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Superelastic materials capable of recovering large nonlinear strains
are ideal for a variety of applications in morphing structures,
reconfigurable systems, and robots. However, making oxide mate-
rials superelastic has been a long-standing challenge due to their
intrinsic brittleness. Here, we fabricate ferroelectric BaTiO3 (BTO)
micropillars that not only are superelastic but also possess excellent
fatigue resistance, lasting over 1 million cycles without accumulat-
ing residual strains or noticeable variation in stress–strain curves.
Phase field simulations reveal that the large recoverable strains of
BTO micropillars arise from surface tension–modulated 90° domain
switching and thus are size dependent, while the small energy bar-
rier and ultralow energy dissipation are responsible for their unprec-
edented cyclic stability among superelastic materials. This work
demonstrates a general strategy to realize superelastic and fatigue-
resistant domain switching in ferroelectric oxides for many potential
applications.

superelasticity | oxide micropillars | surface tension | ferroelectric
switching | fatigue

Superelastic materials are capable of recovering large amount
of nonlinear “plastic” strains, way beyond their linear elastic

regimes (1–4). They are ideal for a variety of applications from
morphing structures, reconfigurable systems, to robots (5–8).
The effects have traditionally been associated with macroscopi-
cally compliant/ductile rubbers (2) or microscopically phase-
transforming shape memory alloys (SMAs) (7–11). The only
macroscopically brittle oxide recently discovered to be superelastic
is ZrO2-based micropillars or particles (12–20), which is realized
via austenite-martensite phase transformation similar to SMAs.
Although ultimate strengths approaching the theoretical limit
have been demonstrated in nanoscale samples (21, 22), long fa-
tigue life is elusive, which is arguably more important for most
applications. As a matter of fact, poor fatigue life has been a long-
standing challenge for oxide ceramics in general (23, 24). Even for
ductile SMAs that enjoy excellent fatigue life, irrecoverable re-
sidual strains gradually accumulate over cycling, leading to sub-
stantial variations in stress–strain curves at different cycles (9, 10,
25). We overcome these difficulties by reporting superelastic
barium titanate (BaTiO3 [BTO]) micropillars enabled by surface
tension–modulated 90° domain switching, which exhibit excellent
fatigue resistance, while bulk BTO crystals or ceramics are rather
brittle. The demonstration of over one million cycles of loading and
unloading without accumulating residual strains or noticeable

variation in stress–strain curves is unprecedented among
superelastic materials.
BTO is a ferroelectric oxide exhibiting modest piezoelectric

strains around 0.1 to 0.2% (26) and fracture toughness of ∼1
MPa ·m1/2, and thus it is quite brittle (27). Considerable research
efforts have been devoted to enhancing its electric field–induced
strain via 90° ferroelectric domain switching (28–30). However,
the process is often irreversible, and external mechanisms such as
restoring force (28, 29) and internal mechanisms such as defect
pinning (30) have to be invoked to make the electrostrain re-
coverable. Nevertheless, it hints at the possibility of BTO being
made superelastic by taking advantage of the stress-induced 90°
domain switching (6). Earlier works suggest that surface tension
induces an in-plane compressive stress that favors the axial po-
larization in one-dimensional ferroelectrics at small size (31, 32),
which may provide the necessary restoring mechanism for the
stress-switched domains. Thus, if a compressive axial force is ap-
plied, reversible domain switching may occur during unloading,
leading to superelasticity. To verify this hypothesis, we fabricated
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single-crystalline BTO micropillars from [001]-oriented bulk
crystals (SI Appendix, Fig. S1A) via focused ion beam (FIB), as
detailed in Materials and Methods and SI Appendix, Fig. S1B. The
diameters (Φ) of the micropillars range from 0.5 μm to 5 μm, with
their height to diameter ratio fixed at 3. No visible defects can be
seen from the scanning electron microscopy (SEM) images of
these micropillars shown in Fig. 1 A–D, and their surfaces appear
to be quite smooth, suggesting that no apparent damages are in-
duced by FIB.

