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Superelasticity is a reversible, nonlinear strain response to stress stimuli

beyond the linear elastic regime. It is commonly associated with a
martensitic transformation in its host material, usually ametal or polymer.
Except for the ceramic crystals ZrO, and BaTiO,, which show superelasticity
under compressive stress, inorganic materials with covalent or ionic
bonding usually do not exhibit superelastic behaviour because of large
energy barriers for structural transitions. Here we show anisotropic tensile
superelasticity in the ceramic crystal GeSe, which originates from reversible
shuffle twinning. Through in situ transmission electron microscopy
mechanical testing, we trace the evolution from alinear elastic behaviour
to anonlinear superelastic plateau in stress—strain curves and concurrently
observe the generation of stripy-shaped twin domains along the <110>
direction. Density functional theory calculations paired with molecular
dynamics simulations reveal a release of elastic potential energy upon

the shuffle twinning process from a Z-shaped to an anti-Z-shaped bond
configuration, whichiis responsible for the observed tensile superelasticity.
This mechanism makes the observed superelasticity highly directional.
Inline with the anisotropic Young’s modulus and Poisson’s ratio in GeSe,
experiments confirm that superelastic response emerges only when we
apply strain along or close to the zigzag direction. We expect to find similar
anisotropic superelasticity in ceramic semiconductors with similar crystal
structure such as SnSe, SnS or GeS.

Large capability of superelastic deformationin structural materialsis
desirable for practical mechanical devices and flexible electronics'™.
Unlike the non-directional and delocalized metallicbonds, which can
easily drive the displacive movement of atoms for structural transition
inmetals and thus realize superelasticity with large deformation therein
(Fig.1a), the directional and saturated nature of chemical bonds in
inorganic non-metallic materials typically hinders such structural tran-
sitions and is not expected to facilitate superelasticity®°. In ceramic

crystals, the interaction between neighbouring atoms dominated by
repulsion at short distances and attractionat long distances (similar to
the Lennard-Jones potential*shown in Fig. 1b) plays animportantrole
intheir elastic mechanical properties. Owing to the strong asymmetry
ofthe Lennard-Jones potential curve far from the equilibrium position
(the potential quickly diverges with atoms getting closer while slowly
saturating to zero potential energy with atoms getting farther apart),
theatominteractions shownin the Lennard-Jones potential behavein
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Fig.1| Observation of emergent superelasticity in ceramic crystal GeSe.

a, Schematic of the stress—strain relationship for tensile and compressive
superelastic deformations during the loading and unloading process.

b, Schematicillustration of the interatomic potential as a function of atom
distance. Here R denotes the distance between two interacting atoms, while
orepresents the distance at which the potential energy equals zero. ¢, Crystal
structure of GeSe (space group Pnma) viewed along the [100] direction. The
purple and green balls represent Ge and Se atoms, respectively. d, Schematic

Strain (%)

diagram for the in situ uniaxial tensile equipment via the DT method. e, TEM
image of GeSe nanobridges and diamond tensile gripper for the tensile test.
f-h, Insitu TEM images of the GeSe sample (sample A) before loading (), at the
beginning of superelasticity emergence (g) and at the maximum load (h).

i, Stress-strain curve of a typical GeSe sample measured via the DT method.
The critical strain for the emergence of superelasticity is roughly determined as
the intersection of the tangent lines of the data in the linear elastic region and
superelastic plateau region.

different ways under tension and compression limits®, respectively,
thusleading to variations between tensile and compressed superelas-
ticity". Although superelasticity under compressive stress has been
observed in two specific ceramic crystals (ZrO,and BaTiO,)" 7, tensile
superelasticity has not been observed in ceramic crystals.

GeSeisalayered ceramic crystal and possesses unique structural
and bonding characteristics: (1) its puckered orthorhombic lattice
(Fig. 1c and Extended Data Fig. 1) enables notable elastic deforma-
tion under low stress'®"?, (2) its in-plane anisotropy creates distinct
mechanical properties along the zigzag and armchair directions®, and
(3) its metavalent bonding, which lies between metallic and covalent
bonds, provides a balance of mechanical flexibility and electronic
functionality??*. These features make GeSe an ideal candidate for
exploring tensile superelasticity in ceramics.

Inthis work, we demonstrate directional tensile superelasticity in
GeSe. With in situ mechanical high-resolution transmission electron
microscopy (HRTEM), we unveil the stress-strain response; the linear
elastic behaviour evolvesinto asuperelastic plateau at a critical strain,
whichis accompanied by the simultaneous generation of stripy-shaped
twin domains along the <110> orientation. These stripy-shaped twin
domains growrapidly in width with a further increase in strain. Notably,
the twinning-driven superelasticity is anisotropic and only emerges
at strain angles close to the zigzag direction. First-principles calcula-
tions reveal that the shuffle twinning process, which is based on the
bond-configuration change from Z-shape to anti-Z-shape, leads to
arelease of elastic potential energy in GeSe and yields superelastic
behaviour. This anisotropic mechanism for achieving superelasticity is

distinct from the common martensitic transformation mechanism for
superelasticity in metals. Our findings not only establish an alternative
mechanism for achievingtensile superelasticity in ceramic crystals but
also offer opportunities for designing advanced semiconductor materi-
als with tailored mechanical properties, for example, for integration
into flexible electronics or mechanical systems.

