resolution high-angle annular dark-field (HAADF) STEM images were presented 
at 95 K, 140 K and 300 K, respectively. Both studies lacked continuous control of temperature and were 
performed using a Gatan cryo-holder. Tyukalova et al.[63] showed a case of a wide operating temperature 
range, namely 200 ~ 400 K, using in situ heating and cryo-TEM, covering O, T, and cubic (C) phases of 
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BTO. An ultrahigh dielectric permittivity of [111]-oriented BTO single crystals in the R phase was 
attributed to the motion of by-produced 180° DWs[64]. Nevertheless, there is a critical need for direct 
observation of phase transitions and domain structures of ferroelectric materials across a broader 
temperature range. In this work, we applied an in situ multi-stimuli TEM to investigate phase transitions 
and domain evolution in single-crystal BTO, covering a broad temperature range from -175 °C to 200 °C, 
using an ultra-stable cryo-TEM holder with intermediate temperature control.

MATERIALS AND METHODS
In this study, a commercially available [110]-oriented single-crystal BTO (GK EAST Optoelectronic 
Technologies, Inc., China) was used, which has a dimension of 4 mm3 × 4 mm3 × 8 mm3. [001]-oriented 
samples (defined in the pseudocubic coordinate system) with a dimension of 4 mm3 × 4 mm3 × 1 mm3 
[Supplementary Figure 1] were sliced using a diamond wire saw (model 4240, Well Corporation, Germany) 
for dielectric measurements. For optical observations, the sliced samples were mechanically polished using 
an automatic polisher (Phoenix 4000, Jean Wirtz GmbH, Germany). Gold electrodes were sputtered onto 
two large surfaces using a sputter coater (Emitech K950X, Quorum Technologies Ltd., UK). The TEM 
specimen was prepared by cutting (001) crystal plane of the BTO sample using a focused ion beam (FIB) in 
a JIB-4600F MultiBeam System (JEOL, Japan). The as-prepared sample was subsequently mounted on a 
Thermo Fisher-compatible Heating and Biasing MEMS Nano-chip from DENSsolutions, following the 
weld-free method reported by Recalde-Benitez et al[65]. To eliminate residual stress during sample 
preparation, all investigated samples were further annealed at 200 °C for 2 h.

Dielectric permittivity measurements were obtained using an HP 4192A impedance analyzer (Hewlett 
Packard, USA) in the range from room temperature to 200 °C. These measurements were conducted under 
a 1 V root-mean-square (RMS) biasing field, utilizing a furnace (Nabertherm Inc., Germany) with a 
temperature ramp set at 1 °C/min. For measurements below room temperature, an impedance analyzer 
(Alpha-A, Novocontrol Technologies, Germany) equipped with a cryostat was used, also with a temperature 
ramp of 1 °C/min. Optical images were collected using an Axio Imager2 microscope (Zeiss, Oberkochen, 
Germany) equipped with a heating/cooling stage (HFS600E-PB4, Linkam Scientific Instruments, UK). 
Imaging was performed under differential interference contrast (DIC) and reflection modes. Bright-field 
(BF)-TEM experiments were conducted utilizing a Thermo Fisher Scientific Spectra 300 (Thermo Fisher 
Scientific, Inc., USA), operating at an acceleration voltage of 300 kV. The spot size 2 and the C2 condenser 
aperture of 150 µm were adopted. The objective aperture was 10 µm. The beam current was 3 nA. To 
acquire HAADF STEM images, the camera length was adopted as 115 mm. C2 aperture was 50 µm. The 
convergence semiangle was 21.5 mrad. The collection angle of HAADF STEM imaging was 50-200 mrad. 
The beam current was 50 pA. The multi-stimuli in situ TEM experiments, incorporating both cryo- and 
heating processes, were conducted using a double-tilt DENSsolutions Lightning Arctic holder[66] 
[Figure 1A]. BF-TEM images were acquired sequentially with a constant frame rate of 750 ms/frame. The 
temperature of the TEM specimen was increased from -175 °C to 200 °C at a rate of 10 °C/min, with pauses 
at -90 °C, 10 °C, 135 °C, and 175 °C, each lasting 3 min. After maintaining the specimen at 200 °C for more 
than 13 min, it was cooled down to -175 °C with the same rate, with pauses at 135 °C, 50 °C, 10 °C, and -90 
°C, each lasting 3 min.

