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Two-dimensional ferroelasticity in van der Waals
β’-In2Se3
Chao Xu1, Jianfeng Mao1, Xuyun Guo 1, Shanru Yan1, Yancong Chen2, Tsz Wing Lo1, Changsheng Chen1,

Dangyuan Lei 3, Xin Luo2, Jianhua Hao 1, Changxi Zheng4,5 & Ye Zhu 1✉

Two-dimensional (2D) materials exhibit remarkable mechanical properties, enabling their

applications as flexible and stretchable ultrathin devices. As the origin of several extra-

ordinary mechanical behaviors, ferroelasticity has also been predicted theoretically in 2D

materials, but so far lacks experimental validation and investigation. Here, we present the

experimental demonstration of 2D ferroelasticity in both exfoliated and chemical-vapor-

deposited β’-In2Se3 down to few-layer thickness. We identify quantitatively 2D spontaneous

strain originating from in-plane antiferroelectric distortion, using both atomic-resolution

electron microscopy and in situ X-ray diffraction. The symmetry-equivalent strain orienta-

tions give rise to three domain variants separated by 60° and 120° domain walls (DWs).

Mechanical switching between these ferroelastic domains is achieved under ≤0.5% external

strain, demonstrating the feasibility to tailor the antiferroelectric polar structure as well as

DW patterns through mechanical stimuli. The detailed domain switching mechanism through

both DW propagation and domain nucleation is unraveled, and the effects of 3D stacking on

such 2D ferroelasticity are also discussed. The observed 2D ferroelasticity here should be

widely available in 2D materials with anisotropic lattice distortion, including the 1T’ transition

metal dichalcogenides with Peierls distortion and 2D ferroelectrics such as the SnTe family,

rendering tantalizing potential to tune 2D functionalities through strain or DW engineering.
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van der Waals (vdW) layered materials have attracted tre-
mendous research efforts to explore emerging physics at
reduced dimensionality1–4. The intrinsically weak interlayer

interaction allows each individual layer to behave independently,
granting the unique opportunity to preserve bulk properties down
to single-layer thickness5–7. Various two-dimensional (2D)
functionalities have been discovered in vdW materials7, including
superconductivity8–10, ferromagnetism11,12, ferroelectricity13–17

and antiferroelectricity18,19, offering a wealth of choices for
making ultrathin flexible 2D heterostructure devices7,20. Among
all the ferroic properties, ferroelasticity represents the mechanical
equivalent of ferromagnetism and ferroelectricity, with multiple
orientation states of spontaneous lattice strain that are switchable
under mechanical stimuli4,21,22. It is the origin of the shape-
memory effect and superelasticity23,24, relevant to applications
including piezoelectric sensors, mechanical switches, and
actuators4,25–27. 2D ferroelasticity has also been predicted in
monolayer 1T’ transition metal dichalcogenides (TMDs) based on
first-principles calculations28,29, which may couple with other
extraordinary properties to realize strain-tunable functionalities
and 2D multiferroics4. However, despite several proposed 2D
ferroelastic behavior28–31 and one very recent demonstration on
micron-thick layered perovskites32, 2D ferroelasticity evidenced
by the mechanical switch of spontaneous lattice strain in ultrathin
vdW materials has not yet been validated experimentally4.

Here we report the experimental demonstration of 2D ferroe-
lasticity in vdW β’-In2Se3 down to few-layer thickness. As a III2-
VI3 compound semiconductor, In2Se3 is polymorphic with many
phases reported (α’, α, β’, β, γ, δ, κ)33–38. Among them, the two
room-temperature phases, α- and β’-In2Se3, and the high-
temperature β phase are vdW materials with 2D [Se-In-Se-In-
Se] quintuple layers stacked in several possible ways (2H, 3R,
1T)35,39–41. At room temperature, α-In2Se3 exhibits 2D ferroe-
lectricity that is currently under intensive investigation15,38,42–46.
β’-In2Se3, on the other hand, possesses the characteristic super-
structure consisting of periodic nanostripes35,39, the nature of
which was only clarified recently as 2D antiferroelectricity com-
peting with the ferroelectric ordering18. It makes In2Se3 a fasci-
nating system for exploring both the fundamental ferroelectric
physics at the 2D limit and ultrathin phase-switching device
applications42,43,45–49. In this work, we identify quantitatively the
2D spontaneous strain originating from in-plane antiferroelectric
distortion in β’-In2Se3, using a combination of atomic-resolution
scanning transmission electron microscopy (STEM) and in situ
X-ray and electron diffraction. Polarized-light microscopy further
unveils multi-domain structure in β’-In2Se3 with three strain-
orientation variants that are energy degenerate. Moreover, the
switch between the domain variants is demonstrated unequi-
vocally by applying moderate external strain. The observed fer-
roelasticity can be preserved down to few-layer thickness, which
proves unambiguously its 2D nature.

Results
Thermoelastic transformation and 2D spontaneous strain in
β’-In2Se3. β’-In2Se3 is distinguished from the parent high-
temperature β phase by its characteristic nanostriped super-
structure (Fig. 1a), whose antiferroelectric nature is reflected by
the antiparallel Se displacement between the neighboring
nanostripes (Fig. 1b and also ref. 18). Such nanostriped super-
structure can also be detected by the satellite diffraction in elec-
tron diffraction patterns (Fig. 1c). Other than that, the main
diffraction from β- and β’-In2Se3 is largely the same, indicating
their nearly identical basic structure. The structure of β’-In2Se3
can thus be understood as the parent β-In2Se3 structure modified
by the nanostriped superstructure with antiferroelectric

ordering18. In this manuscript, crystallographic indexing refers to
the parent hexagonal lattice rather than the superstructure.