Superelasticity in GeSe ceramic crystal

We prepared GeSe samples and conducted in situ TEM tensile meas-
urements using push-to-pull (PTP)** and direct-tensile (DT)* methods
(Methods, Fig. 1d,e, Extended Data Fig. 2 and Supplementary Fig. 1).
Figure lishows the stress-strain curve for atypical DT sample (150 nm
thick), where the stress—strain responses and TEM images (Fig. 1f-h)
were collected simultaneously with stress applied along the zigzag
direction, as further illustrated by in situ dark-field TEM images in
Supplementary Fig. 2. In Fig. 1i, the GeSe sample initially shows linear
elastic behaviour, transitioning to near-plateau stress behaviour when
the strain exceeds 2.5% (Supplementary Fig. 3). Simultaneously, cer-
tain stripy domains emerge, as shown by TEM images, forming only
atspecificangles (47° £ 2°or133° + 2°) relative to the zigzag direction
(Extended Data Fig. 3 and Supplementary Table 1), which implies that
the domain boundaries prefer to form along certain high-symmetric
crystallographic directions. Consistent with the superelastic loop,
both the emergence and the disappearance of stripy domains can
be confirmed with strain loading and unloading (Fig. 1f-h, Supple-
mentary Fig. 2 and Supplementary Videos 1-3). The occurrence of
superelasticity in GeSe isinfluenced by sample dimensions and strain
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rate (Supplementary Figs. 4-6). However, the reversible stripy twin
domains and consistent critical strain (-2.5%) are highly reproducible,
confirmedin over 44 GeSe samples (Supplementary Figs.3,7and 8,and
Supplementary Table1). Since suchaloop-shaped stress-strain curve
is always regarded as the typical behaviour for superelasticity, which
has been widely observed in those superelastic metallic alloys driven
by martensitic transformation®'°, these results might indicate that
the superelastic behaviour in GeSe ceramic crystal is microscopically
associated with the reversible formation of stripy domains.

Reversible shuffle twinning mechanism

To investigate the microscopic formation of superelasticity in GeSe
ceramic crystal, we performed insitu HRTEM imaging on PTP samples
to examine the evolution of atomic domain structures under strain
(Fig.2a-c, Extended DataFig. 4, Supplementary Fig. 1b and Supplemen-
tary Videos 4 and 5). Figure 2a-c, along with Supplementary Video 4,
shows a sample viewed along the c direction during loading in the
zigzag direction of GeSe. By contrast, Extended Data Fig. 4 and Sup-
plementary Video 5 depict another sample viewed along the armchair
direction during loading (Supplementary Fig. 1b). Figure 2a shows
four stages during the evolution of stripy domain with strain loading:
(1) the stripy domain emerges at 69 s, coinciding with the transition of
the stress-strain curve to superelastic behaviour; (2) the stripy domain
grows to-15 nminwidthby105 s, corresponding to the nonlinear super-
elastic regime; (3) during strain unloading (105-123 s), the domain
width remains unchanged owing to the recovery of the linear elastic
strain; (4) after full strainrelease, the domain narrows and disappears,
resulting in nonlinear superelastic recovery (Supplementary Fig. 9).
Thisreversible formationand disappearance of stripy domains underlie
the superelastic loop behaviour in GeSe ceramic crystal.

To confirmthe crystal structure of newly formed stripy domains,
we performed fast Fourier transform (FFT) analysis for the matrix
and stripy domainregionin HRTEM images. As shown in Fig. 2b,c, the
stripy domain shares the same crystal structure and lattice symmetry
as the matrix, with their zigzag directions rotated by 82.5° relative to
each other. The stripy twin domain is connected to the matrix region
through highly coherent interfaces, with twin boundaries oriented
along the <110> direction of the matrix, as revealed by atomic-scale
high-angle annular dark-field scanning transmission electron micros-
copy (HAADF-STEM) images (Fig. 2d-f, Extended Data Fig. 5 and Sup-
plementary Fig. 10). This evidence confirms that the superelasticity
in GeSe ceramic crystal originates from reversible twinning processes
rather than phase transformations. Interestingly, twins tend to nucle-
ate atlocations with high stress concentrations, such as surfaces and
local defects (Supplementary Fig.11). This twinning process can serve
asanalternative mechanismto generate the superelasticity in ceramic
crystals, distinct from the martensitic-transformation-driven super-
elasticity in shape memory alloys>™.