RESULTS AND DISCUSSION
A DENSsolutions Heating and Biasing chip (Thermo Fisher-compatible) was employed for the in situ TEM 
experiments, as featured in Figure 1B. This MEMS-based chip contains six electrical contacts, of which four 
are dedicated to control resistive heating and the remaining two are used to apply biasing stimuli 
[Figure 1B]. The tip of the holder is connected to a metal cooling braid via a cooling rod running through 
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Figure 1. A: A DENSsolutions Lightning Arctic TEM holder for in situ biasing, heating, and cryo- experiments. The tip of the holder is
internally connected to the metallic cooling braid that is immersed in liquid nitrogen, as depicted by the blue dashed line; B: thermo
Fisher-compatible heating and biasing nano-chip for in situ TEM experiments. The scale bar is 2 mm; C: a representative SEM image of
the FIB-prepared single-crystal BTO specimen on the nano-chip. A carbon protection layer (marked as FIB-C) was deposited on the top
of BTO sample. The scale bar is 2 µm; D-F: finite element analysis simulations of the temperature distribution in the sample area during
heating at a few set temperatures, namely -174 °C, -57 °C and 215 °C while the holder is being cooled. The scale bars are 100 µm.
TEM: transmission electron microscopy; BTO: BaTiO3; FIB: focused ion beam; SEM:scanning electron microscope.

the holder. The cooling braid, attached to the back side of the holder, is immersed in a non-integrated liquid 
nitrogen dewar. Once the holder is cooled and stabilized, the heater on the nanochip can be activated to 
heat the TEM specimen locally to the desired temperature above the cryo-baseline, covering a temperature 
range from -175 ± 9 °C to the maximum temperature of 800 ± 40 °C or 1300 ± 65 °C, depending on the exact 
chip used, e.g., heating and biasing or heating only, respectively. The temperature calibration of the MEMS-
based chip uses a linear relationship between the resistance of the heater and the temperature or by 
analyzing the infrared radiation produced by MEMS-based in situ systems[67-70]. More detailed 
characterization of the temperature calibration of the nano-chips in low and high temperature ranges will be 
reported elsewhere.

As shown in Figure 1C, a carbon protection layer (marked as FIB-C) was deposited on top of the BTO 
sample. This carbon protection layer does not significantly alter the domain dynamics due to its amorphous 
nature and minimal mechanical impact. The FIB-prepared TEM specimen, with dimensions of 
approximately 4 μm² × 3 μm² and a thickness of about 150 nm, was mounted on the window between two 
platinum pads solely through van der Waals forces[65], resulting in a free mechanical boundary condition for 
the ferroelectric TEM specimen. The BTO specimen was heated using a defined step-by-step temperature 
profile ramp. To validate the temperature distribution generated by the MEMS heater while the tip is being 
cooled, we carried out a finite element analysis using COMSOL Multiphysics[71]. As depicted in Figure 1D-F, 
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the temperature distribution is homogeneous in the sample region at various temperatures. By using this
experimental setup, we were able to observe phase transitions and domain features within a temperature
range from -175 °C to 200 °C, covering the well-known phase transitions of BTO.

To validate the ultra-high stability of this in situ TEM holder at cryo-temperatures, capable of acquiring the
atomic resolution HAADF STEM image, a sequential of ten frames of HAADF STEM images were obtained
on this single-crystal BTO TEM specimen along the [001] zone axis. Each frame of the HAADF STEM
image (2048 pixels × 2048 pixels) was captured within 1.29 s, resulting in 12.87 s in total for ten frames. The
first frame is present in Figure 2A. The field of view of the HAADF STEM images is 18.37 nm × 18.37 nm.
No obvious lattice distortion is observed due to the sample drift. To quantify the drift speed of the TEM
specimen at cryo-temperature, the drift trajectory of a single Ba atomic column, representing the drift of the
whole TEM specimen, is recorded by tracking the position of this single atomic column in sequential
frames, as shown in Figure 2B. The starting point of this Ba atomic column is assigned as the origin. The
direction and spread of position changes are shown by an arrow with gradient transparency. The average
drift speed throughout the acquisition period is calculated to be 1.52 nm/min.