Using in situ heating/cooling X-ray diffraction (XRD), we
further detect subtle lattice distortion caused by antiferroelec-
tricity in β’-In2Se3. Compared to the high-temperature β phase
with higher symmetry18,41, the room-temperature β’ phase
exhibits numerous peak splitting as shown in Supplementary
Fig. 1, indicating anisotropic lattice distortion and the associated
symmetry breaking. The structure refinement indeed shows
spontaneous lattice dilation along the nanostripes and compres-
sion perpendicular to the nanostripes in β’-In2Se3 associated with
the nonpolar-to-polar structure transition, as illustrated quanti-
tatively by the temperature dependence of lattice spacing plotted
in Fig. 1d. Using

ffiffiffi
3

p
dk11�20 and d?1�100 to represent the lattice spacing

parallel and perpendicular to the nanostripes respectively (also
indicated in Fig. 1b), the hexagonal lattice of the β phase requires
d?1�100 ¼

ffiffiffi
3

p
dk11�20 as observed above 250 °C. By lowering tempera-

ture to initiate β-to-β’ transition, both an increase of
ffiffiffi
3

p
dk11�20 and

a decrease of d?1�100 are detected. This transition is fully reversible
as evidenced by the in situ heating curve also plotted in Fig. 1d.
Adopting Aizu’s definition of strain50,51 and assigning [1�100] and
[11�20] as x and y axes respectively, as shown in Fig. 1b, the 2D
spontaneous strain tensor can be derived as

ε Að Þ ¼
εxx εxy
εxy εyy

 !
¼ �0:0049 0

0 0:0049

� �
; ð1Þ

where εxx and εyy are the tensile or compressive strain along x and
y directions, both about 0.0049 for room-temperature β’-In2Se3,
and εxy is the shear strain component. It is noted that ~0.49%
spontaneous strain is much smaller than the strain values
reported in 1T’ TMDs28,52, which are typically a few percent.

Multidomain variants and domain walls in β’-In2Se3. Owing to
the hexagonal lattice of the parent structure, the nanostripes and
the associated lattice strain in β’-In2Se3 can orient along one of
the three symmetry-equivalent <11�20> directions ([11�20], [1�210]
and [�2110]) and thus give rise to three distinct domain variants.
The change of nanostripe orientation between the neighboring
domains is clearly revealed by both atomic-resolution STEM
images (Fig. 2a, b) and electron diffraction (Fig. 2c, d). Besides
showing the two directions of nanostripe ordering from the
satellite diffraction, electron diffraction in Fig. 2c, d also displays
‘split spots’ especially for high-order diffraction farther away from
the twin axis. This is because the diffraction spots from different
domains are slightly separated, due to their distinct spontaneous
strain orientation. As illustrated by the schematic model in Fig. 2f,
with the nanostripes changing their orientation across a domain
wall (DW), the spontaneous strain changes direction accordingly
and causes a small deviation angle between the lattices of the two
domains. With the tensile and compressive strain both ~0.49%
measured from XRD, a deviation angle of ~0.97° can be derived
which matches the separation angle between the ‘split spots’ in
diffraction patterns. The strain-orientation variants can also be
revealed directly in real space, through lattice spacing mapping on
atomic-resolution images such as Fig. 2b. As shown in Fig. 2e, the
upper domain shows clearly the larger horizontal lattice spacing
of d1�100 compared to the lower domain, owing to the change of
strain orientation as illustrated in Fig. 2f.

All three domain variants in β’-In2Se3 can be visualized at a
larger scale by polarized-light imaging shown in Fig. 3a. The
domain contrast arises from the linear-dichroism behavior as
depicted by angular-resolved polarized-light imaging in Fig. 3b. As
the domain intensity is modulated by the orientation of nanostripes
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relative to the light polarization direction, the strain orientation in
each domain variant can then be easily determined. Figure 3b
evinces clearly the angular difference of 60°/120° between different
domain variants, consistent with the domain structure shown in
Fig. 2. Denoting the three domain variants as A, B and C, whose
tensile strain (or nanostripe) directions are indicated in Fig. 3a, the
spontaneous strain tensors εðBÞ and εðCÞ can then be derived by
transforming εðAÞ using the rotation matrix

J± ¼ cosð± 120�Þ �sinð± 120�Þ
sinð± 120�Þ cosð± 120�Þ

� �
; ð2Þ

with

ε Bð Þ ¼ Jþε Að ÞJ�1
þ ¼ 0:0025 0:0042

0:0042 �0:0025

� �
; ð3Þ

ε Cð Þ ¼ J�ε Að ÞJ�1
� ¼ 0:0025 �0:0042

�0:0042 �0:0025

� �
: ð4Þ

εðAÞ, εðBÞ and εðCÞ form a complete set of spontaneous strain
tensors that are consistent with Aizu’s 3D tensors for 6mm−mm2
or �3m−2/m ferroelastic-transition species21.

