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Abstract 21 
The quest for electronic devices that offer flexibility, wearability, durability, and high-perfor-22 
mance, while simultaneously exploring new additive manufacturing technologies to enhance 23 
the plasticity and elasticity of inorganic semiconductors, has spotlighted two-dimensional van 24 
der Waals (vdW) materials as potential next-generation semiconductors. Especially noteworthy 25 
is indium selenide (InSe), which has demonstrated surprising ultra-high plasticity. The recent 26 
achievement of a high-performance ballistic transistor utilizing 2D InSe has further sparked 27 
considerable interest. In an effort to deepen our understanding of this unusual plasticity in 2D 28 
vdW materials and to explore additional inorganic plastic semiconductors, we have conducted 29 
in-depth experimental and theoretical investigations on MX (M = In, Ga; X = S, Se, Te) and 30 
MX2 (M = Mo, W; X = S, Se, Te) vdW layered materials. We have discovered a novel and 31 
general plastic deformation mode in MX materials, which is facilitated by the synergetic effect 32 
of phase transitions, inter-layer gliding, and microcracks. This is in contrast to crystals with 33 
strong atomic bonding, such as metals and ceramics, where plasticity is primarily driven by 34 
dislocations. Via atomic-scale transmission electron microscopy, in situ experiments, first-prin-35 
ciples calculations, and molecular dynamics simulations, we have unveiled that the key to gen-36 
erating numerous microcracks in a well-synchronized manner, while avoiding crack coales-37 
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cence, growth, or macroscopic fracture, is the facile phase transitions associated with switcha-38 
ble stacking order and increased interlayer gliding barriers resulting from the 2H-to-3R phase 39 
transition in MX, but not in MX2. By harnessing the 3R pinning effect, it is possible to cease 40 
the propagation of microcracks, resulting in enhanced deformability. The discovery of ultra-41 
high plasticity and the novel phase transition mechanism combining microcrack deformation 42 
found in 2D MX materials, could be useful for the design and the development of high-perfor-43 
mance inorganic plastic semiconductors.  44 
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Introduction 45 
Writing with a pencil involves the mechanical deformation of graphite on the pencil tip through 46 
compression and lateral friction, which is then transferred to paper and forms a thin film. At 47 
the microscopic level, numerous fracture events occur on the tip during this process. For “3H” 48 
or “2H” grading pencils1,2, the lack of plastic deformation on the tip results in discontinued 49 
patterns and lighter-colored writing. In contrast, softer “3B” or “2B” grading pencils can create 50 
much smoother and continuous writing due to their improved plasticity. The hardness and plas-51 
ticity of the pencil tips are essentially determined by the structure and compositions of the 52 
materials1,2. 53 
 54 
Similar to graphite, a rich family of van der Waals (vdW)-layered materials have been known 55 
for their strong intralayer bonding and weak interlayer interaction, which makes them easy to 56 
exfoliate into the atomically-thin two-dimensional (2D) films3-8. Ultra-thin metal chalcogeni-57 
des (MX: M = Ga, In; X = S, Se, Te)9-14 and transition metal dichalcogenides (TMDCs, MX2: 58 
M = Mo, W; X = S, Se, Te)15-23possess attractive properties such as high carrier mobility12-59 
14,22,23, high on/off ratio12-16, low subthreshold swing14,15,20, high deformability7,8,13,15,19,24-26, 60 
and ferroelectricity27,28. Very recently, an InSe-based ballistic 2D transistor was reported to 61 
outperform Si-based FinFETs in terms of higher room temperature ballistic ratio, lower work-62 
ing voltage, lower power consumption, and smaller delay14. Surprisingly, InSe has demon-63 
strated remarkably high plasticity, which is in contrast with other vdW-layered materials that 64 
prevalently consist of brittle covalent and ionic bonding7,8. Benefiting from the intrinsic 2D 65 
semiconducting properties, and the ultra-high deformation capabilities with significantly low-66 
ered fracture and fragmentation tendencies, this type of vdW-layered materials, especially the 67 
MX, hold promising potentials for future flexible electronics13,24,29, as well as wearable and 68 
bio-compatible devices24,26. Moreover, the facile interlayer gliding ensures ultra-low friction 69 
between layers, enabling the vdW-layered materials to serve as solid-state lubricants (SSL) in 70 
industrial and engineering fields30-32, as well as in additive manufacturing33 and 3D printing34,35 71 
technologies for next-generation inorganic semiconductors.  72 
 73 
In terms of plasticity, InSe, GaSe, and MoS2 have exhibited the ability to sustain tensile fracture 74 
strains along basal plane up to ~12%, ~11%, and ~9%, respectively, and all of these materials 75 