To estimate the phase transition temperatures of BTO, we measured the bulk BTO sample with the same
orientation during the heating process. Below -87 °C, our sample exhibited a Rhombohedral (R3m crystal
structure) phase with a relative dielectric permittivity of 1600 [Figure 3A] and permissible eight
spontaneous polarization vectors [Supplementary Figure 2]. The phase transition from the R phase to the O
occurs at -87 °C, accompanied by a dielectric anomaly [Figure 3A]. The O phase has twelve spontaneous
polarization vectors pointing toward the center of each edge of the unit cell [Supplementary Figure 2]. With
increasing temperature, the O phase transforms into a T (P4mm crystal structure) phase with four
spontaneous polarizations [Supplementary Figure 2] at around 12 °C, accompanied by a significant jump in
the relative permittivity (△ε33/ε0 = 2000). Above this transition temperature, the permittivity decreased first
and then increased up to the Curie temperature (TC = 132 °C). With further increasing the temperature, the
permittivity decreased. Note that the permittivity values in the R, O and T phases measured in this work
were higher than those reported in the mono-domain BTO crystal with the same orientation[72,73] suggesting
that our BTO sample has muti-domain states in the ferroelectric phases[74,75]. The experimentally observed
dielectric permittivity cannot be accurately calculated without further knowledge of the complex domain
structure within the crystal.

According to the Landau-Devonshire phenomenological model, the phase transition properties of single-
domain BTO crystals can be described using a limited number of parameters. The bulk Landau free-energy
density is expressed as an eighth-order polynomial expansion[76-78]:

                                                                                                                                                                                  

                                                                                                                                                                                  (1)

Where αi j, αi j k l, αi j k l m n and αi j k l m n p q are the Landau coefficients. We assume that only αi j are linearly
dependent on temperature and the others are constants. The material parameters can be found in
Supplementary Table 1. Figure 3B presents the calculated spherical maps of bulk-free energy for the
different phases. In the C phase, the energy distribution is homogeneous, reflecting its symmetric and stable
nature. Upon cooling from above the Curie temperature, the T phase emerges, characterized by four distinct
regions (i.e., the four possible orientations of polarization vectors within the T crystal structure) of energy
minima corresponding to the spontaneous polarization directions [Supplementary Figure 2]. Further
cooling leads to the O phase, displaying twelve local minima that align with the polarization vectors toward
the edges of the unit cell [Supplementary Figure 2]. Finally, the R phase exhibits eight regions of low
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Figure 2. Drift analysis in the cryo-STEM experiment at -175 °C. A: A representative HAADF STEM image from a sequence of 10 
frames. The scale bar is 5 nm; B: the drift trajectory of a sample, indicated by the arrow showing the direction and spread of position 
changes over time. The origin presents the starting position. STEM: scanning transmission electron microscopy; HAADF: high-angle 
annular dark-field.

Figure 3. A: Temperature dependence of relative dielectric permittivity (ε33/ε0) of the investigated single-crystal BTO sample measured 
at 1 kHz; B: calculated spherical map of bulk-free energy for C, T, O and R phases. The favored polarization vectors point toward regions 
with local energy minima (blue). The C phase represents a uniformly nonpolar state without distinct domains. R: Rhombohedral phases; 
O: orthorhombic; T: tetragonal; C: cubic; BTO: BaTiO3.

energy[79], correlating with the spontaneous polarization directions [Supplementary Figure 2]. This 
comprehensive data illustrates the intricate relationship between temperature, dielectric permittivity, and 
phase transitions in BTO single crystals. The transitions from R to O, T, and finally to C phase highlight the 
complex structural changes that significantly influence the dielectric properties of the material. 
Understanding these transitions is crucial for manipulating and utilizing BTO in practical applications such 
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as capacitors, sensors, and actuators, where precise control of dielectric properties is essential. The Landau-
Devonshire model, coupled with the empirical data presented, offers a robust framework for predicting and 
explaining these phase transitions and their impact on material performance. The energy equivalence of 
various spontaneous polarization directions results in the formation of ferroelectric domain structures, 
which significantly influence the electrical properties of the material.