The distinct domain variants in β’-In2Se3 are separated by long
straight DWs as shown in Fig. 3a. Both 60° and 120° DWs can
form between each pair of domain variants (A-B, B-C, A-C), as
indicated in the bottom inset of Fig. 3a and also imaged at atomic
scale in Fig. 2a, b for the A-B pair. Despite the orientation change
of the nanostripes in Fig. 2a, b, the basic lattice of β’-In2Se3

remains coherent across both DWs. As required by the
mechanical compatibility of coherent DWs51,53, 60° DWs in
β’-In2Se3 must align along {1�100} planes, while 120° DWs must
be parallel to {11�20} planes (see Fig. 3a and Supplementary
Note 1), which explains their long straight shape and the
orthogonal grid pattern observed in Fig. 3a. As {11�20} planes are
mirror planes of the parent structure while {1�100} planes are not,
this classifies 120° DWs as Wf walls whose orientations are fixed
by the lattice symmetry, and 60° DWs as S walls whose
orientations depend on the spontaneous strain51.

Ferroelastic domain switching by external strain. To further
validate ferroelasticity, we demonstrate explicitly domain
switching by applying uniaxial tensile strain to the multidomain
β’-In2Se3 flakes. As shown in Fig. 4a, the pristine flake shows two
stable domain variants A and B whose spontaneous lattice-
dilation directions are indicated by double-headed arrows. By
gluing it onto a flexible substrate and bending it upward, we then
stretch the flake with external tensile strain whose value can be
quantitatively measured (see Methods)54. Under such external
vertical tension, the darker A domains with the vertical lattice
dilation become energetically more favorable and thus grow at the
expense of the B domains. This is mostly accomplished through
the progressive propagation of existing DWs such as those indi-
cated by the dashed lines in Fig. 4a, b. The nucleation of A
domains inside B is also observed in the circled regions in Fig. 4b.
Further increasing tensile strain eventually leads to the switch of
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Fig. 1 Antiferroelectricity-coupled spontaneous strain in β’-In2Se3. a TEM image showing the characteristic nanostriped superstructure in 2H β’-In2Se3.
b Atomic-resolution annular dark-field (ADF) STEM image of the nanostripes and the atomic displacement map showing antiferroelectric ordering.
c Selected-area electron diffraction (SAED) patterns of the parent β (top) and the room-temperature β’ (bottom) phases. The nanostriped superstructure in
β’-In2Se3 gives rise to satellite diffraction at n/8 1�100 corresponding to the characteristic nanostripe width of 4d1�100 (~1.4 nm). d In-plane lattice spacing as
a function of temperature extracted from in situ XRD for both heating and cooling processes. The observed increase of
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and decrease of d?1�100 during
β-to-β’ transition reflect the anisotropic spontaneous strain with lattice dilation (compression) along (perpendicular to) the β’-In2Se3 nanostripes.
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nearly all B domains to A (Fig. 4d), representing the lowest-
energy configuration of lattice distortion in response to the
applied strain. Unloading the external strain leads to a reverse
switch of A domains to B. However, even when the applied strain
is completely released, the final domain pattern in Fig. 4g does
not fully recover to its pristine state: There are more A domains
remaining compared to Fig. 4a, especially for those newly formed
A domains through nucleation, reflecting the hysteretic nature of
ferroelasticity55.

Using the domain area fraction of A variant as an indicator55,
we can describe quantitatively the ferroelastic switching behavior
as plotted in Fig. 4h. The fastest growth of A domains occurs
under the intermediate strain (0.5% ≤ ε ≤ 1.1%), suggesting that
the applied strain in this range is mostly accommodated by
domain switching. Indeed, the B-to-A switching can give rise to
~0.74% elongation along the vertical direction (see Supplemen-
tary Note 2). Assuming all the applied strain is accommodated by
this domain switching, a linear response is predicted along the
blue dotted line in Fig. 4h (Supplementary Note 2), which
matches the experimental observation and validates our inter-
pretation. On the other hand, the slower domain switching
outside this linear regime may be due to some domain-wall
pinning mechanism, which needs further investigation. We have
explicitly excluded the potential phase change or flexoferroelectric
effect during strain-induced domain switching, using in situ
Raman spectroscopy and second harmonic generation (see
Supplementary Fig. 3). It is worth noting that the external strain
as small as 0.5% can induce domain switching in β’-In2Se3, which
is considerably smaller than the switching strain (≥1%) predicted
in 1T’ TMDs by first-principles calculations28. The yield strain of
In2Se3 flakes is determined to be ~5.5% by atomic force
microscopy (AFM) nano-indentation (see Supplementary Fig. 4
and Note 3), much larger than the domain-switching strain.

Another example of ferroelastic domain switching involving all
three domain variants is presented in Supplementary Fig. 5. The
initial state is composed of A-C variants with the presence of both
60° and 120° DWs. With the external tensile strain applied
horizontally, A variant with vertical lattice dilation becomes
unfavorable, which leads to both the growth of existing C
domains by DW propagation and the nucleation of B and C
domains inside A (Supplementary Fig. 5b). Increasing tensile
strain makes the newly formed domains propagate both along
and perpendicular to the DWs, until all the A domains are
switched in Supplementary Fig. 5e. Switching between B and C
variants is also observed, as indicated in Supplementary Fig. 5c, d.