We performed abinitio total energy calculations to understand the
energetically favourable twinning crystal structures under varying ten-
silestrains (Fig. 2g). Two key points are highlighted in Fig. 2g. First, the
twin structure becomes more stable at larger strains, as shown by the
notable reduction of final state energy with increasing strain (Fig. 2h).
The relative energy of the final state to the initial state decreases to a
negative value as the strain reaches 7%, indicating that such a strain
drives twin structure formation. Second, twinning under strain can
occur spontaneously even at room temperature as the energy barrier
for twinning decreases to below 5 meV per atom withincreasing strain.
This ultralow barrier suggests that even mild exothermic reactions
under large strain can drive twin domain formation, enabling an easy
route to superelasticity.

As shown in the cartoon atomic configuration in the inset of
Fig. 2g and Extended Data Fig. 6a,b, the spontaneous twinning pro-
cess microscopically arises from changing between the Z-shaped
and anti-Z-shaped atomic configurations along the [110] direction.

As the in-plane Ge'-Se! bond stretches under tensile strain and the
surrounding non-bonded Ge and Se atoms (for example, Ge'-Se?)
move closer, the strain eventually breaks the Ge'-Se' bond and forms
anew Ge'-Se?bond (Fig. 2g and Supplementary Fig. 12). This twin-
ing process, induced by Z-shaped to anti-Z-shaped bond switching,
involves the collective rotation of Ge-Se atom pairs arranged in the
[110] direction and can be regarded as the shuffle twinning process.
The bond-switching-mediated twinning processes in GeSe occur at
amuch lower energy cost compared with slip-induced stacking fault
mechanism (Supplementary Fig. 13). In contrast to the abrupt atom
rearrangementin structural transitions, the uniform atomic shuffling
intypical twinning processes can alwaysintroduce fewer lattice defects
and lower residual stress in materials, considerably reducing the risk
of material failure and cracking®?.

Tounderstand the twin formation dynamicsin GeSe ceramic crys-
tal, we performed ab initio molecular dynamics (AIMD) simulations
under uniaxial strain (Methods, Fig. 3a-c, Supplementary Figs. 14-16
and Supplementary Video 6). Figure 3b,c shows the stress-strain and
the energy-strain curves from the AIMD simulations. The simulations
revealed that once a Ge-Se atom pair rotates to drive Z-shaped to
anti-Z-shaped bond switching, it promotes the rotation of adjacent
pairs, rapidly forming and growing twin domains within an ultrafast
picosecond timeframe (Fig. 3a). Correspondingly, the energy-strain
curve oftwinning GeSe deviates dramatically from the expected elastic
behaviour of untwined GeSe, with the calculated energy of the twin
domain structure being much lower (Fig. 3b). Thisindicates that twin
domain formation reduces the elastic energy, making twinning and
nonlinear superelasticity feasible under strain. In addition, we con-
firmed that the formation of new twin domains causes a stress drop
in the stress—strain curve, demonstrating that the required stress for
atarget strain is substantially reduced after twinning. This demon-
strates that twin domain formationis the dominant mechanism for the
nonlinear deformationin GeSe ceramic crystal. For example, Fig. 3b,c
and Extended Data Fig. 6¢ show that stress and energy drops occur at
6% and 9% strain owing to the formation of new twin domains, which
release elastic energy and drive nonlinear superelastic behaviour dur-
ingloading. Inthe calculation, twins may form at higher strains, possi-
bly owing to model size limitations that overestimate twin proportions.
Our AIMD simulations, consistent with experimental observations,
confirmed that the reversible shuffle twinning process drives super-
elasticity. Interestingly, the shuffle twinning mechanismand resulting
twin domains were also experimentally observed in sulfide-based GeS
ceramic crystals with the same puckered structure (Extended Data
Fig. 7), suggesting that this mechanism could be a universal strategy
forinducing superelasticity in other ceramic crystals.

Lattice evolution during superelastic deformation
Tobetter understand the superelasticbehaviourin GeSe crystal at the
atomic scale, we extracted in-plane lattice parameters from HRTEM
images and analysed their evolution during the strain loading-unload-
ing process (Fig. 3d-f, Extended Data Fig. 8, Supplementary Fig. 17,
Supplementary Table 2 and Supplementary Video 7). Consistent with
the discussion above, the in-plane lattice strain evolutionineach cycle
can be divided into four regions, including two linear regions during
initialloading (L1) and unloading (L2) and two superelastic regions dur-
ingloading (S1) and unloading (S2).Inregion S1, after the critical strain
for twin domain formation, the lattice parameter along the armchair
direction of the twin domainis stretched (owing to a twinning angle of
~82.5°), and thelattice strain dramatically increases to 5.8% with rapid
twin domain growth, while the matrix lattice strain along the zigzag
direction decreases from 2% to 1%. Interestingly, the formation and
rapid growth of twin domains enhance the GeSe deformation, result-
ing in observed superelasticity along the matrix zigzag direction, as
the lattice parameter along the armchair direction (b= 4.38 A) ismuch
larger than that along the zigzag direction (a = 3.81 A). On the basis of
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Fig. 2| Evolution of the stripy twin domainin GeSe under tensile loading and
unloading strains. a, High-resolution TEM snapshots taken along the <001>
zone axis of the GeSe sample (sample B) under the loading and unloading strains.
b,c, The FFT pattern (c) of the HRTEM image (b) corresponding to the region
containing a twin domain. The scale bar in the FFT patternis 5 nm™ d-f, HAADF-
STEMimage (d), corresponding structural model (e) and simulated HAADF-STEM
image (f) of atwinboundary. Here HRTEM and HAADF-STEM images of sample