To monitor domain nucleation and evolution during the above-mentioned phase transitions, the in situ 
cryo- and heating TEM characterization is conducted on a single-crystal BTO specimen. The orientation of 
BTO specimen is further confirmed by the selected area electron diffraction (SAED) pattern taken at -160 
°C, see Supplementary Figure 3. At -150 °C, both 71° and 180° DWs in the R phase are observed, which are 
not edge-on walls as shown in the BF-TEM image [Figure 4A and see schematics of these domain 
configurations in Supplementary Figure 4A]. Note that the 71° and 180° DWs have 0° and ~27° with respect 
to the reference [010] direction, respectively. Interestingly, a zigzag pattern composed of both 60° and 120° 
DWs is featured in the O phase [see the BF-TEM image obtained at -60 °C in Figure 4B and schematics in 
Supplementary Figure 4B]. The normal of these 60° DWs rotates with increasing temperature, rather than 
remaining fixed to any crystallographic axis[80], as seen in Supplementary Video 1. This zigzag to stripe 
pattern transition between O and T phases in BTO crystal was previously observed by piezoresponse force 
microscopy[75]. Additionally, edge-on 90° DWs are captured in the O phase, with the walls running along the 
[010] crystallographic axis. Note that both 120° and 90° DWs have walls parallel to the [010] direction, while 
the 120° DWs are not imaged edge-on. With further heating above the transition temperature of O phase to 
T phase, we document a-a and a-c type 90° ferroelastic DWs [see the BF-TEM image obtained at 50 °C in 
Figure 4C and Supplementary Figure 4C], with the boundaries running along the [010] and [110] 
crystallographic axes, respectively. The a-c type 90° DWs vanish and transform into a-a type 90° DWs once 
the temperature is higher than 60 °C [Figure 4D]. As the temperature approaches the TC, the a-c needle 
DWs disappear. Above TC, no distinct domain features are observed [see the BF-TEM image obtained at 200 
°C in Figure 4E]. The stripe-like color contrasts in the image were typical bending contours in this case[81,82]. 
Detailed temperature profile is shown in Figure 4F and domain evolution during the complete in situ 
heating TEM process is provided in Supplementary Video 1.

Figure 5 offers a comprehensive view of the domain evolutions observed through in situ cooling/cryo-TEM 
characterization across a range of temperatures, from the high-temperature C phase to the R phase at cryo-
temperatures. Below the TC, the nucleation of needle-like domains and a1-a2 90° DWs are present, 
remaining stable below TC. This phenomenon is attributed to the large permittivity response of BTO, which 
arises from dielectric tensor anisotropy[82,83], where the permittivity of a domains significantly exceeds that of 
c domains (ɛa > ɛc). Specifically, at 75 °C, the BF-TEM image [Figure 5B] reveals the edge-on a1-a2 90° 
domains. As the temperature decreases, these 90° a-a type DWs transform into a-c 90° lamellar DWs below 
a certain temperature, with the domain boundaries becoming almost parallel to the [010] direction. This 
increase in DW density and the reduction in domain size may contribute to the observed rise in permittivity 
prior to the T-to-O phase transition, as seen in Figure 3. To double check the evolutions of domain 
structures in single-crystal BTO, we capture optical images as the temperature decreases from 140 °C to 30 
°C. At 140 °C, the material is in the C phase, with no distinct domain structures visible [Supplementary 
Figure 5]. As the temperature drops to between 131 °C and 126 °C, a1/a2 DWs projected along the <110>pc 
axis begin to appear, indicating the transition to the T phase. In the temperature range of 128 °C to 122 °C, 
both a1/a2 and a/c domains coexist. Further cooling to temperatures between 120 °C and 30 °C shows an 
increase in the density and complexity of the DWs, with well-defined a1/a2 and a/c domains. The detailed 
domain nucleation and evolution processes during cooling from 140 °C to 30 °C are provided in 
Supplementary Video 2. Our optical microscopy results are in good agreement with the TEM observations 
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Figure 4. A-E: Representative BF TEM images obtained along [001] zone axis of the BTO sample during in situ heating process. The
scale bars are 500 nm; F: the plot shows temperature (T) vs. time, with points A-E highlighted at different temperatures, corresponding
to BF-TEM images labeled A-E. T: Tetragonal; R: rhombohedral phases; O: orthorhombic; TEM: transmission electron microscopy; BTO:
BaTiO3; BF: bright-field; DW: domain wall.