We note that the ferroelastic domain switching demonstrated
here is underpinned by the spontaneous 2D strain associated with
the antiferroelectric distortion and nanostriped superstructure
formation. First-principles calculation has shown that the
antiferroelectric distortion as well as the superstructure can be
preserved down to monolayer β’-In2Se318, which immediately
suggests the preservation of ferroelasticity at this 2D limit. To
experimentally demonstrate such 2D ferroelasticity, we adopt
chemical vapor deposition (CVD) to grow ultrathin β’-In2Se3
flakes, which offer larger flat area for imaging multidomains
compared to mechanical exfoliation. As seen in Fig. 5a,
ferroelastic domains are still visible in a CVD-grown β’-In2Se3
flake as thin as ~6.6 nm (7 quintuple layers), measured by AFM
shown in Fig. 5b. Similar domain patterns have also been
observed in thinner flakes with ~5.7 nm thickness (Supplemen-
tary Fig. 6). Electron diffraction in Fig. 5c further shows the
presence of nanostriped superstructure in such ultrathin flakes as
evidenced by the corresponding satellite diffraction. More
excitingly, ferroelastic domain switching similar to Fig. 4 can
also be achieved on ultrathin β’-In2Se3 flakes, as demonstrated in
Fig. 5d, f, which proves unequivocally the 2D nature of the
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Fig. 2 Multidomain and DW structure in β’-In2Se3. a, b Atomic-resolution ADF-STEM images of 120° and 60° DWs in 2H β’-In2Se3, revealing the
unchanged basic structure but the switch of the nanostripe directions across the coherent DWs. c, d SAED patterns of the 120° and 60° DWs. Diffraction
spots not on the twin axes show ‘split spots’ as magnified in the top-right inset of d. e Horizontal lattice spacing (as defined in the bottom-left inset)
mapped around the 60° DW shown in b, reflecting lattice dilation along the nanostripes. f Schematic of the 60° DW structure based on SAED pattern in
d, which can explain the atomic structure and lattice distortion imaged in b and e. The original lattice without twinning is drawn in dashed thin blue lines,
which reveal a deviation angle δ that matches the separation angle of diffraction spots in d. The antiparallel polarizations of neighboring nanostripes are
indicated by blue/orange arrows in a, b and f.
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observed ferroelasticity. Even though ferroelasticity has been
predicted theoretically in other 2D materials such as monolayer
1T’ TMDs28,29, to our best knowledge, this is the first
experimental study that systematically demonstrates 2D ferroe-
lasticity in ultrathin vdW materials.

Ferroelasticity tailored by stacking ordering in β’-In2Se3. The
analysis above focuses on 2D ferroelasticity only, which solely
depends on the atomic structure within the β’-In2Se3 quintuple
layer. However, when extending to 3D, the 2D ferroelasticity can
be further affected by the quintuple-layer stacking ordering, with
2H and 3R β’-In2Se3 manifesting different symmetry and fer-
roelastic behavior (Fig. 6a, b). Compared to 2H β’-In2Se3 with
about equal population of 60° and 120° DWs (Fig. 6a), 3R β’-
In2Se3 is dominant by 60° DWs with fewer 120° DWs observed
(Fig. 6b and Supplementary Fig. 7). More strikingly, across those

minor 120° DWs in 3R β’-In2Se3, unusual surface wrinkles are
detected by AFM as depicted in Fig. 6b, which are not observed in
2H β’-In2Se3. This indicates the presence of shear strain with the
out-of-plane component in 3R β’-In2Se3, but not in 2H β’-In2Se3.
Indeed, for 3R β’-In2Se3 with a monoclinic lattice, its [0001]
direction is not perpendicular to the in-plane [1�100] direction but
slightly inclined with an angle of 91.44°, as consistently identified
by both XRD structure refinement and cross-sectional STEM
imaging (Fig. 6b). It gives rise to the shear strain long [1�100]
within the (0001) plane, i.e., the εxz component in the strain
tensors in addition to the above in-plane 2D strain. Adding
[0001] as z axis to the previous 2D strain tensor, we obtain the 3D
tensor for the A variant in 3R β’-In2Se3 as

εðA; 3RÞ¼
εxx εxy εxz
εxy εyy εyz
εxz εyz εzz

0
B@

1
CA¼

�0:0049 0 �0:0126

0 0:0049 0

�0:0126 0 0

0
B@

1
CA ð5Þ

with the shear strain εxz ¼ �0:0126 as derived from the 91.44°
inclined angle. The 3D strain tensors for B and C variants can be
derived by transforming εðAÞ using the rotation matrix (see
Supplementary Note 4) as