can be deformed over 20% bending strain7,8. Apparently, this ultra-high plasticity is associated 76 
with the interlayer gliding. In addition, the role of the cross-layer dislocation slip has been 77 
addressed due to the synergistic effect of interlayer interactions and high cleaving energy7. 78 
However, the full picture of the plastic deformation in vdW layered materials, especially why 79 
the quadruple-layered MX (such as InSe and GaSe) possesses better deformability than other 80 
vdW-layered materials such as graphite36,37 and TMDCs like MoS2

7,8 is not yet clear.  81 
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Here, we perform comprehensive structural analysis at the atomic scale by scanning transmis-82 
sion electron microscopy (STEM), particularly the in situ TEM, combined with first-principles 83 
calculations and molecular dynamics (MD) simulations to investigate the structural evolution 84 
during the plastic deformation of various vdW-layered materials. We find that there are high 85 
density micro-cracks and phase transition after applying mechanical loading, which effectively 86 
relieve the strain and are responsible for the ultrahigh plasticity. The stacking order-relevant 87 
phase transition has been overlooked in the previous experimental and theoretical studies7,8,38. 88 
Besides, the interlayer gliding barriers show stark difference between 2H and 3R stacking or-89 
ders, creating pinning points which cease the continuous crack propagation and the subsequent 90 
catastrophic failure. 91 
 92 
Emergent polymorphs by mechanical deformation 93 

 94 
Fig. 1 | Atomic structures of various InSe phases (top and cross-section views) and writing capability as a 95 
pen. a-d, Atomic structures of 2H-InSe (a), 2R-InSe (b), 3R-InSe (c), and 3R’-InSe (d). Unit cells are indicated 96 
by the black dashed boxes. e-f, Drawing ability of pristine 2H-InSe demonstrated by drawing a straight line com-97 
pared with 2B and 2H pencils (e), and a PolyU logo written by the pristine 2H-InSe crystal (f). 98 
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InSe is primarily composed of four phases: 2H(𝛽𝛽)-InSe (space group: P63/mmc) is also called 99 
2H phase, whereas the adjacent atomic layers are twisted by 60o (equivalent to 180o)39; the 100 
counterpart 2R(𝜀𝜀), 3R(𝛾𝛾), and 3R’(𝛾𝛾’)-InSe (space group: P6�m2, R3m, and R3�m, respectively) 101 
are all stacked without twisting (Fig. 1a-d). The other MX materials, such as GaSe, exhibit 102 
similar polymorphic structures as InSe40. First, we showcase the macroscopic ultra-high plas-103 
ticity in 2H-InSe by direct writing and drawing with the 2H-InSe crystal. As shown in Fig. 1e, 104 
the 2H-InSe crystal shows good writing capability that is comparable with that of 2B and 2H 105 
pencils. This can be further seen from the PolyU logo (Fig.1f) drawn by the 2H-InSe crystal. 106 
The capability of 2H-InSe for continuous writing and patterning is comparable to that of graph-107 
ite pencils, highlighting its immense potential for future additive manufacturing applications, 108 
particularly in the realm of next-generation 2D semiconductors. Examples of these applications 109 
include the use of InSe ink for 3D printing or as a drawing pen for 2D semiconductors, and 110 
even as a fundamental component in the development of flexible electronics. 111 

 112 
Fig. 2 | The structural evolution of 2H-InSe after mechanical deformation. a, The experimental workflow. 113 
b,c, XRD results of control group (before deformation) (b), and experimental group (after deformation) (c). The 114 
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light blue dashed lines highlight the differences between (b) and (c). d,e, High resolution STEM-HAADF images 115 
in zone axis of [0001] and [12�10] of the control group (d), and the experimental group (e), showing 2H and 3R 116 
stacking, respectively. Insets in (d,e), STEM simulation images (details see Method). Scale bars: 1 nm.  117 
 118 
In following experiments, the single crystal 2H-InSe, 2H-GaSe, 2H-MoS2, and 2H-MoTe2 were 119 
mechanically compressed as shown in Fig. 2a (see Methods for details). The intralayer strain 120 
provided by compression on the single crystals, including 2H-InSe, 2H-MoS2 and 2H-MoTe2, 121 
results in significant plastic deformation over 40% compression strain (Supplementary Fig. S1), 122 
until the limitation of the machine. While a few macroscopic cracks were generated, the ma-123 
jority of the samples remained continuous and preserved in one piece. The crystal stacking of 124 
pristine InSe and post-deformed InSe, MoS2 and MoTe2 exhibit consistent and high-quality 125 
characteristics on a large scale, as demonstrated and arranged in Supplementary Fig. S2-S10, 126 
showcasing both the [0001] top and 〈12�10〉 cross-section views. 127 
 128 
The compression tests successfully induced micro-cracks and plastic deformation within the 129 
InSe crystals. A comparison of the X-ray diffraction (XRD) results of pre-deformation and 130 