B, obtained via the PTP method, reveal twinning behaviour in the first cycle and
atomic-resolution details of twinning structure formed in the subsequent cycle.
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g, Top: the energy profile of the twinning transformation pathway at different
strain values. Arrows indicate the energy saddle points. The inset schematic
illustrates the bond breakage and formation during twinning/detwinning in
GeSe under uniaxial strain along the zigzag direction. Here the energy of the
initial state is set as zero energy. Bottom: the corresponding distance changes

of Ge'-Se' and Ge'-Se? atoms during the twinning process. d1and d2 represent
the bond lengths of Ge'-Se! and Ge'-Se?, respectively. The bond length for GeSe
without strainis calculated to be 2.60 A. h, The final energy, twinning barrier and
detwinning barrier as a function of strain.

the sample’s modulus and measured lattice strain, we estimated the
stress—strain curves, which exhibit a clear hysteresis feature (Sup-
plementary Fig. 18) and align well with those obtained via DT testing.
Notably, the lattice parameter evolution and lattice strain behaviour
inboththe firstand second cycles are nearly identical, demonstrating
excellent recyclability of GeSe’s superelastic behaviour.

Generally, the maximum strain &, can be estimated by the fol-
lowing formula:

xb(1+€25,,)+ A —x)a(l+e%,
€max = -1
a

where €25, and €%, are the maximum localstrains that can be reached
before the fracture along the armchair and zigzag directions (Sup-
plementaryFig.19),and x is the proportion of the matrix that has trans-
formed into twin domains. a and b refer to the lattice parameters of
GeSe, with values of 3.81 A and 4.38 A, respectively. According to the
locallattice strainanalysisin Fig. 3e, the observed largest values of €35,,
and €%, canbe estimated to be -5.8% and -2.9%, respectively. Assum-
ing that half of the matrix transforms into twin domains (x=0.5), the

maximum strain is theoretically ~12.3%. Experimentally, with stripy

domain formation,amaximum strain of -12.8% is achieved before GeSe
sample fracture (Extended Data Fig. 9), aligning well with theoretical
predictions. Twinning elements* obtained from HRTEM show a twin-
ning shear of ~0.30, also consistent with theoretical estimates (Sup-
plementary Fig. 20). Although twinning shear may cause localized
nonuniform deformation, this deformation recovers after unloading
(Supplementary Fig. 21) if no cracking occurs within the twin domain
(Supplementary Fig.22 and Supplementary Video 8). Compared with
other layered materials, GeSe’s small Young’s modulus and
twinning-induced superelasticity enable a large strain limit (Supple-
mentary Fig. 23 and Supplementary Table 3), offering great potential
foradvanced mechanical applications®*°. In addition, compared with
other well-known superelastic materials, GeSe offers unique features
suchasalargestrain limit, excellent cyclability (Supplementary Figs. 24
and 25, Supplementary Table 4 and Supplementary Video 9), an alter-
native superelastic mechanism and its distinctive two-dimensional
semiconductor properties.

Directional superelasticity
To confirmthe stress directions exhibiting the superelasticity in GeSe,
we performed the tensile-strain measurements based on PTP samples
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Fig. 3| Local lattice strain analysis of GeSe under tensile strain loading-
unloading. a, Statistical averages of the structure in different time intervals for
the molecular dynamics of GeSe under 6% strain along the [100] direction. AB
represents the stacking sequence of the original lattice. The model images cross
32 primitive cells of GeSe. b, Calculated energy of GeSe as a function of strain
along the zigzag direction. ¢, Simulated stress-strain curve of GeSe as a function
of strain along the zigzag direction. d-f, Evolution of the stripy domain width
(f), in-plane lattice parameters (d) and derived local in-plane lattice strains in
the matrix and stripy domain (e) during the loading-unloading tensile strains
of sample C obtained using the PTP method. The local lattice strainis derived by
e£=AL/L,whereListhe lattice parameter along the zigzag or armchair direction

and AL is the corresponding change of lattice parameter under stress. In the
firstloading-unloading cycle, loading and unloading beginat 86 sand 200 s,
respectively, whilein the second cycle, loading and unloading begin at 285 sand
356 s, respectively. L1and Slindicate the linear elastic stage and the nonlinear
superplastic stage during loading, respectively, while L2 and S2 represent the
linear elastic stage and the nonlinear superplastic stage during unloading. The
two loading-unloading cycles are extracted from Supplementary Video 7. Here
the HRTEM dataset from the first and second cycles of sample C, obtained using
the PTP method, highlights the evolution of lattice parameters across multiple
cycles, complementing the datain Fig. 2.