ε B; 3Rð Þ ¼
0:0025 0:0042 0:0063

0:0042 �0:0025 �0:0109

0:0063 �0:0109 0

0
B@

1
CA; ð6Þ

ε C; 3Rð Þ ¼
0:0025 �0:0042 0:0063

�0:0042 �0:0025 0:0109

0:0063 0:0109 0

0
B@

1
CA: ð7Þ

When two variants meet at 120° DWs in 3R β’-In2Se3, their
shear strain components perpendicular to DWs possess the
opposite signs, as graphically represented in the inset of Fig. 6d.
To maintain a coherent lattice at the DWs, the mosaic tilt of the
(0001) planes results and manifests as surface wrinkles (see the
middle panel of Fig. 6c). Such a mosaic tilt has been detected
explicitly through reciprocal space mapping (RSM) that shows
separate out-of-plane diffraction from the distinctly titled (0001)
planes in A and B/C domains (Fig. 6d). When two variants meet
at 60° DWs, on the other hand, their shear strain components
perpendicular to DWs share the same sign, which leads to a flat
surface without wrinkles (see Supplementary Fig. 8a and its inset)
as confirmed by AFM measurement (Fig. 6b). We emphasize that
the surface wrinkles and the underlying shear strain only exist in
monoclinic 3R β’-In2Se3. In contrast, both 60° and 120° DWs in
2H β’-In2Se3 exhibit flat surfaces as revealed by AFM (Fig. 6a),
owing to its orthorhombic lattice resulting from the reversed
AB’AB’ stacking of the quintuple layers (Fig. 6a). Therefore the
spontaneous strain in 2H β’-In2Se3 is purely 2D without any out-
of-plane component (see Supplementary Note 4). All observation
of 2D ferroelasticity in previous sections are thus based on 2H β’-
In2Se3 instead of 3R β’-In2Se3.

Besides the wrinkled surface across 120° DWs, the shear strain
in 3R β’-In2Se3 also leads to inclined 60° DWs as required by the
mechanical compatibility51,53 for coherent DWs (Supplementary
Fig. 8 and Supplementary Table 2). Such inclined 60° DWs are
indeed observed via both polarized-light microscopy and piezo-
response force microscopy (PFM). As shown in Fig. 7b, across a
step edge with the height ~270 nm, all the 60° DWs exhibit a
horizontal shift of ~480 nm, reflecting their inclined nature.
We note that the observed domain contrast in lateral PFM phase
image (Fig. 7b) is attributed to the second-order electrostrictive
effect, and thus the phase difference between domains is less than
180° (see Supplementary Note 5). Like the surface wrinkles, such
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Fig. 3 Angular-resolved polarized-light imaging of multidomain pattern in
β’-In2Se3. a Polarized-light image at the polarizer azimuth angle φ = 80°
presenting the typical multidomain pattern in 2H β’-In2Se3, with all
permissible domain variants and DWs depicted at the bottom. b Azimuth-
dependent transmission intensity of the three domain variants A, B and C.
The colored squares show the measured data that can be well described by
cosine functions, indicating linear dichroism. The antiferroelectric
polarization (or nanostripe) direction in each domain variant is determined
to be along the light polarization direction where the transmission intensity
is maximal.
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inclined DWs are again intrinsic to 3R β’-In2Se3 and do not exist
in shear-strain-free 2H β’-In2Se3 (Supplementary Fig. 11).

Discussion
In summary, we have demonstrated experimentally 2D ferroelas-
ticity in both exfoliated and CVD-grown β’-In2Se3 down to few-
layer thickness. The spontaneous strain comes from in-plane anti-
ferroelectric distortion, which is purely 2D in 2H β’-In2Se3 in
contrast to the conventional 3D ferroelastics. Ferroelastic domain
switching between the three variants can be achieved under ≤0.5%
external strain, offering an easy approach to tailor the antiferro-
electric polar structure as well as DW patterns through mechanical
stimuli. The detailed domain switching mechanism through both
DW propagation and domain nucleation has been unraveled.
Furthermore, the effects of 3D stacking on such 2D ferroelasticity,
such as surface wrinkles and inclined DWs, have also been revealed
explicitly in 3R β’-In2Se3. We note that during the review process of
this work, 2D ferroelasticity is also reported in layered perovskites32,
but only limited to crystals ~10 micron thick in contrast to the 2D
flakes down to few-layer thickness investigated in our work. The
demonstrated 2D ferroelasticity in both works further indicates its
wide presence in vdW materials with anisotropic lattice strain, such
as the 1T’ TMDs with Peierls distortion1,17,28,52,56 and 2D ferro-
electrics such as the SnTe family13,57,58. Considering a variety of
emerging functionalities possessed by these vdW materials, ranging
from quantum spin Hall effect to in-plane ferroelectricity4, it ren-
ders exciting potential to tune these 2D functionalities through
strain or DW engineering utilizing the ferroelastic behavior. In
addition, the thermoelastic transition in β’-In2Se3 may represent a
promising system possessing 2D shape-memory effect, which is
worth further investigation.

Methods
Materials and sample preparation. β’- and α-In2Se3 crystals were purchased from
HQ Graphene and Alfa Aesar. The β’-In2Se3 thin flakes were obtained by either
direct exfoliation from bulk β’-In2Se3 or annealing the exfoliated α-In2Se3 thin
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flakes up to 300 °C. The thickness of the exfoliated sample flakes is usually 25−150
nm. Ultrathin β’-In2Se3 flakes were grown by the chemical vapor deposition (CVD)
method. Specifically, Se and In2O3 powders were used as the raw materials and they
were placed at separate quartz boats in a dual temperature zone tube furnace. The
Se source was placed in the upstream under a 10% H2/Ar mix carrier gas at a
flowing rate of ~20 sccm. The Se and In2O3 powders were first heated to 270 and
680 °C respectively and then dwelled for about 30 min, during which thin In2Se3
flakes were deposited on the mica substrates placed above the In2O3 powders. After
the deposition process, the tube furnace was naturally cooled down to room
temperature.