BTO Micropillars Fabrication and Stress–Strain Curve
Measurement
We first characterize BTO single crystals used for micropillars.
The dielectric measurement of the BTO single crystals shows an
anomaly at 135 °C (SI Appendix, Fig. S2A), corresponding to its
cubic-tetragonal phase transition. The X-ray diffraction (XRD)
of the unpoled BTO single crystal confirms its tetragonal sym-
metry with a c/a ratio of 1.01 at 25 °C (SI Appendix, Fig. S2B).
The crystal was then poled along the [001] axis as schematically
shown in SI Appendix, Fig. S1A. Under a cyclic electric field
loading, the crystal exhibits typical ferroelectric hysteresis and
butterfly loops (SI Appendix, Fig. S3A) with a spontaneous po-
larization of 26 μC/cm2 and an electrostrain of 0.012%. The
strain is substantially smaller than that expected from c/a ratio
due to the lack of 90° domain switching (28–30). A compressive
stress of 15 MPa, on the other hand, is sufficient to completely
depolarize the crystal via 90° domain switching, resulting in re-
sidual strains as large as 0.95% (SI Appendix, Fig. S3B), close to
its spontaneous strains of 1.05%.

We then examine the mechanical responses of BTO micro-
pillars by compressing them along their long axis using a Hysitron
TI-950 nanoindentor with a diamond flat punch. All the experi-
ments are conducted at room temperature that is far from the
phase transition temperature of BTO. Considering the fact that
stress usually increases the transition temperature of BTO (33),
the stress-induced phase transformation is not expected to occur
in BTO micropillars. Measuring the load-displacement of the
micropillars accurately is quite challenging due to the inevitable
deformation of the substrate. Therefore, we also employed the
dual-pillar method recently developed in ref. 34 to study such
effects (SI Appendix, Fig. S4). Indeed, we found about 10∼20%
overestimation of strains. All of the analyses are based on the
corrected stress–strain curves, while uncorrected ones are presented
in SI Appendix, Fig. S5. For micropillars with relatively large di-
ameters (e.g., 5 μm) (Fig. 1E), the first cycle stress–strain curve
consists of an initial linear regime, a plateau regime corresponding
to rapid 90° domain switching during which the strain accumulates
without increasing stress, and then a subsequent linear regime fol-
lowed by the unloading curve with a slope similar to the second linear
regime during loading. This results in a large residual strain of 0.7%,
very similar to the stress–strain curve of SI Appendix, Fig. S3B for the
bulk crystal. The second cycle of loading and unloading is drastically
different from the first one, exhibiting linear elastic behavior since 90°
domain switching is already exhausted in the first cycle.
However, when the micropillar diameter decreases to 2 μm

(Fig. 1F), the transition between initial linear regime and stress
plateau in the stress–strain curve become less well defined, and
the unloading after the subsequent linear regime (up to 0.98% of

Fig. 1. Superelastic BTO micropillars below a critical size. (A–D) SEM images of the micropillars with Φ = 5, 3, 2, and 0.5 μm. (E–G) The first and second cycles
of stress–strain curves for BTO micropillars with Φ = 5, 2, and 0.5 μm. (H) Sr/Smax and ΔW/Wmax during the first cycle for BTO micropillars of different diameters.
Here, Sr and Smax denote the residual strain and the maximum strain (SI Appendix, Fig. S6A), while ΔW and Wmax are energy dissipated and stored in the first
cycle, respectively (SI Appendix, Fig. S6F).
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strain) no longer follows the linear slope. Instead, the unloading
curve goes through a plateau (via reversed 90° domain switching)
followed by another linear regime, resulting in almost complete
recovery of the strain with a residual strain as small as 0.05%.
The second cycle loading and unloading curve closely follows the
first cycle, with almost an identical residual strain of 0.05% ref-
erenced to the virgin state. Therefore, we achieve superelastic be-
havior in the micropillar with a diameter of 2 μm, although there is
still large hysteresis. When the diameter is further reduced to 0.5 μm
(Fig. 1G), we can hardly differentiate the linear, plateau, and sub-
sequent linear regimes in the loading curve, and only slight change in
slopes can be seen throughout the loading range. After unloading,
the large strain of 1.0% is almost completely recovered with a re-
sidual strain of 0.06%, while the hysteresis is much smaller than the
2-μm diameter micropillar. The second cycle closely follows the first
one as well, and the behavior is drastically different from that of the
bulk crystal shown in SI Appendix, Fig. S3B. Stress–strain curves for
micropillars of other diameters are presented in SI Appendix, Fig. S6.
It is also interesting to examine the ratios of residual strain