with the bridge oriented at different angles (6, the angle between the
zigzag and loading directions). Unlike the superelastic behaviour
observed under strain along the zigzag direction, GeSe samples sub-
jected to strain along the armchair direction show only reversible
linear elastic behaviour, without stripy domain formations, before
fracturingat~5%strain (Supplementary Fig. 26). This suggests that GeSe
superelasticity is highly dependent on the loading direction. Figure 4a
shows in situ TEM images of PTP samples with 6 ranging from 0° to
180° (Extended Data Fig.10). Observable stripy domains (indicative of
superelasticity) appear only when fis between 325°and 30° (or 145° and
210°). At all other angles, no stripy domains are observed, even when
samples are stretched to fracture. Young’s modulus of GeSe along the
armchair directionis~27 GPa, much smaller than that along the zigzag

direction (40 GPa), suggesting that this anisotropic Young’s modulus
may underlie the directional superelasticity in GeSe™.

We calculated Young’s modulus of the matrix and twin domains
along specific tensile directions. As shown in Fig. 4b, the angle-
dependent Young’s modulus shows strong anisotropy along zigzag
and armchair directions, consistent with the experimental results.
Twinning generally occurs during the loading to release elasticenergy,
but only when the matrix’s Young’s modulus greatly exceeds that of
the twin domain, as observed for loading directions near the zigzag
direction (Supplementary Fig. 28). To achieve the transition state in
Fig. 2g and interchange the zigzag and armchair directions of GeSe,
theloading direction must enable convergence of lattice lengths aand
b.The calculated Poisson’s ratio decreases from+1.13 along the zigzag
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Fig. 4 | Directional superelasticity in GeSe ceramic crystal. a, Loading direction
dependence of superelasticity in GeSe. TEM images showing typical fabricated
GeSe samples for PTP testing, featuring different bridge orientations with
respect to the zigzag direction. Insets: SAED patterns of the tested samples. The
zigzag direction of each sample is indexed by a red arrow, and the stripy domains
generated owing to tensile strain are highlighted by blue dashed lines. The black
dashed lines indicate the fracture of the tested samples under alarge strain.
Middle inset: schematic diagram illustrating the range of tensile directions for
the appearance of superelasticity in GeSe. The balls represent the experimentally
measured values of 6, among which the orange balls highlight the superelastic

case and the blue balls highlight the elastic case. b, The calculated Young’s
modulus of GeSe along different directions. Angle of 0° indicates the strain
along the zigzag ([100]) direction. ¢, Poisson’s ratio and convergence coefficient
ralong different directions. rindicates the ease of convergence between a and
bwith axial tensile strain. Inset: the orientation of GeSe crystal. d, Top view of
charge density difference between a GeSe structure with one Ge-Se pair rotated
by 90° and one without bond rotation. Ge and Se atoms are coloured in purple
and green, respectively. The red and blue bubbles indicate the increase and
decrease of the charge density, corresponding to the electron dissipation and
collection, respectively.

direction (8= 0) tonegative valuesintheinterval 40° < § < 50°,and then
increases to +0.39 along the armchair direction (Fig. 4c and Supple-
mentary Fig.27). A convergence coefficient 7, related to Poisson’s ratio,
indicates the ease of convergence between a and b (Supplementary
equation (7)). rdecreases as fincreases, and convergence occurs only
when 7is positive—the higher the value, the easier the convergence.
Thus, a approaches b most rapidly at 8 = 0, but slows and is inhibited
as fincreases (Fig. 4c, details in Supplementary Information). These
calculations align with experimental observations, where twinning and
superelasticity occur under tensile loading at 8 <~40°.

Tounderstand therelationship between directional Ge-Se bonds
and the twin domain (observedin Figs. 1f-hand 4a), we calculated the
charge density difference between a GeSe structure with one Ge-Se
pair rotated by 90°and one without rotation (Fig. 4d). Rotating a single
Ge-Se pair causes a considerable perturbation in the charge density,
more pronounced along the [110] direction than [100] and [010] direc-
tions. This large charge perturbation destabilizes the local electron
structure, prompting bond reconstruction. When an adjacent Ge-Se
pair along the [110] direction rotates owing to this perturbation, the
effect propagates further along the same direction. This agrees with
MD simulation (Supplementary Video 6), which shows that shuffle
twinning rapidly originates from a single Ge-Se pair rotation. It also
explains the fast nucleation and growth of twins along the [110] direc-
tionin experiments. Therefore, directional bonding plays animportant
roleinthe formation of directional twin domains in GeSe, providing a

platform to modulate the mechanical properties of ceramic crystals
(Supplementary Fig. 29).