We discovered that upon naturally cooling the high-temperature β phase
(220−500 °C) with thickness below 400 nm to room temperature, β’-In2Se3 always

results and keeps stable. Thus besides direct exfoliation from bulk β’-In2Se3, we can
also consistently obtain the β’ phase by naturally cooling the CVD-grown In2Se3, or
by annealing thin α-In2Se3 flakes at ~300 °C. In2Se3 powders for XRD test were
ground from a bulk crystal. Specimens for TEM characterization were further
thinned by sonication in ethanol and then dispersed onto holey carbon-coated Cu
grids. Cross-sectional samples were prepared using a focused ion beam system
(JEOL JIB-4500) and then lifted onto holey carbon-coated Cu grids.

Domain imaging by polarized-light microscopy and piezoresponse force
microscopy. Multidomain patterns were imaged using a polarized-light micro-
scope in transmission or reflection mode and recorded with a Leica CCD. The
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substrates for mechanically exfoliated sample flakes were SiO2@Si and for CVD
grown flakes were mica. The domain orientations were determined by analyzing
the angular dependence of the domain intensity as well as the domain wall con-
figurations. The corresponding surface structure and piezoresponse across the
domain walls were also mapped using a commercial atomic force microscope
(AFM, Asylum Research MFP-3D) with a conductive tip of ~2.8 N/m spring
constant.

Structure analysis using TEM/STEM and XRD. The structure of 2H and 3R β’-
In2Se3 was identified by conventional TEM and electron diffraction conducted on a
JEOL JEM-2100F TEM operated at 200 kV. In situ TEM heating was carried out on
E-chips using a Protochip Fusion holder. Atomic-resolution STEM imaging was
performed on a JEOL JEM ARM 200CF microscope equipped with a cold field
emission gun and an ASCOR fifth-order probe corrector. It was operated at 200 kV
with a 26 mrad convergence semi-angle, and the collection semi-angle for ADF
signal was 68−200 mrad. Reciprocal space mapping (RSM) and powder X-ray
diffraction (PXRD) were performed on a Rigaku X-ray diffractometer (SmartLab 9
kW). Lattice parameters were calculated by Rietveld refinement using least square
weighting model based on the PXRD data.

Ferroelastic domain switching. Controllable uniaxial tensile strain was applied to
exfoliated (thickness of 50−150 nm) or CVD-grown (thickness of ~15 nm) β’-
In2Se3 flakes by two-point bending the PET substrates54. The magnitude of strain
(ε) was derived from the radius of curvature (R) and substrate thickness (h) with
the formula ε = h/2R. To prevent slippage between β’-In2Se3 flakes and substrates,
each tested flake was encapsulated by a thin PMMA layer59 and then attached to
the PET substrates using gauge bonding agent (Kisling Ergo 5400). The strain was
further checked by strain gauges to ensure the effective strain transfer from sub-
strates to the bonded flakes (see Supplementary Fig. 2). The domain switching
behavior was in situ captured during straining under the polarized-light
microscope.

Data availability
The data that support this study are available from the corresponding author upon
reasonable request.

Received: 12 February 2021; Accepted: 24 May 2021;

References
1. Yang, H., Kim, S. W., Chhowalla, M. & Lee, Y. H. Structural and quantum-

state phase transitions in van der Waals layered materials. Nat. Phys. 13, 931
(2017).

2. Balents, L., Dean, C. R., Efetov, D. K. & Young, A. F. Superconductivity and
strong correlations in moiré flat bands. Nat. Phys. 16, 725–733 (2020).

3. Huang, B. et al. Emergent phenomena and proximity effects in two-
dimensional magnets and heterostructures. Nat. Mater. 19, 1276–1289 (2020).

4. Tang, X. & Kou, L. Two-dimensional ferroics and multiferroics: Platforms for
new physics and applications. J. Phys. Chem. Lett. 10, 6634–6649 (2019).

5. Nicolosi, V., Chhowalla, M., Kanatzidis, M. G., Strano, M. S. & Coleman, J. N.
Liquid exfoliation of layered materials. Science 340, 1226419 (2013).

6. Chhowalla, M. et al. The chemistry of two-dimensional layered transition
metal dichalcogenide nanosheets. Nat. Chem. 5, 263–275 (2013).

7. Novoselov, K. S., Mishchenko, A., Carvalho, A. & Castro Neto, A. H. 2D
materials and van der Waals heterostructures. Science 353, aac9439 (2016).

8. Lu, J. M. et al. Evidence for two-dimensional Ising superconductivity in gated
MoS2. Science 350, 1353–1357 (2015).

9. Navarro-Moratalla, E. et al. Enhanced superconductivity in atomically thin
TaS2. Nat. Commun. 7, 11043 (2016).

10. Cao, Y. et al. Unconventional superconductivity in magic-angle graphene
superlattices. Nature 556, 43–50 (2018).

11. Huang, B. et al. Layer-dependent ferromagnetism in a van der Waals crystal
down to the monolayer limit. Nature 546, 270–273 (2017).

12. Gong, C. et al. Discovery of intrinsic ferromagnetism in two-dimensional van
der Waals crystals. Nature 546, 265–269 (2017).