(Sr/Smax) as well as energy dissipated (ΔW/Wmax) for micropillars
of different diameters in the first cycle, as summarized in
Fig. 1H, for which five specimens are tested for each diameter.
The size effect is evident, showing a clear transition from 3 to
2 μm with sharp decreases in both residual strain and hysteresis.
Note that some micropillars with Φ = 3 μm can recover a large
strain in the first few cycles and then lose its recoverability upon
further cycling (SI Appendix, Fig. S6 D and E), resulting in un-
characteristically large data scattering seen in Fig. 1H.
To understand the large recoverable strain in the BTO micro-

pillars at small size, we carry out the piezoresponse force mi-
croscopy (PFM) mapping (SI Appendix, Fig. S7) and switching (SI
Appendix, Fig. S8) experiments, which confirm that the micro-
pillars are ferroelectric with switchable polarization. The 90° do-
main switching process under stress has also been captured by
in situ transmission electron microscopy (TEM; SI Appendix, Fig.
S9 and Movie S1), acquired from a thin plate sample instead.
However, this switching mechanism alone is not sufficient to ex-
plain the remarkable superelastic recovery of large strain in
micropillars with smaller diameters. One of the possible mecha-
nisms for the strain recovery is the effect of depolarization field.
However, the micropillars have the same aspect ratio while the
depolarization field is independent of the size, and thus it cannot
explain the difference in the strain recovery for micropillars of
different diameters. It has also been suggested that surface tension
may play an important role in micropillars due to their small sizes,
and the magnitude of surface tension increases with decreasing
micropillar diameter (31, 32, 35). In order to verify this effect, we
carried out phase field simulation as detailed in Materials and
Methods, taking into account the surface tension that is inversely
proportional to the radius of the micropillars (31, 32).

Thermodynamic Analysis and Phase Field Simulation
We first examine the thermodynamic stability of different polari-
zation states under the influence of surface tension. For easier vi-
sualization, we only considered the competition between P1 and P3.
In the absence of surface tension, there are four degenerate wells in
the thermodynamic potential energy surface as a function of po-
larization component P1 and P3 (Fig. 2A), corresponding to equiv-
alent a+/− and c+/− domains in a bulk crystal. Under the influence
of surface tension, compressive radial stresses of σ11 = σ22 = 2γ=Φ
appear on the side surface of the micropillar (31, 32). The ener-
getics of the 5-μm micropillar is only slightly modified with four
wells remaining (Fig. 2B), and c+/− domains become slightly favored
over a+/− domains as expected. A micropillar with Φ = 0.5 μm, on
the other hand, is drastically different, wherein a+/− domains be-
come unstable as the corresponding energy wells disappear, leaving
only 2 wells representing the c+/− domains (Fig. 2C). This can be
seen more clearly in the energy curve in Fig. 2D following the path

from a+/− domains to c+ domain as identified by the black curve in
Fig. 2C, wherein one energy well at c+ domain is evident while
a+/− domains are energetically unstable. This suggests that smaller
micropillars contain larger fractions of more stable c domains,
which is consistent with PFM poling experiment (SI Appendix, Fig.
S8). The energetics, however, can be shifted by a compressive axial
stress, which stabilizes a+/− domains resulting in reappearance of
two corresponding energy wells (Fig. 2D). At a high compressive
stress of 200 MPa, the energetic balance is tipped, and the a+/−

domains become more stable, while further increase in compres-
sive stress can destabilize c+ domain. As such, stress-induced 90°
domain switching occurs, leading to a large strain that can be
recovered upon unloading due to surface tension.
The superelastic stress–strain curve of the 0.5-μm micropillar