Conclusion

We observed anisotropic tensile superelasticity in ceramic crystal GeSe.
Theunderlying reversible shuffle twinning mechanism, which is distinct
fromthestructural transition-driven superelasticity in metallic alloys,
may be also operational in other ceramic semiconductors with similar
crystal structures®?, including but not limited to SnSe, SnS, GeS and
their doped counterparts (Supplementary Figs. 30 and 31and Supple-
mentary Tables 5and 6). Mechanical-stimuli-driven ferroelasticity has
beendemonstrated in chalcogenides®, and intrinsic ferroelectricity is
known instructurally analogous materials®>. The discovery of tensile
superelasticity in GeSe raises hope for coexisting ferroelastic, ferroelec-
tricand superelastic behaviour in this material class—a multiferroic cou-
pling mechanism analogous to domain-engineered functionalities in
BiFeO,, where twin boundaries host emergent properties suchasinter-
facial conductivity and photovoltaic effects**®. While experimental
evidence of thisinterplay in GeSe s still lacking, the strain-dependent
twinning-detwinning process, combined with chalcogenides’ spin
helicity®’, nonlinear optics* and bulk photovoltaic effects**?, provides
a promising starting point for the development of strain-modulated
optoelectronics. For example, mechanically responsive devices, such
as photodetectors or sensors, could utilize strain-induced electronic
state modifications, similar to domain-wall-enabled functionalities

Nature Nanotechnology | Volume 20 | June 2025 | 732-739

737


http://www.nature.com/naturenanotechnology

Article

https://doi.org/10.1038/s41565-025-01902-7

in BiFeO,. With further advances in heterostructure engineering and
localized property characterization, these concepts could be translated
into practical applications. Texture engineering and doping strategies
together with the extensionbeyond single-crystal GeSe to polycrystal-
line materials or other ceramics with different bonding characteristics
could help broaden the scope for potential applications of anisotropic
tensile superelasticity.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41565-025-01902-7.
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Methods

Fabrication of microscale GeSe samples for TEM tensile

strain testing

GeSesingle crystals were synthesized viathe chemical vapour transport
method®. GeSe flakes for in situ TEM experiments under tensile strain
were fabricated by using a focused ion beam (Helios G5, Thermo Fisher
Scientific) as follows. First, a thin lamella was milled from as-grown
crystals with the polished surface, and then it was cut and transferred
ontoa TEM half-grid fixed by Pt welding. Second, the lamella was laterally
narrowed toawidth of 3 pm and then further shaped into ananobridge
specimen with dimensions 0f100-300 nminwidthand1-3 pminlength.
The diamond gripper was specifically designed with adiamondindenter
tiptogrip thenanobridge specimen for tensile testing. The presence and
orientation of the twins in the lamella were ascertained via TEM obser-
vation and corresponding electron diffraction analysis. A thin surface
amorphouslayer with afew nanometres thickness typically forms on the
GeSesample after focused ion beammilling, which has aminimalimpact
on the twinning-mediated superelasticity in GeSe owing to its minimal
thickness and low mechanical properties (Supplementary Figs. 32-34).

Insitu TEM and STEM characterization

In situ PTP tensile tests were performed with a positioning control
of 0.1nmin a custom-designed X-Nano TEM system**, The in situ DT
tensile experiments were conducted with adisplacementloadingrate
of 1.0 nm s™ using a Hysitron Picolndenter PI95 (Hysitron). The PTP
method provides stability for applying strain to very thin samples,
makingitideal for HRTEM measurements, while the DT method allows
for direct stress—strain measurements. All in situ mechanical tests
were performed in a JEM-ARM20OF microscope (JEOL) at 200 kV.
All STEM observations were performed in an aberration-corrected
JEM-ARM300F2 (JEOL) at 300 kV with a 25 mrad probe convergence
angle. HAADF images were captured by using 60-200 mrad inner-out
collection angles. STEM imaging of the twin structures involved
transferring the sample, mounted on the X-Nano stage, from the
image-corrected JEM-ARM200F—where the twin domains were initially
identified—to the probe-corrected JEM-ARM30O0F2. The sample was
reloaded until the twin domains reappeared, and stress was maintained
to stabilize them, enabling the capture of high-resolutionimages. The
details of the in situ TEM and STEM characterizations can be found
in Supplementary Information. Corresponding HAADF-STEM image
simulation was conducted according to the experimental imaging
parameters by using a developed software®.