post-deformation InSe, as shown in Figs. 2b-c respectively, reveals distinct signatures of phase 131 
transition indicated by the noticeable change in peak ratios marked by the light blue dashed 132 
lines. In contrast, the millimeter-scale XRD results of MoS2 and MoTe2, as depicted in Supple-133 
mentary Fig. S11, do not exhibit significant shifts or changes in peak intensity. The pristine 134 
2H-InSe single crystal undergoes a transformation into InSe polymorph, primarily in the 3R 135 
phase, as depicted in Figs. 2b-e. Remarkably, this observed phase transition is solely induced 136 
by mechanical force, differing from the thermal treatments commonly reported in the litera-137 
ture18,41-43. The top view and cross-section scanning transmission electron microscopy high-138 
angle annular dark-field (STEM-HAADF) images exhibit excellent agreement with the XRD 139 
results (Figs. 2b-e). In the control group, pristine samples display a clean 2H stacking repre-140 
sented by the blue color scale, while the experimental group subjected to plastic deformation 141 
exhibits a 3R stacking represented by the orange color scale. The STEM-HAADF images for 142 
both phases align with their corresponding atomic models and the STEM-HAADF simulation, 143 
as illustrated in Figs. 2d-e. The top view STEM-HAADF results also provide sufficient infor-144 
mation of the pristine 2H stacking and post-deformed 3R stacking, as shown in Supplementary 145 
Fig. S12. 146 
 147 
Meanwhile, our Raman spectroscopy data does not show extra peak for pre-deformation and 148 
post-deformation InSe with respect to control and Exp. 1-3, respectively (Extended Data Fig. 149 
1). Exps. 1-4 refer to the same batch of exfoliated InSe after loading with different laser exciting 150 
positions, indicated by the orange crosses. It can be distinguished by the peak ratios of 𝐸𝐸’(1) 151 
and 𝐸𝐸’’(2). 𝐸𝐸’(1) peak is higher than 𝐸𝐸’’(2) peak when the InSe is generally 3R stacking, while 152 
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those two peaks are similar indicating the InSe is 2H stacking. However, only the red dashed 153 
box in Exp. 4 displays a red shift with an extra peak that attributes to some local 2R phase, 154 
which can be recognized as the stacking faults in 3R phase41,42, and it is also verified by the 155 
cross-section STEM results (Supplementary Fig. S13). On the other hand, Supplementary Figs. 156 
S14-S15, the post-deformation MoS2 and MoTe2 behave the same A1g and E2g in Raman shift 157 
compared with their pre-deformation results, that suggest no phase transition occur after com-158 
pression.  159 
 160 
The corresponding low magnification TEM and diffraction patterns of Figs. 2d&e are shown 161 
in Extended Data Figs. 2&3. The diffraction patterns of the pristine InSe demonstrate stronger 162 
{12�10} signals highlighted by the yellow circles, while the post-deformation InSe displays 163 
similar intensity. From the cross-section views, the post-deformed InSe exhibits a shorter in-164 
terlayer distance and displays splitting diffraction patterns, specifically marked as (101�1) and 165 
(101�2), indicating the presence of mixed phases, predominantly 3R, in the post-deformed InSe. 166 
Based on these characterizations, it can be concluded that the post-deformed InSe generally 167 
exhibits a 3R stacking configuration. Extended Data Fig. 4 presents typical low magnification 168 
STEM-HAADF (top views) after deformation. InSe demonstrates a tendency to form numerous 169 
intralayer micro-cracks, with fewer dislocation lines and more pronounced fractures compared 170 
to MoS2 and MoTe2. Conversely, Extended Data Fig. 5 showcases typical low magnification 171 
STEM-HAADF cross-section views. The micro-cracks in InSe are relatively discrete and prop-172 
agate along the basal plane, while in MoS2 and MoTe2, the micro-cracks prefer continuous 173 
propagation and have a higher likelihood of propagating through interlayers, particularly evi-174 
dent in Extended Data Figs. 5f,h&i. These results indicate that InSe can effectively relief strain 175 
by forming micro-cracks associated with phase transition, distinguishing it from the behavior 176 
of MoS2 and MoTe2. 177 
 178 
The distribution and propagation of micro-cracks in InSe, MoS2, and MoTe2 highlight the sig-179 
nificance of phase transition in determining their plasticity. The presence of well-developed 180 
micro-crack networks in deformed InSe suggests that strain concentration is evenly distributed. 181 
Consequently, the strain is continuously relaxed through interlayer gliding with free ends at the 182 
micro-cracks. In contrast, MoS2 and MoTe2 tend to accumulate dislocations. When the strain 183 
becomes unsustainable, severe fracture occurs as a catastrophic means of strain relaxation. As 184 
explained in detail below, the previously unreported mechanically driven phase transition of 185 
MX plays a crucial role in the generation and propagation of micro-cracks. 186 
 187 
The atomic structures near the micro-cracks 188 