obtained from three-dimensional phase field simulations shown
in Fig. 2E agrees well with the corresponding experiment ob-
servation. The domain evolution during superelastic loading and
unloading is shown in Fig. 2 G–K (corresponding to points
marked on the stress–strain curve in Fig. 2E) and Movie S2. Note
that the end surfaces have predominantly in-plane polarization
in the virgin state while the majority of interior polar vectors are
axial, presumably to reduce the depolarization energy, and this is
consistent with the large lateral PFM signal seen in SI Appendix,
Fig. S7. For the 5-μm micropillar, on the other hand, the strain
from 90° domain switching is not recoverable after unloading (SI
Appendix, Fig. S10B), resulting in a stress–strain curve shown in
Fig. 2F and SI Appendix, Fig. S10C with a large residual strain.
The lack of switching recovery for the 5-μm micropillar is shown
in SI Appendix, Fig. S10 D–H and Movie S3. Therefore, the size
effect observed from the experimental stress–strain curves of BTO
micropillars is explained very well by the phase field simulation,
particularly the switching and recovery of 90° domains during
loading and unloading. It can also be captured by the variation of
surface stress versus diameterΦ presented in SI Appendix, Fig. S11,
from which the critical diameter can be identified. In fact, signifi-
cant size effect has been reported for micropillars, wires, particles,
and membranes of various materials including metals (36–38),
ceramics (12–20, 39), SMAs (8–10, 40), and ferroelectrics (6, 31,
32, 35, 41), and some of the observations have been attributed to
surface tension (6, 31, 32, 35, 36, 41). For example, Diao et al.
found that, in gold nanowires, irreversible phase transition occurs
when its cross-sectional size approaches a few nanometers due to
much increased surface-to-volume ratio (36), while Dong et al.
reported that the surface stress can significantly modulates the
energy landscape of BTO membranes, allowing the dipoles to ro-
tate continuously during bending (6).

Fatigue and Strength Characterization
One of the major issues facing oxide micropillars is their poor fa-
tigue life. Our BTO micropillars, on the other hand, demonstrate
remarkable fatigue resistance as seen in Fig. 3A. Indeed, after
loading and unloading for one million cycles, the stress–strain
curves of a micropillar with Φ = 0.58 μm show no sign of degra-
dation, recovering strains as large as 1.0% under a stress of 203
MPa and with a residual strain as small as 0.08% (The original data
are presented in SI Appendix, Fig. S12.) Furthermore, there is
negligible variation in the stress–strain curves from the second
cycle and on. Micropillars with diameters ≤2 μm show similar fa-
tigue characteristics, going up to 10 thousand cycles without failure
(SI Appendix, Fig. S13). The SEM images of the as-milled 0.58-μm
micropillar (Fig. 3B) and after one million cycles (Fig. 3C) show
virtually no difference, with no damages or defects induced by
cycling seen, demonstrating its excellent fatigue resistance.
We also measure the ultimate compressive strength of BTO

micropillars with Φ = 0.5 μm, reaching an ultrahigh strength of
5.3 GPa, which is two orders of magnitude higher than bulk BTO
of only 30 MPa (42). It actually approaches the theoretical
strength of BTO crystal estimated to be 7 GPa based on the
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shear modulus of 70 GPa (43). The energy density consumed
upon fracture is estimated to be 162 MJ/m3, while the cyclic
energy dissipation density is estimated to be only 0.14 MJ/m3 per
cycle, which is three orders of magnitude smaller, explaining its
outstanding fatigue resistance. In comparison, ZrO2 micropillars
have larger hysteresis with energy dissipation density of about

38 MJ/m3 (12). For BTO micropillars with Φ = 1 μm and 2 μm,
the strength is reduced to 4.6 GPa and 2.4 GPa, respectively, and
such size effect can be attributed to the “starvation” of preex-
isting dislocations in the pillars with smaller sizes (37, 44, 45).
The SEM images of these micropillars before and after com-
pression tests are illustrated in SI Appendix, Fig. S14.

Fig. 2. Superelasticity via surface tension–modulated ferroelectric switching. Free energy contours calculated based on the Landau–Devonshire theory for
BTO micropillars without surface tension, regardless of diameter (A), and with surface tension, having Φ = 5 μm (B) and 0.5 μm (C); c+/− and a+/− represent the
corresponding domains. (D) Free energy profiles along the path marked by the black curve in C for BTO micropillar with Φ = 0.5 μm under different com-
pressive stresses. Stress–strain curves calculated by phase field simulation for BTO micropillar with Φ = 0.5 μm (E) and 5 μm (F). (G–K) Representative domain
configurations in 0.5-μm micropillar during loading and unloading, corresponding to the points of G–K in E. The arrows represent the polarization vectors,
and the colors indicate the axial polarization component.
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Comparison with Other Superelastic Materials
Fig. 4 compares the fatigue lives and strengths of our BTO
micropillars with other superelastic materials. The fatigue lives of
BTOmicropillars outperform previous zirconia-based micropillars

and particles (12–20) and are on par with NiTi SMA micropillars
(10) as well as rubbers (46) (Fig. 4A). This is exceptional since bulk
BTO is brittle (27, 47), whereas NiTi, CuAlNi, and rubber all
enjoy excellent fatigue lives in bulk forms. The stresses needed to

Fig. 3. Fatigue-free BTO micropillars and their ultrahigh strength. (A) Cyclic stress–strain curves of BTO micropillar with Φ = 0.58 μm up to one million cycles. SEM
images of BTO micropillars with Φ = 0.58 μm before (B) and after (C) fatigue test. (D) Monotonic stress–strain curves for micropillars with Φ = 0.5, 1, and 2 μm.