Density functional theory calculations

The structure and mechanical properties of Pnma-GeSe were simulated
by using the projector-augmented wave*® method asimplemented in
the VASP code". Generalized gradient approximation with the func-
tional of Perdew, Burke and Ernzerhof*® was adopted to treat the
exchange-correlationenergy. The energy barrier was calculated by the
climbing-image nudged elastic band method*. The model used for
calculating the transition state is a 2 x 2 x 1 supercell containing 32
atoms, asillustrated in Extended Data Fig. 6a. The dynamic evolution
of GeSe under loading and unloading processes was simulated through
alternative structure optimization and molecular dynamics. Strain
alongthezigzag directionisapplied step-by-step ona periodic model
containing 256 atoms in a cell, constructed using a transformation

220
matrix of ( -880 ) applied to the primitive cell, asshown in Extended
001

DataFig. 6c. After relaxing the lattice and atom positions at each strain,
AIMD at 300 K was carried out for at least 10 ps (time step of 1fs, 10,000
steps) to check the dynamic stability. The canonical ensemble (NVT)
withaNosé-Hoover thermostat was used*’. If the structure was unsta-
ble and transformed to another configuration within the first 10 ps, a
simulation with an additional 10 ps was run until the structure

stabilized. The structure, energy and stress of the final state are deter-
mined by averaging the atomic positionsin thelast1 psandre-relaxing
the configuration. In the molecular dynamics simulation, an energy
cut-off of 320 eV, ak-point of "and an energy convergence criterion of
10"* eV were used. In relaxation, to obtain more accurate energy and
stress data, an energy cut-off of 500 eV, a k-point resolution of
21 x 0.04 A7, an energy convergence criterion of 10 eV and a force
criterion of 0.01 eV A were used. To determine the directional Young’s
modulus and Poisson’sratio, we calculated the elastic tensor of intrinsic
GeSeby applyingfinite distortions to the lattice and deriving the elastic
constants from the stress-strain relationship. This calculation was
performed using the VASP code with the parameters IBRION = 6 and
ISIF =3.Subsequently, Young’s modulus and Poisson’s ratio as functions
of the direction angle (6) were obtained by applying a coordinate
system transformation to the elastic tensor matrix.

Data availability

All data generated during the current study are available from the
correspondingauthors uponreasonable request. Additional datasets
andvideos are available on Materials Cloud®. Source data are provided
with this paper.
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Extended Data Fig. 1| Crystal structure and basic optical properties of the shows an optical image of the as-grown GeSe single crystal. The optical bandgap
GeSe crystal. a, XRD pattern of the GeSe single crystal. The XRD pattern was of GeSe was determined to be around 1.2 eV, confirming the semiconducting
obtained from the ground powder. The out-of-plane lattice constant c of 10.84 A nature of layered GeSe. d-f, Atomic crystal models (top panel) and HAADF-STEM
was obtained by using Bragg’s law. b, Raman spectrum of the GeSe single crystal. images (bottom panel) of GeSe crystal along the [010], [100], and [001]

The four observed peaks at 81,147,172 and 185 cm™, correspond to the A, B, A,> orientations, respectively. In the model, Ge and Se atoms are colored in purple
and A;> modes, whichis consistent with the reported results for GeSe with space and green, respectively. From the STEM results, lattice constants can be

group Pnma. ¢, Absorption spectrum of the GeSe single crystal. The inset in (c) determined as follows:a=3.81A,b=4.38A,and c=10.80 A.
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a

Extended Data Fig. 2 | Fabrication of GeSe samples for in-situ TEM tensile
testing. a-e, SEM images showing the microfabrication process of the GeSe

PTP device for tensile testing. f, TEM image of a PTP device to demonstrate the
applied uniaxial tensile strain on the tiny bridge by pushing the convex pillars
with adiamond punch. g-i, TEM images showing the microfabrication process
of'the GeSe nanobridge samples for direct tensile testing. g, TEM image showing

(o

aseries of GeSe nanobridges with adiamond gripper sculpted from adiamond
indenter tip. h, Alignment of one tensile sample and the diamond gripper

prior to straining. i, TEM image showing the formation of stripy domainsin the
nanobridge during strain loading. Inset is the collected load-displacement curve
during theloading of strain along the zigzag direction.

Nature Nanotechnology


http://www.nature.com/naturenanotechnology

Article

https://doi.org/10.1038/s41565-025-01902-7

a Sample D b

Sample E c

Sample F

o _466.13 nm

strain

\ 4

5nm-!

Loading

Unloading

L 480.75 nm

Extended Data Fig. 3| Reproducibility of superelasticity along the zigzag
direction. Three microfabricated GeSe samples were stretched along the zigzag
direction via the PTP method. The orientation of each sample was determined
withthe SAED patterninserted as theinset in the corresponding panel. The white
arrows highlight the stripy domains formed under strain. In the two tested
samplesin (a, b), stripy domains are observed to be formed just along the [110]
direction, while in the tested sample in (c), stripy domains are found to appear
alongboth the [110]and [110] directions. Since [110]and [110] are equivalent

crystal orientations in GeSe, we can conclude that the twin boundary prefers to
form along the <110> direction. With increasing strain during the loading
process, the stripy domains appear and gradually widen, while they gradually
narrow and disappear with decreasing strain during the unloading process. Such
areversible process is repeatable after multiple loading and unloading strains,
and the GeSe sample consistently exhibits superelastic behavior. These results
indicate the high reproducibility of superelasticity in GeSe.
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Extended DataFig. 4 | Insitu observation of superelastic behavior in GeSe strainloading and unloading, respectively. This observation of strain-dependent
along the armchair direction. HRTEM images of a GeSe sample (Sample G) domain dynamics further confirms the superelastic behavior of GeSe. The side
under uniaxial strain along the zigzag direction during strain loading (a) and view also reveals that superelastic behavior occurs throughout all the layers of
during unloading process (b) via the PTP method. The red dashed lines mark the GeSe sample.