After the large-scale characterizations, the atomic structures near micro-cracks, created under 189 
deformation, are investigated in detail below. In comparisons among InSe, MoS2 and MoTe2 190 
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specimens, Fig. 3a-c show the atomic structure near the micro-cracks. The pristine 2H-InSe 191 
transforms to mainly 3R phase, but MoS2 and MoTe2 retain 2H phase (detailed structural mod-192 
els of MX and MX2 can be seen in Supplementary Fig. S16). The large field of view insets 193 
present the corresponding position of the atomic STEM-HAADF highlighted by the orange 194 
dashed boxes. More positions from a ~13 µm post-deformation InSe cross-section also provide 195 
wide range of the 3R stacking domination near the micro-cracks, as shown in Extended Data 196 
Fig. 6. In panel f, green, yellow, and blue color highlight the 3R’ stacking, phase boundary, and 197 
2H stacking, respectively. On the other hand, clear 2H-stacking with some lattice damage can 198 
be observed in the post-deformed MoS2 and MoTe2 near the micro-cracks and defects, as shown 199 
in Extended Data Figs. 7&8, respectively. The results agree with the large-scale results that 200 
phase transition occurred in InSe, but not in MX2.  201 

 202 
Fig. 3 | Atomic structures near micro-cracks. a-c, Atomic images near micro-cracks of InSe (a), MoS2 (b), and 203 
MoTe2 (c) along [0001]. The insets in (a-c) with 50 nm scale bars show the corresponding position in (a-c) high-204 
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lighted by orange dashed boxes. The orange and blue color scale represent 3R and 2H stacking in (a-c), respec-205 
tively. d-j, Cross-section STEM-HAADF images of InSe and GaSe along [12�10]. d,e, A typical micro-crack in 206 
InSe (d) and GaSe (e) after deformation. f-h, Mechanical force driven intralayer phase boundaries (highlighted 207 
by green dashed boxes) with intermediate 3R’ stacking (highlighted by white dashed boxes) in InSe (f,h) and 208 
GaSe (g). The white area in (e,g,h) highlights the untransformed 2H stacking. i, One micro-crack forms 1/3z edge 209 
dislocation. j, A cross-layer joint of two micro-cracks. Scale bars: 2 nm (a-j). 210 
 211 
We further zoom into the micro-cracks and dislocations in Figs. 3d-j for investigations. Fig.3d,e 212 
display STEM images of a typical single layer (1L) micro-crack of InSe and GaSe surrounded 213 
mainly by 3R stacking, whereas only 1L breaks without forming dislocations (larger field of 214 
view can be seen in Supplementary Figs. S17&S18). In Fig. 3e, the post-deformed GaSe with-215 
out phase transition is also highlighted in white, showing 2H stacking. Similarly, the typical 216 
few layers micro-cracks of InSe and GaSe are also surrounded by mainly 3R stacking (Ex-217 
tended Data Fig. 9). These cross-section STEM results are in line with the above analysis that 218 
more 3R stacking is formed after mechanical deformation. 219 
 220 
With careful inspection on the post-plastic-deformation InSe and GaSe specimens, Fig. 3f-h 221 
capture more atomic signatures about the phase transitions and the phase boundaries. Particu-222 
larly, the 3R/2H/3R’ phase boundaries and 3R’-MX are indicated by the green and white 223 
dashed boxes, respectively. The untransformed 2H-MX and completely transformed 3R-MX 224 
are found with the 3R’-MX near 3 different bilayer micro-cracks. The results imply that 3R’-225 
MX can be as an intermediate stage of phase transition pathway from 2H to 3R caused by 226 
intralayer atomic reconstruction. This intermediate stage can reduce the energy requirement for 227 
phase transition. C-BN-to-r-BN-to-h-BN phase transition is a good example, that shows the 2-228 
step phase transition is more energy favorable than direction phase transition of c-BN-to-h-229 
BN43,44. We believe that the energy favorable 2-step phase transition allows MX to afford more 230 
strain and to achieve better plasticity.  231 
 232 
From a structural perspective, the emerged 3R-InSe cannot be simply caused by interlayer glid-233 
ing along the energy favorable axis such as 〈101�0〉 or 〈12�10〉. Instead, the intralayer recon-234 
struction is necessary. According to our density functional theory (DFT) calculations, the for-235 
mation energy of 2H and 3R phase is very close, -0.755, and -0.756 eV/atom (Extended Data 236 
Table 1), respectively, which explains the co-existed phases as observed (Figs. 3a,d,f&h). The 237 
slightly lower energy in 3R phases also implies a stronger inter-layer interaction in 3R phase 238 
than 2H phase, which is also in agreement with exfoliation energy difference for the two phases 239 
(0.27, and 0.29 J/m2 for 2H and 3R phase, respectively).  240 
 241 
It can be rationalized that the formation of micro-cracks is much easier at the high energy phase 242 
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boundaries. Then, a two-step phase transition from 2H-to-3R’-to-3R was calculated in this 243 
phase boundary model. The results suggest that 2H phase can transform to 3R’ phase (Step 1 244 