Fig. 4. Comparison of BTO micropillar with other superelastic materials. (A) Fatigue life. (B) Strength. Variation of normalized energy dissipation (C) and
residual strain (D) over cycling. ΔWn and ΔW1 represent the energy dissipated in the nth and the first loading cycle, respectively.
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realize superelasticity in BTO micropillars are in the range of 40 to
100 MPa, much smaller than SMA and ZrO2 micropillars, and are
only larger than rubber. Furthermore, the ultimate strength of the
BTO micropillar is higher than other materials (Fig. 4B), partly
responsible for its excellent fatigue life as the necessary stress for
superelasticity is much smaller. In addition, while other superelastic
micropillars suffer from large variations in stress–strain curves
during cycling, as measured by the amounts of their normalized
energy dissipation (Fig. 4C), as well as continuous accumulation of
residual strains over cycling (Fig. 4D), BTO micropillars are re-
markably stable with negligible variation in stress–strain curves and
virtually no accumulation of residual strains. Indeed, the energy
dissipation of NiTi micropillars varies by about 55% after one
million cycles, whereas BTO micropillars only vary by about 3%,
with only 0.08% residual strain, most of which was induced in the
first cycle. NiTi micropillars, on the other hand, gradually accu-
mulate residual strains of 3% (10). Such drastic differences in cy-
cling stability is due to 90° domain switching in BTO instead of
phase transition, which usually has much lower energy barriers (28,
47) and thus much smaller energy dissipation. Furthermore, dislo-
cation generation and motion are very difficult in oxides (26),
making plastic deformation negligible.
In summary, we have demonstrated excellent superelasticity with

remarkable fatigue resistance of BTO micropillars. The surface
tension–modulated 90° domain switching uncovered in superelastic
BTO micropillars is advantageous over the conventional phase
transition mechanism, and it is distinct from freestanding BTO
membranes as well (6, 48). The same mechanism will likely operate
in other ferroelectric materials, for example, in PbTiO3 (49), which
is expected to generate even larger recoverable strains. While do-
main switching in ferroelectrics is relatively well understood, and
size effect has been widely investigated, our work presents the very
first observation that the size-related surface tension can serve as a
restoring force for domain switching, resulting in not only superior
superelastic behavior but also fatigue-resistant cyclic performance.
Such BTO micropillars could potentially be utilized as dampers in
micro-electro-mechanical system (MEMS) devices, as pointed out
by Lai et al. (6) and San Juan et al. (7–9). This work thus provides
understanding to ferroelectrics while demonstrates a promising
strategy to realize fatigue-resistant superelasticity in functional
oxides.

Materials and Methods
Material Preparation and Characterization. The BTO crystals were provided by
the Shanghai Institute of Ceramics, Chinese Academy of Sciences. They are cut
along the [001] direction with dimension of 5 × 5 × 1 mm3 (SI Appendix, Fig.
S1A). The two opposite 5 × 5 mm2 faces were polished carefully by diamond
paste with a roughness of 2 nm. Its Curie temperature is 135 °C, which was
determined by measuring the evolution of the dielectric constant as a function
of temperature with an impedance analyzer from room temperature (25 °C) to
200 °C (TH2827 Changzhou Tonghui Electronic Co., Ltd), as presented in SI
Appendix, Fig. S2A. The mechanical distortion S0 = c/a−1 measured by XRD
method is about 1.05% at 25 °C (SI Appendix, Fig. S2B).