during the cooling process across the C-to-T phase transition. The transformation in the domain 
configuration from a-a to a-c mirrors the behavior previously observed in low-strain BTO thin films[84] and 
is similar to recent findings in TEM specimens of BTO[58,60,63] This reconfiguration might be attributed to the 
material undergoing the subsequent low-temperature phase transition from T to O[85], possibly facilitated by 
the low-strain conditions of the BTO sample. In the O phase, at -50 °C, non-edge-on 120° DWs oriented 
along the [010] reference direction are captured [Figure 5D]. These DWs are indicative of the structural 
adjustments BTO undergoes as it transitions from the T phase. Furthermore, in the R phase, observed at -
175 °C, we document non-ferroelastic 180° DWs, along with ferroelastic 71° and 109° DWs [Figure 5E]. For 
a wall that is not imaged edge-on, it corresponds to the 71° DW. For the edge-on DW marked by the red 
arrow in Figure 5E, it could be attributed to either a neutral 109° DW or a charged 71° DW. These 
variations in DW types and orientations highlight the complex interplay of structural and ferroelectric 
properties in BTO as it cools through different phase transitions. The cooling process, depicted stepwise in 
Figure 5F, elucidates the sequential nature of these phase transitions and domain evolutions. The detailed 
domain evolution during the cooling process is provided in Supplementary Video 3.

In ferroelectric materials, spontaneous electric polarization is typically coupled with spontaneous 
mechanical strain, forming domains with uniform dipole and strain. While domain formation reduces 
elastic strain and depolarization fields, it introduces gradients of spontaneous strain and electrical charge 
between adjacent domains, thereby increasing the energy due to DWs. The equilibrium domain structure in 
ferroelectrics is such that it minimizes the total energy resulting from these effects[86,87]. To reduce the 
spontaneous strain gradient, DWs ideally form on planes where the spontaneous strain is identical for both 

microstructures4050-SupplementaryMaterials.zip
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Figure 5. In situ cooling TEM characterization of all four phases of BTO. A-E: BF TEM images obtained along [001] zone axis of the BTO
sample. The scale bars are 500 nm; F: the plot shows temperature (T) vs. time, with points A-E highlighted at different temperatures,
corresponding to BF-TEM images labeled A-E. T: Tetragonal; R: rhombohedral phases; O: orthorhombic; TEM: transmission electron
microscopy; BTO: BaTiO3; BF: bright-field; DW: domain wall.

domains in any direction within the plane. These are termed permissible walls. Additionally, ferroelectric
DWs are usually charge-free, meaning the spontaneous polarization on either side results in no net electrical
charge, thus forming neutral DWs. When two domains with different spontaneous polarizations meet, the
polarization vector and strain tensor transition from one state [P(−∞), e(−∞)] to another state [P(+∞), e(+∞  
In the transition region, DWs with specific orientations are formed. The normal vector of the DW, n = (x1, x2, 
x3) of the DWs must satisfy mechanical compatibility conditions[80,88,89]:

                                                                                                                          ,                                                        (2)

where eij(+∞) and eij(−∞) are the components of the spontaneous strain tensor in each domain, and xm, xn are
the geometric coordinates. DWs can be classified into ferroelastic and non-ferroelastic types based on their
ferroelastic properties. Non-ferroelastic DWs, where the spontaneous polarization vectors on either side are
antiparallel, are referred to as 180° DWs. These DWs satisfy the condition eij(+∞) − eij(−∞) = 0, thus N = ∞.
Ferroelastic DWs, where the spontaneous polarization vectors are not parallel, are known as non-180° DWs,

with N = 2. As a result, 12 typical types of neutral DWs that meet mechanical compatibility in BTO system,
identified by the phase structure (R, O, T) and the angle between the spontaneous polarization vectors
(180°, 120°, 109°, 90°, 71°, 60°).