13. Chang, K. et al. Discovery of robust in-plane ferroelectricity in atomic-thick
SnTe. Science 353, 274–278 (2016).

14. Liu, F. et al. Room-temperature ferroelectricity in CuInP2S6 ultrathin flakes.
Nat. Commun. 7, 12357 (2016).

15. Zhou, Y. et al. Out-of-plane piezoelectricity and ferroelectricity in layered α-
In2Se3 nanoflakes. Nano Lett. 17, 5508–5513 (2017).

16. Yuan, S. et al. Room-temperature ferroelectricity in MoTe2 down to the
atomic monolayer limit. Nat. Commun. 10, 1775 (2019).

17. Fei, Z. et al. Ferroelectric switching of a two-dimensional metal. Nature 560,
336–339 (2018).

18. Xu, C. et al. Two-dimensional antiferroelectricity in nanostripe-ordered
In2Se3. Phys. Rev. Lett. 125, 047601 (2020).

19. Dziaugys, A. et al. Piezoelectric domain walls in van der Waals
antiferroelectric CuInP2Se6. Nat. Commun. 11, 3623 (2020).

20. Liu, Y., Huang, Y. & Duan, X. Van der Waals integration before and beyond
two-dimensional materials. Nature 567, 323–333 (2019).

21. Aizu, K. Possible species of “ferroelastic” crystals and of simultaneously
ferroelectric and ferroelastic crystals. J. Phys. Soc. Jpn. 27, 387–396 (1969).

22. Salje, E. K. H. Ferroelastic materials. Annu. Rev. Mater. Res. 42, 265–283
(2012).

23. Ahmed, E., Karothu, D. P., Warren, M. & Naumov, P. Shape-memory effects
in molecular crystals. Nat. Commun. 10, 3723 (2019).

24. Ogawa, Y., Ando, D., Sutou, Y. & Koike, J. A lightweight shape-memory
magnesium alloy. Science 353, 368–370 (2016).

25. Narayan, B. et al. Electrostrain in excess of 1% in polycrystalline piezoelectrics.
Nat. Mater. 17, 427–431 (2018).

26. Hu, Y. et al. Ferroelastic-switching-driven large shear strain and
piezoelectricity in a hybrid ferroelectric. Nat. Mater. 20, 1–6, (2021).

27. Park, S. K. & Diao, Y. Martensitic transition in molecular crystals for dynamic
functional materials. Chem. Soc. Rev. 49, 8287–8314 (2020).

28. Li, W. & Li, J. Ferroelasticity and domain physics in two-dimensional
transition metal dichalcogenide monolayers. Nat. Commun. 7, 10843 (2016).

29. Zhang, C., Nie, Y., Sanvito, S. & Du, A. First-principles prediction of a room-
temperature ferromagnetic Janus VSSe monolayer with piezoelectricity,
ferroelasticity, and large valley polarization. Nano Lett. 19, 1366–1370 (2019).

30. Zhang, T. et al. Two-dimensional ferroelastic semiconductors in Nb2SiTe4 and
Nb2GeTe4 with promising electronic properties. J. Phys. Chem. Lett. 11,
497–503 (2019).

31. Zhang, L., Tang, C. & Du, A. Two-dimensional vanadium tetrafluoride with
antiferromagnetic ferroelasticity and bidirectional negative Poisson’s ratio. J.
Mater. Chem. C. 9, 95–100 (2021).

32. Xiao, X. et al. Layer number dependent ferroelasticity in 2D Ruddlesden-
Popper organic-inorganic hybrid perovskites. Nat. Commun. 12, 1332 (2021).

33. Osamura, K., Murakami, Y. & Tomiie, Y. Crystal structures of α- and β-
Indium Selenide, In2Se3. J. Phys. Soc. Jpn. 12, 1848 (1966).

34. Popović, S., Čelustka, B. & Bidjin, D. X-ray diffraction measurement of lattice
parameters of In2Se3. Phys. Status Solidi A 6, 301–304 (1971).

35. van Landuyt, J., van Tendeloo, G. & Amelinckx, S. Phase transitions in In2Se3
as studied by electron microscopy and electron diffraction. Phys. Status Solidi
A 30, 299–314 (1975).

36. Popovic, S., Tonejc, A., Grzeta-Plenkovic, B., Celustka, B. & Trojko, R. Revised
and new crystal data for indium selenides. J. Appl. Crystallogr. 12, 416–420
(1979).

37. Van Landuyt, J., Van Tendeloo, G. & Amelinckx, S. New low-temperature
phase in α-In2Se3. Phys. Status Solidi A 26, K103–K104 (1974).

38. Ding, W. J. et al. Prediction of intrinsic two-dimensional ferroelectrics in
In2Se3 and other III2-VI3 van der Waals materials. Nat. Commun. 8, 14956
(2017).

39. Manolikas, C. New results on the phase transformations of In2Se3. J. Solid
State Chem. 74, 319–328 (1988).

40. Tao, X. & Gu, Y. Crystalline-crystalline phase transformation in two-
dimensional In2Se3 thin layers. Nano Lett. 13, 3501–3505 (2013).

41. Liu, L. et al. Atomically resolving polymorphs and crystal structures of In2Se3.
Chem. Mater. 31, 10143–10149 (2019).

42. Xue, F. et al. Room-temperature ferroelectricity in hexagonally layered α-
In2Se3 nanoflakes down to the monolayer limit. Adv. Funct. Mater. 28,
1803738 (2018).