The electrical poling was conducted at 130 °C with a DC electric field of
500 V/mm. After poling, the domain structure of the specimen was examined
by polarized light microscopy to ensure that the sample is fully poled. The
polarization of the material is about 26 μC/cm2 (SI Appendix, Fig. S3A), char-
acterized by the type Sawyer–Tower circuit. The strain was measured by two
strain gauges. Results show that the measured strain is only 0.01%. The me-
chanical depolarization behavior of bulk BTO single crystal (5 × 5 × 5 mm3) was
also measured. SI Appendix, Fig. S3B displays the polarization versus stress
curve and the strain versus stress curve, from which we can determine that, for
the bulk BTO crystal, the critical stress at which domain switching begins is
about 2 MPa and that the compressive stress of 15 MPa can completely de-
polarize the crystal via 90° domain switching, resulting in residual strain as
large as 0.95%.

BTO Micropillar Fabrication. Cylindrical micropillars with diameter Φ of 0.5, 1,
2, 3, 4, and 5 μm, respectively, were milled by a dual-beam FIB with the FEI
Nano Lab 600i system on the 5 × 5 mm2 surface of the BTO crystal

(SI Appendix, Fig. S1), with a successful rate of nearly 100%. The axial di-
rection of the micropillar was selected along the [001] direction to facilitate
90° domain switching under compressive stress, which gives the largest
ferroelastic strain. For all micropillars, the ratio of height to diameter is
fixed at 3. The taper angle was measured for all micropillars with a value
of 2°∼4°.

Prior to fabricating micropillars, a 5 to 10 nm platinum (Pt) film was de-
posited on the top surface of the BTO sample to enhance conductivity. This
thin film was locally removed before milling micropillars by FIB. The fabri-
cation conditions of all micropillars were at 30 kV and 9.3 nA for rough-cut
and 26 pA for final polishing using Ion beam of Ga ions. Five pillars were
prepared for each size.

Constitutive Behavior of the BTO Micropillars. The stress–strain curves of the
BTO micropillars were measured by a nanoindenter (Hysitron TI 950) equipped
with a diamond flat-end punch (10 μm) at room temperature (25 °C), with
loading directions along the long axis (SI Appendix, Fig. S4). The stress σ and
the strain e of micropillars were calculated using σ=|P/A0| and e=|Δh/h0|, re-
spectively. Here P, Δh, h0, and A0 are the applied load, the height reduction,
the original height, and the top area of the micropillars, respectively. The
monotonic test of micropillar was conducted in triangular waveform with
loading-unloading rate of 10 MPa/s, without mechanical holding. The cyclic
fatigue test was conducted at 2 Hz under the minimum stress of zero to the set
maximum stress. All tests were performed with thermal drift correction in
machine system and a high acquisition rate of 1,000 points per second. In
particular, a noncontact Bruker NPFLEX 30 surface metrology system was used
to measure the height changes of the micropillars after certain cycles of
compression, and then the average height difference between the top surface
of the micropillars and the bottom substrate is used to calibrate the residual
displacement and the residual strain (10).

Measuring the load displacement of themicropillars accurately is challenging
due to the inevitable deformation of the substrate, and the effect is
corrected by the dual-pillar method developed recently (34). Five micro-
pillars with Φ of 0.5, 1, 2, 3, 4, and 5 μm and heights of only 0.2 μm are
fabricated, and their load-displacement curves are measured by nano-
indentation. By subtracting the measured displacement of the short pillar
from that of the long pillar, accurate stress–strain response of the uniformly
deformed middle part of the long pillar can be obtained. The corresponding
true strains are calculated as

« =
⃒⃒
(δl − δs)=(hl − hs)

⃒⃒
,

where « represents the strain, δl is the total deformation of the long
micropillars measured by the nanoindentation, δs is the deformation of the
short micropillars under the same load, and hl and hs represent the height of
the long and the short pillars. Results demonstrate the overestimation of the
axial strain by 10∼20%.

PFM Characterization. The PFM experiments were performed on an asylum
research Cypher-ES atomic force microscopy. A FMG01/Pt cantilever with
spring constant of 3 N/m and free resonance frequency of 70 kHz was
used to characterize the domain structure on the top surface of BTO
micropillars with Φ = 2 μm and 5 μm. Vertical and lateral modes were used, and
the measured topography, amplitude, and phase maps are illustrated in SI
Appendix, Fig. S7. With the same cantilever, we also wrote box-in-box
domain structure on the top surface of the micropillars using ±40 V DC
bias. For micropillar with Φ = 2 μm and 5 μm, the measured results are
shown in SI Appendix, Fig. S8 A and B, respectively. The local hysteresis
loops of micropillar with Φ = 2 μm and 5 μm were also characterized by
switching spectroscopy PFM (SS-PFM) with another ASYELEC.01-R2 cantilever
with spring constant of 2.8 N/m and free resonance frequency of 75 kHz
(SI Appendix, Fig. S8 C and D).