Based on our MEMS-based in situ cryo-/heating TEM results, we summarized the observed orientations of
these DWs in Table 1. Note that the O60 DW is a typical S-type DW, whose normal direction nO60 is
determined by the material’s spontaneous strain tensor[80]. The detailed set of plausible neutral and

)].
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Table 1. Cartesian components of boundary conditions and domain-wall normal vectors for polarizations in adjacent domain states 
for the inspected DWs

Wall P(−∞) P(+∞) DW normal vector

T90 (1, 0, 0) (0, -1, 0) (81, 81, 0)

T180 (1, 0, 0) (-1, 0, 0) (0, 81, 81)

O90 (81, 81, 0) (81, 81, 0) (1, 0, 0)

O180 (81, 81, 0) (81, 81, 0) (81, 81, 0)

O60 (81, 81, 0) (0, 81, 81) �O60

O120 (81, 81, 0) (0, 81, 81) (81, 0, 81)

R180{211} (81, 81,81) (81, 81, 81) (81, 81, 81)

R109 (81, 81, 81) (81, 81, 81) (0, 0, 1)

R71 (81, 81, 81) (81, 81, 81) (81, 0, 81)

DW: Domain wall.

mechanically compatible DW types is schematically displayed in Supplementary Figure 4. It is noted that we 
are not able to find all permissible DWs in BTO; for instance, 180° DWs are not visible in the T phase in our 
BTO lamellae. It should be noted that 180° DWs in the T or O phase do not have a well-defined direction as 
they usually exhibit a meandering morphology in experiments. This may be caused by the DWs projected 
along the <100> pc or <010> pc axis, but not visible on the (001) planes. Our observations provide a detailed 
understanding of the domain dynamics in BTO single crystals, emphasizing how temperature variations 
influence the formation and stability of different domain structures. The in situ TEM characterization 
allows for real-time monitoring of these changes, offering valuable insights into the fundamental 
mechanisms governing the ferroelectric and ferroelastic properties of BTO. This knowledge is crucial for 
optimizing the material’s performance in various applications[84,90], including capacitors, sensors, and 
actuators, where precise control over domain configurations and transitions can significantly enhance 
functionality.

CONCLUSIONS
In this study, we demonstrated HAADF STEM imaging under ultra-stable conditions with an average drift 
speed of 1.52 nm/min at the cryo-temperature, providing unparalleled opportunities for atomic-resolution 
in situ STEM imaging over a wide temperature range. We employed in situ cooling and heating TEM to 
investigate the phase transitions and the evolutions of ferroelectric-ferroelastic domains in single-crystal 
BTO vs. temperature varied in a continuous manner. By cycling the sample through a wide temperature 
range from -175 °C to 200 °C in a single in situ TEM experiment, encompassing the Curie temperature and 
the transition temperatures between the T, O, and R phases, we were able to examine the intricate behavior 
of the domains and DWs. We confirmed that BTO exhibits distinct domain structures and DW 
configurations in different phases. Specifically, we observed a dense, metastable configuration of competing 
a-c and a-a domain variants visualized through TEM. These observations were further corroborated by in 
situ cooling optical microscopy studies. The formation and behavior of different DWs were identified for all 
mechanically compatible and electrically neutral domain-wall types throughout the entire temperature 
range of the ferroelectric phases. To the best of our knowledge, this is the first time such experimental 
techniques have been utilized in this context. This novel approach allowed us to capture real-time changes 
in domain structures as the material underwent various phase transitions. The detailed mapping of domain-
wall dynamics and phase transitions may offer invaluable insights that can improve theoretical models and 
simulations, thereby contributing to a deeper understanding of the fundamental mechanisms governing 
ferroelectric behavior.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202410/microstructures4050-SupplementaryMaterials.pdf
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The demonstration of the capabilities of the presented MEMS-based in situ TEM holder represents a 
promising step toward studying ferroic phase transitions across a continuous cryo-temperature range. In 
the near-future findings that combining a wide temperature range together with electrical stimuli will be 
presented. Furthermore, this study paves the way for future experimental and theoretical investigations 
using in situ heating and cooling TEM techniques. The successful application of these techniques to BTO 
suggests that they could be similarly applied to other ferroelectric materials, potentially leading to new 
discoveries and advancements in the field. Future research could explore the effects of external electric 
fields, mechanical stresses, charge distribution, and defect structures such as oxygen vacancies[91] and 
dislocations[56,92,93] on domain behavior and phase transitions. Our study demonstrates the power and utility 
of MEMS-based in situ TEM methods for studying the dynamic behavior of ferroelectric materials. The 
comprehensive analysis of BTO provided by this work not only advances our understanding of its phase 
transitions and domain dynamics, but also sets the stage for further research and development in the field of 
functional materials such as ferroelectrics and superconductors.
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