43. Si, M. et al. A ferroelectric semiconductor field-effect transistor. Nat. Electron.
2, 580–586 (2019).

44. Sun, W. et al. Controlling bimerons as skyrmion analogues by ferroelectric
polarization in 2D van der Waals multiferroic heterostructures. Nat.
Commun. 11, 5930 (2020).

45. Wang, S. et al. Two-dimensional ferroelectric channel transistors integrating
ultra-fast memory and neural computing. Nat. Commun. 12, 53 (2021).

46. Ding, J., Shao, D.-F., Li, M., Wen, L.-W. & Tsymbal, E. Y. Two-dimensional
antiferroelectric tunnel junction. Phys. Rev. Lett. 126, 057601 (2021).

47. Wan, S. et al. Nonvolatile ferroelectric memory effect in ultrathin α-In2Se3.
Adv. Funct. Mater. 29, 1808606 (2019).

48. Choi, M. S. et al. Electrically driven reversible phase changes in layered In2Se3
crystalline film. Adv. Mater. 29, 1703568 (2017).

49. Zheng, C. et al. Room temperature in-plane ferroelectricity in van der Waals
In2Se3. Sci. Adv. 4, eaar7720 (2018).

50. Aizu, K. Determination of the state parameters and formulation of
spontaneous strain for ferroelastics. J. Phys. Soc. Jpn. 28, 706–716 (1970).

51. Tagantsev, A. K., Cross, L. E. & Fousek, J. Domains in ferroic crystals and thin
films. (Springer, New York, 2010).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-23882-7

8 NATURE COMMUNICATIONS |         (2021) 12:3665 | https://doi.org/10.1038/s41467-021-23882-7 | www.nature.com/naturecommunications

www.nature.com/naturecommunications


52. Huang, F.-T. et al. Polar and phase domain walls with conducting interfacial
states in a Weyl semimetal MoTe2. Nat. Commun. 10, 4211 (2019).

53. Streiffer, S. et al. Domain patterns in epitaxial rhombohedral ferroelectric
films. I. Geometry and experiments. J. Appl. Phys. 83, 2742–2753 (1998).

54. Dai, Z., Liu, L. & Zhang, Z. Strain engineering of 2D materials: Issues and
opportunities at the interface. Adv. Mater. 31, 1805417 (2019).

55. Strelcov, E. et al. CH3NH3PbI3 perovskites: ferroelasticity revealed. Sci. Adv. 3,
e1602165 (2017).

56. Pedramrazi, Z. et al. Manipulating topological domain boundaries in the
single-layer quantum spin hall insulator 1T’-WSe2. Nano Lett. 19, 5634–5639
(2019).

57. Chang, K. et al. Microscopic manipulation of ferroelectric domains in SnSe
monolayers at room temperature. Nano Lett. 20, 6590–6597 (2020).

58. Higashitarumizu, N. et al. Purely in-plane ferroelectricity in monolayer SnS at
room temperature. Nat. Commun. 11, 2428 (2020).

59. Li, Z. et al. Efficient strain modulation of 2D materials via polymer
encapsulation. Nat. Commun. 11, 1151 (2020).

Acknowledgements
Y.Z. is thankful for the financial support from the Research Grants Council of Hong Kong
(No. 15305718) and the Hong Kong Polytechnic University grant (No. ZVGH). J.H. is
thankful for the General Research Fund from the Research Grants Council of Hong Kong
(No. PolyU 153033/17P). X.L. is thankful for the support from the National Natural
Science Foundation of China (Nos. 11804286 and 11832019), the Fundamental Research
Funds for the Central Universities, and the Natural Science Foundation of Guangdong
Province (No. 2021B1515020021). D.L. is thankful for the financial support from the
Research Grants Council of Hong Kong (Project No. 15303718). Technical support of the
high-resolution electron microscopy facility at MCPF of HKUST is also acknowledged.

Author contributions
Y.Z., C.Z. and C.X. conceived the project. Y.Z. led the project. C.X. and S.Y. prepared the
samples and conducted the ferroelastic switching. J.M. and J.H. grew the ultrathin flakes.
C.X. and X.G. performed the TEM/STEM observation. X.L. and Y.C. carried out the
structure calculations. T.L. and D.L. helped with the linear dichroism measurement. C.C.
assisted with the AFM and PFM test. C.X. and Y.Z. analyzed the experimental data and

wrote the manuscript. All authors discussed the results and commented on the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-23882-7.

Correspondence and requests for materials should be addressed to Y.Z.

Peer review information Nature Communications thanks the anonymous reviewer(s) for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-23882-7 ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:3665 | https://doi.org/10.1038/s41467-021-23882-7 | www.nature.com/naturecommunications 9

https://doi.org/10.1038/s41467-021-23882-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Two-dimensional ferroelasticity in van der Waals β’-In2Se3
	Results
	Thermoelastic transformation and 2D spontaneous strain in β’-In2Se3
	Multidomain variants and domain walls in β’-In2Se3
	Ferroelastic domain switching by external strain
	Ferroelasticity tailored by stacking ordering in β’-In2Se3

	Discussion
	Methods
	Materials and sample preparation
	Domain imaging by polarized-light microscopy and piezoresponse force microscopy
	Structure analysis using TEM/STEM and XRD
	Ferroelastic domain switching

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