In Situ TEM Experiment. The specimens with nominal length of 800 nm, nominal
width of 620 nm, and nominal thickness of 200 nm for in situ TEM compression
were fabricated using FIB. The pillars were milled to ensure that the sides are
parallel. In situ pillar compression experiments were performed in the Tecnai
F20 (Thermo Fisher Scientific) at an operating voltage of 200 kV. An in situ
Hysitron PI95 pico-indenter with a flat tip was used, and micropillar alignment
was monitored with bright-field imaging to ensure that the surface of the
micropillar was parallel with the indenter surface. The experiment was per-
formed in displacement control mode with a displacement rate of 1 nm/s. SI
Appendix, Fig. S9 displays the loading waveform and the microstructure in
BTO micropillar during loading and unloading, corresponding to the points of
b to e in SI Appendix, Fig. S9A. SI Appendix, Fig. S9F reveals the TEM images of
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the sample after damage. The detailed domain structure evolution process can
be seen more clearly in Movie S1. We sped up the video to make it easier
to watch.

Here, it should be noted that, different from the pillar with circular cross
section, the cross section of the pillar we used for in situ TEM observation is a
rectangle, with dimension of 200 nm × 620 nm. The curvature radius Φ of the
surfaces for this rectangle pillar is infinity. As a result, the lateral compressive
stress, which can be estimated by σ11 = σ22 = 2γ=Φ, is zero (γ is the surface
tension or surface energy). Therefore, some a-c domain walls can exist stably
in this pillar.

Phase Field Modeling. The free energy density for the ferroelectric phase BTO
material can be written as

F = αijPiPj + αijklPiPjPkPl + αijklmnPiPjPkPlPmPn + αijklmnpqPiPjPkPlPmPnPpPq

+ 1
2
cijkl«ij«kl − qijkl«ijPkPl + 1

2
gijklPi,jPk,l − κ0κrEiEi − EiPi ,

[1]

in which the repeating subscripts imply summation over the Cartesian co-
ordinate components xi (i = 1, 2, 3) with }i” denoting the partial derivative
operator with respect to xi. αij, αijkl, αijklmn, and αijklmnpq representing Landau
expansion coefficients; cijkl, qijkl, and gijkl correspond to the elastic, electro-
strictive, and gradient coefficients, respectively. «0 is the vacuum permittiv-
ity, and «r denotes the relative dielectric constant of the background
material (cubic BTO in this case), Pi, «ij, and Ei are the polarization, strain, and
electric field components, respectively.

For an ideal ferroelectric material without body charge and body force, the
spatial and temporal evolution of the field variables are governed by the
time-dependent Ginzburg–Landau equation coupled with the mechanical
equilibrium equations and Maxwell’s equations as

∂Pi
∂t

= −L(∂F
∂Pi

− ∂
∂xj

∂F
∂Pi,j

) , [2]

σij,i = ∂
∂xi

∂F
∂«ij

= 0 , [3]

Di,i = − ∂
∂xi

∂F
∂Ei

= 0 , [4]

where t is the time and L denotes the kinetic coefficient. σij and Di represent
the mechanical stress and electric displacement, respectively.

A nonlinear finite element method is used to solve the governing Eqs. 2–4,
and all of the coefficients are identical to those listed in ref. 50. In the simu-
lation, the bottom of micropillars are mechanically fixed, and open circuit
boundary condition is applied on all surfaces. In the phase field simulation, the
surface tension–induced stress σ11 = σ22 = 2γ=Φ is applied as the radial com-
pressive stress on the side surface, which is inversely proportional to the radius
of surface curvature of the micropillar (31, 32). Here, γ means the surface
energy (or surface tension), with typical values vary between 5 N/m and 50 N/m
(31, 32, 51, 52). In this article, we set it to 30 N/m. Φ represents the diameter of
the BTO micropillar. At the beginning of the simulation, a Gaussian random
distribution of polarization was introduced to initiate the polarization
evolution process.

Data Availability. All data are available in the article and/or SI Appendix.
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