out the twin domain, which exhibits increases and decreases in width during
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Extended Data Fig. 5| Atomic-scale structure of the twin boundary in
superelastic GeSe. a, Atomic structure and (b) HAADF-STEM image showing
atop view of the twin boundary between the Matrix (right part) and twin
domain (left part) along the [001] zone axis (Sample B). ¢, Top and side views
of the atomic structure of the twin boundary. The side view is along the [100]
zone axis in the twin domain (left part). d, HAADF-STEM image providing a
side-view of the twin boundary along the [100] zone axis in the twin domain
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(left panel, Sample G). e, Top and side views of the atomic structure of the twin
boundary. In comparison with (c), the twin boundary is rotated about 7 degrees
counterclockwise. The side view is along the [010] zone axis in the Matrix (right
part).f, HAADF-STEM image showing a side view of the twin boundary along the
[010] zone axis in the Matrix (right panel, Sample G). In the model, Ge and Se
atomsare colored in purple and green, respectively.
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evolution of the twin domains (marked by red lines) in the GeSe model during
loading and unloading simulation, corresponding to the data pointsin Fig. 3b in

b, Thelocal bond switching in the structures corresponding to (a). ¢, Structural
the main text.

structure of GeSe before twinning (left), after twinning (right), and at the energy
saddle pointin the transformation pathway (middle) for a strain of 7% along the
zigzag direction. Ge and Se atoms are colored in purple and green, respectively.

Extended Data Fig. 6 | Shuffle twinning of GeSe under tensile strain. a, The
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Extended Data Fig. 7| Twinning-induced superelasticity in GeS along the
zigzag direction. In-situ TEM images of the GeS sample during strain loading
(a-c) and unloading (d-f) via the PTP method. The yellow arrows highlight the
stripy domains formed under strain. One can clearly observe the generation
and disappearance of the stripy domain in the GeS ceramic crystal during strain

loading and unloading. Such stripy domains are also found to form along the
<110>direction. This result indicates that the shuffle twinning mechanism can
serve as a general mechanism to induce superelasticity in those ceramic crystals

with similar crystal structures.
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Extended Data Fig. 8 | Determination of the lattice parameters of GeSe parameters of GeSe in twin domain region. The blue and red solid lines represent
under tensile strain. a, One extracted snapshot from an HRTEM video for a the zigzag and armchair directions. In each selected region, ten unit cells were
GeSe sample (Sample C) under tensile strain along zigzag direction. The white taken along the zigzag (middle panel) and armchair (right panel) directions for
(orange) rectangles represent the eight randomly selected regions for lattice lattice parameter determination. The same approachis applied for the lattice

parameter determination in twin domain (Matrix). b, Determination of the lattice ~ parameter determination in Matrix region.
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Extended Data Fig. 9| In-situ TEM tensile testing on a GeSe sample along the zigzag direction via the DT method. The tested GeSe sample (Sample H) gradually

elongated until fracture with increasing strain along the zigzag direction. Stripy domains began to appear at a critical strain of ~3.91%, and amaximum strain as high as
~12.76% was reached before fracture.
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Extended Data Fig. 10 | Loading direction dependence of superelasticity in
GeSe. The TEM images show typical fabricated GeSe samples for both the DT and
PTP testing under alarge strain with 6 (6 is denoted as the angle between the
zigzag direction and loading direction) ranging from 0 to 360° in steps of -15°.
Insets are SAED patterns of the tested samples; the scale bar is 5nm™. The zigzag
direction of each sample isindexed by ared arrow, and the stripy domains
generated due to tensile strain are highlighted by blue dashed lines. The orange
arrows indicate fracture of the tested samples under a large strain. The schematic
diagramin the center illustrates the range of tensile directions for the

Armchair

appearance of superelasticity in GeSe. The balls represent the experimentally
measured values of 8, among which the orange balls highlight the superelastic
case and the blue balls highlight the elastic case. One can see that the fabricated
PTP samples are able to exhibit observable stripy domains (indicative of
superelasticity) only when 6 liesin the range from 325°to 30° (or 145° to 210°).
Otherwise, the GeSe samples show no sign of stripy domains until they are
stretched to fracture during loading. This finding indicates that superelasticity is
highly anisotropicin GeSe.
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