to Step 2) as indicated by a relatively low energy barrier of 0.275 eV. At the end, the transition 245 
from 3R’ to 3R phase (Step 2 to Step 3) can reach a lower energy, which is lower than Step 1 246 
by ~1.5 meV (Supplementary Fig. S19). These results suggest that the 3R’ stacking can serve 247 
as the intermediate state by allowing the translation of the Se atom one by one during mechan-248 
ical deformation, and the lower relaxation energy in 3R phase than 2H phase suggests that 3R 249 
phase is more energy favorable under mechanical deformation in MX. A similar observation is 250 
made in GaSe (Fig. 3e,g) 251 
 252 
Moreover, other than the phase boundary induced micro-cracks, edge dislocations like b = 1/3z 253 
can also initiate micro-cracks at the high energy zones (Fig. 3i). Extended Data Fig. 10 presents 254 
the geometric phase analysis results of the 3R region without micro-crack, the phase boundary 255 
and the 1/3z edge dislocation. The phase boundary and the edge dislocation are highly strained 256 
area incubating micro-cracks. After prevailed micro-crack generation, the suddenly ceased ex-257 
tension of these micro-cracks is owing to the higher energy barrier for the gliding in 3R stack-258 
ing than original stacking (see later discussion). 259 
 260 
Interestingly, Fig. 3j demonstrates that the micro-cracks in different layers can combine and 261 
automatically stop the propagation of each other. Usually, coalescence of cracks will bring 262 
catastrophic failure, but in InSe and GaSe, the micro-cracks in different layers can self-collec-263 
tively form a stable network. Fig.3j shows that a cross-layer joint of two micro-cracks connect-264 
ing 3L InSe prevents micro-cracks further propagation. Until now, we have clarified that the 265 
correlated micro-cracks and phase transition are the key to the high plasticity of MX, which is 266 
in contrast with other brittle vdW layered materials. 267 
 268 
Mechanical manipulations by in situ TEM method 269 
In order to gain deep insight into the plastic deformation of MX, in situ TEM bending experi-270 
ments were implemented with exfoliated 2H-InSe (Fig. 4). We expect that plastic deformation 271 
could occur in those highly bended zones. Herein, Figs. 4a-c demonstrate that an InSe flake 272 
with dislocation lines is bent by the nanomanipulator with a tungsten tip inside TEM (Methods). 273 
Two emerged dislocation lines are tracked by the white and red arrows. One crack is initiated 274 
at the dislocation position marked by the white arrows. The intralayer micro-cracks are obvi-275 
ously created by the concentrated strain. Notably, the bending induced interlayer gliding can 276 
also eliminate the dislocation traced by the red arrows in Figs. 4a&b. The strain is prone to be 277 
relaxed by the phase transition and interlayer gliding facilitated by numerous discontinuous 278 
micro-cracks along basal plane rather than combining or extending the micro-cracks across 279 
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different layers as the comparison of post-deformation specimen in STEM-HAADF in Ex-280 
tended Data Figs. 2-8. On the other hand, another cross-layer joint is found in Fig. 4c, as high-281 
lighted by the green dashed box, which is similar to the case in Fig. 3j. The thickness of the 282 
intralayer micro-cracks can be a 4L micro-crack or a pair of 2L micro-cracks indicated by the 283 
white arrows in Figs. 4b&c. The thickness of the intralayer cracks that continuously fracture 284 
along z direction can be defined by the layer numbers, which can be determined by the contrast 285 
in STEM-HAADF images under the same imaging condition (Methods, Fig. 4c and Supple-286 
mentary Fig. S20). The thickness estimated by STEM-HAADF intensity is similar to the one 287 
used in the previous study45. An outmost fracture labeled by green dashed line is created during 288 
the in situ bending (Supplementary Video 1). Thus, here we further show that the propagation 289 
of micro-cracks can be stopped when they meet, therefore numerous nanometer (nm)-width 290 
micro-cracks without further expansion in InSe can be clearly seen in low magnification 291 
STEM-HAADF (Extended Data Fig. 4b). 292 

 293 
Fig. 4 | In situ TEM experiments of InSe. a-c, STEM-HAADF images before (a), and after (b) in situ bending 294 
experiment with corresponding HRTEM image (c) indicated by the red dashed box in (b). An outermost fracture 295 
during in situ bending experiment is indicated by green line (Supplementary Video 1) and a cross-layer joint of 296 
micro-cracks is highlighted by the green dashed box. The white arrows and red arrows denote two dislocations in 297 
(a-c). d-f, Another set of in situ bending experiment. Snapshots before (d) and after (e) in situ experiment with 298 
corresponding HRTEM image (f) indicated by the red dashed box. A pair of green dashed lines indicate the original 299 
position of the edges before vertical fracture in (h). g-i, TEM images of hyperdislocation networks with disregistry 300 
before (g,h) and after (i) in situ shear experiment of a deformed InSe. h, DF TEM image indicated by the red 301 
dashed box in (g); g = (101�0)  with an example of the Burgers vector of the edge hyperdislocations bH = 302 



12 
 

√3𝜆𝜆/3[01�10] denoted by white dashed loop with red arrow. The Scale bars: 200 nm (a,b,d,e,h), 10 nm (c,f), and 303 
500 nm (g,i).  304 
 305 
Achieving excellent compression ratio (>4000%7) needs to reduce the number of layers of vdW 306 
materials without macroscopic fracture. The secret for preventing complete interlayer fracture 307 
is uncovered by our in situ TEM, that InSe re-attaches not only with the adjacent interlayer, but 308 
also easily with the completely fractured parts (Figs. 4d-f). In Fig. 4f, the cross-section view 309 
shows the fractured area recovers by re-attachment, highlighted by a pair of green dashed lines 310 
(details see Supplementary Fig. S21). The slightly stronger interfacial energy here contributes 311 
to the stability of the layered structure during the lateral expansion of micro-cracks, and upon 312 
gliding, the newly extracted layers are able to keep the integrity of the structure. 313 
 314 
In the third in situ experiment shown here, the dislocation networks in pre-deformed InSe 315 
caused by layer twisting under deformation can be observed in a local area in Figs. 4g-i, with 316 
some hyper-dislocations same as the observation in MoTe2 in our previous report46. Here we 317 
found, in MX materials, the density of hyperdislocations is significantly higher, which may be 318 
linked to the enhanced tendency for partial layer cleavage and reconnection observed in InSe 319 
and other MX materials, which well preserved the overall structure without fracture. The period 320 
of the superlattice is denoted as 𝜆𝜆. Same full (edge) dislocation can be found from the hyper-321 
dislocation area with disregistry with the hyper-dislocation Burgers vector bH = �3𝜆𝜆/3[01�10] 322 
as shown in the dark-field (DF) TEM image in Fig. 4h. These hyper-dislocations are basically 323 
caused by some in-plane defects, such as phase boundaries and micro-cracks which have been 324 
elaborated above. Furthermore, after more shear stress is applied on this sample by the tungsten 325 
tip mounted on the nanomanipulator, the ease of interlayer gliding and the intra- and inter-layer 326 
crack healing effect as mentioned above can significantly reduce the defect densities, and the 327 
dislocation network also vanishes due to restored layer stacking registry. 328 
 329 
Phase transition barrier and interlayer gliding barrier 330 
In order to examine the physical origin which prevents the interlayer propagation of micro-331 
cracks in 2H-InSe and the contribution of the phase transition, we have performed in-depth 332 
first-principles calculations and molecular dynamics (MD) simulations by comparing MX and 333 
MX2 in Fig. 5. First, the first-principles calculations were used to evaluate the bonding strength, 334 
phase transition energy, and gliding energy of 2H and 3R stacking along 〈101�0〉 armchair and 335 
〈12�10〉 zigzag direction of the representatives of MX and MX2 (InSe and MoS2), as shown in 336 
Figs. 5a-d. It is noted that the phase transition requires lattice rotation or X atom translation. 337 
Without thermal treatment, X atom translation is preferred under deformation, and each trans-338 
lation requires breaking one intralayer M-X bond and translating a X atom along 1/3〈101�0〉. 339 
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Their relative bonding energies are examined in Figs. 5a&b by crystal orbital Hamilton popu-340 
lations (COHP) (Methods, more comparison see Supplementary Fig. S22). The bonding 341 
strength of In-Se (~3.855 eV/bond) is found weaker than that of Mo-S (~4.368 eV/bond). These 342 
results imply the breaking of intralayer In-Se bond in InSe is relatively easier than breaking of 343 
intralayer Mo-S bond in MoS2, which facilitates the movement of X atoms in MX, and even-344 
tually the change of atomic stacking.  345 

 346 
Fig. 5 | Theoretical calculations. a-d, First-principles calculations. Partial COHP for intralayer bonding of In-Se 347 
(a), and Mo-S (b). The integrated areas and the integrated bonding strengths are marked in the light blue dashed 348 
boxes (a,b). c, Phase transition energy barriers for 1L InSe (1H-to-1R’) and MoS2 (1H-to-1T) with schematics of 349 
the transition of chalcogen atoms. d, Gliding energy barriers along a period of armchair ⟨101�0⟩ and zigzag ⟨12�10⟩ 350 
for 2H and 3R phases InSe and MoS2. e-h, LAMMPS simulations. e, Energy barriers of two-step and one-step 351 
phase transition for InSe (2H-to-3R’-to-3R) and MoS2 (2H-to-1T-to-3R). f,g, Relative gliding energy per atom 352 
along two periods of armchair ⟨101�0⟩ (f) and zigzag ⟨12�10⟩ (g) for both 2H and 3R phases MX and MX2. Solid 353 
and dotted line represent 2H and 3R phase, respectively, and black, red, and blue colors represent X = S, Se, Te, 354 
respectively in (f&g). Barrier values in (f&g) can be seen in Extended Data Table 2. h, A summary of gliding 355 
energy barrier summary of (f&g), where the change of gliding barrier along zigzag direction is unnoticeable for 356 
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MX2.  357 
 358 
According to Fig. 3a-h and Extended Data Figs. 6-8, the phase transition only occurs in MX 359 
but not in MX2, as evidenced by the simultaneously observed 2H, 3R, and 3R’ phases near the 360 
phase boundary in the experiments. The observations suggest that 3R’-MX serves as the inter-361 
mediate phase in the transition pathway in between 2H and 3R phases (Fig. 3f-h). Thus, the 362 
energy barrier of  phase transition of 1L InSe (1H-to-1R’) and MoS2

 (1H-to-1T) has been also 363 
calculated by first-principles calculations via climbing image nudged elastic band (CI-NEB), 364 
as shown in Fig. 5c. The calculated energy barrier for translating one X atom achieving the 365 
phase transition in 1L InSe (~0.644 eV) is much smaller than that in 1L MoS2 (~1.590 eV). The 366 
transition of 1H-to-1R’ is thermodynamically stable, and hence 3R stacking can be formed after 367 
repeating one more translation every even layer with interlayer gliding. However, the 1H-1T 368 
phase transition of MoS2 is predicted as energy unfavorable transition. These results elucidate 369 
why we can observe phase transition in InSe but not in MoS2 without thermal effect. As the 370 
present of 2H-to-3R phase transition, CI-NEB method was also used to examine the effect of 371 
phase transition and the plasticity by calculating the gliding energy of 2H and 3R phases for 372 
both InSe and MoS2 (Fig. 5d, details see Supplementary Fig. S23). The gliding barrier of 3R-373 
InSe increases obviously than that of 2H-InSe no matter gliding along a period of armchair 374 
⟨101�0⟩ and zigzag 〈12�10〉 direction. On the contrary, the gliding barrier of 3R-MoS2 is similar 375 
to the 2H-MoS2. The increasing barrier can serve as a pinning point to cease the propagation 376 
of micro-cracks, and this is the reason why the InSe crystal generates micro-crack networks 377 
with tremendous nanometer scale microcracks (Extended Data Fig. 4b&Supplementary Figs. 378 
S3c-e).  379 
 380 
Second, we have performed MD simulations to evaluate the energy barriers of phase transitions 381 
in representative InSe and MoS2, as well as completed a comprehensive comparison of the 382 
interlayer gliding energies along the armchair and zigzag directions for InX, GaX, MoX2, and 383 
WX2 (X = S, Se, Te) of 2H and 3R phases at room temperature via 6L models. Fig. 5e displays 384 
the comparison between the two-step phase transition and one-step phase transition of InSe 385 
(2H-to-3R’-to-3R) and MoS2 (2H-to-1T-to-3R) by translating the X atoms (details see Method). 386 
The results indicate the two-step phase transition only requires approximate half of the energy 387 
compared with the direct phase transition (Fig. 5e). After phase transition, another local mini-388 
mum in InSe is observed which is close to the pristine pure 2H-stacking. In contrast, 1T and 389 
3R in MoS2 are energy unfavorable states and possess higher energy barrier compared with 390 
InSe, which are consistent with the first-principles calculations in Fig. 5c. This explains why 391 
the micro-cracks are surrounded by 3R phase in InSe and why MoS2 is prone to fracture rather 392 
than undergoing phase transition under high strain (Figs. 2-3 and Extended Data Figs. 2-8). It 393 
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is also in accordance with the absence of phase transition of MX2 observed in our plastic de-394 
formation experiments. 395 
 396 
Figs. 5f-h show the gliding energies along two energy favorable low index directions (armchair 397 
〈101�0〉 and zigzag 〈12�10〉) for 2H and 3R stacking MX and MX2 via translating 1 internal 398 
layer in the 6L models. In the 6L models, the results indicate that the 〈101�0〉 direction is more 399 
energetically favorable path for the interlayer gliding of MX before phase transition (gliding 400 
barriers are summarized in Extended Data Table 2). In contrast, gliding along 〈12�10〉 is more 401 
energy favorable in MX2.  In Figs. 5f&g, the solid and dotted lines represent 2H and 3R phase, 402 
respectively. On the other hand, the black, red, and blue lines represent X=S, Se, Te, respec-403 
tively. The MD results have the similar prediction to the first-principles calculations that 3R-404 
MX (M = In, Ga; X = S, Se, Te) have a much higher gliding barrier than 2H-MX, that increase 405 
over 100% along 〈101�0〉, and increase 3.32-25.1% along 〈12�10〉, except for GaTe, which has 406 
a slightly decrement along 〈12�10〉. In contrast, the gliding barriers of 3R-MX2 (M = Mo, W; 407 
X = S, Se, Te) have a decrement as much as half along 〈101�0〉 compared with 2H-MX2 and 408 
are almost the same as 2H-MX2 along 〈12�10〉. Although there is no phase transition observed 409 
in post-deformed MX2, the results still show the differences of gliding barrier in different 410 
phases between MX and MX2, that suggests the gliding induced micro-cracks propagation can 411 
be ceased by the phase transition enhanced gliding barrier. Hence, even the phase transition 412 
occurs, the 3R stacking MoS2 can only be rarely seen, because it is energy unfavorable and 413 
easily removed by further gliding. Among them, InSe has the largest gliding barrier increment 414 
that increases significantly ~166% along 〈101�0〉, followed by InTe, InS, GaSe, GaTe and InS. 415 
GaSe also shows the good deformability like InSe8,25, with greater gliding barrier increment 416 
along 〈12�10〉, but slightly weaker mechanical performance. The results indicate the change of 417 
gliding barrier along 〈101�0〉 is a more important factor to determine the plasticity. This evi-418 
dences that the gliding barrier rise caused by phase transition is beneficial to plasticity. Hence, 419 
we also predict other MX materials like InS, GaS, and InTe would also have a good plasticity.  420 
 421 
The 2H and 3R phases for MX and MX2 have very close thermodynamic energies, which means 422 
that 2H-MX is possibly transformed to 3R-MX and co-existed with 3R-MX under plastic de-423 
formation as observed in Fig. 3. However, the significant gliding energy increment in MX after 424 
2H-to-3R transition plays an important role to suppress the gliding in the vicinal area of 3R 425 
phases (because the strain will be mostly carried by the easy gliding 2H phase area in MX), 426 
and the newly transformed 3R-MX can act as pinning points for the microcracks around. In 427 
this way, the phase transition in MX can cease or at least retard the micro-crack propagation 428 
and crack coalescence in MX. On the contrary, since MX2 cannot transform from 2H to 3R 429 
under mechanical deformation and negatively increment of gliding the barrier, this additional 430 
“3R pinning” cannot benefit to the deformation of MX2.  431 
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 432 
Thus, the microscopic secret for the avoidance of macroscopic fracture in MX materials can be 433 
briefly described as: 1) Abundant local phase transition areas result in interlayer stacking order 434 
change under large strain; 2) Micro-cracks are evenly generated at phase boundaries or defects 435 
to relax the strain; 3) Micro-crack areas with more interlayer gliding can further promote phase 436 
transition, and newly formed phases close to micro-cracks retard the interlayer gliding, hence 437 
ceasing micro-crack developing and coalescence; 4) A homogeneous strain relaxation is ren-438 
dered by the micro-crack network and severe strain concentration is avoided. 439 
 440 
Macroscopic view via elastic constants 441 
After the microscopic investigation, we have also studied the mechanical properties by calcu-442 
lating the elastic constants of InSe and MoS2. The calculated stiffness matrices of InSe and 443 
MoS2 are summarized in Extended Data Table 3. The incompressibility along basal plane and 444 
out-of-plane can be estimated by C11 and C33, which implies that the deformation would be 445 
harder in 2H-MoS2 (C11 ≈ 231 GPa; C33 ≈ 46.4 GPa; 𝜀𝜀𝑧𝑧𝑧𝑧@40𝑀𝑀𝑀𝑀𝑀𝑀 ≈ -48.1 %) compared with 446 
2H-InSe (C11 ≈ 64.6 GPa; C33 = 34.1 GPa; 𝜀𝜀𝑧𝑧𝑧𝑧@40𝑀𝑀𝑀𝑀𝑀𝑀 ≈ -59.5%) under the same mechani-447 
cal deformation. This agrees with the results in Supplementary Fig. S1. The difference of the 448 
in-plane shear deformation between 3R-InSe, 2H-InSe and 2H-MoS2 can be further seen from 449 
the calculated C66, which are ~22.8, ~21.9 and ~88.0 GPa, respectively. The shear stiffness of 450 
out-of-plane C44 and in-plane C66 is increased by ~27% and ~4% after 2H-InSe transforms to 451 
3R-InSe. This agrees with our experimental results and previous calculations, indicating that 452 
phase transition is beneficial to the plasticity. It also implies a higher possibility of the in-plane 453 
rotation in 2H-InSe compared with 2H-MoS2, which means that the phase transition can be 454 
also caused by lattice rotation. However, the required energy of lattice rotation usually is much 455 
higher than the phase transition caused by chalcogen atom translation. Besides, the shear mod-456 
uli of 2H-InSe and 2H-MoS2 are 17.0 and 53.8 GPa, respectively. The lower shear moduli in 457 
InSe indicates that it is more easily deformed without structural failure in response to the shear 458 
deformation. Thus, from both microscopic- and macroscopic-view, InSe demonstrates better 459 
plasticity, as supported by the tensile strain test along basal plane results for InSe (~12%7) and 460 
MoS2 (~9%8).  461 
 462 
Discussions on the ultra-high plasticity 463 
The previously overlooked gliding induced phase transition plays an important role in the ultra-464 
high plasticity. In our two-step phase transition model, the intralayer 2H-to-3R’-to-3R phase 465 
transition of MX is an energetically favorable pathway to relax part of strain based on our 466 
observations and the theoretical calculations (Figs. 3&5 and Extended Data Fig. 10). Moreover, 467 
the phase boundary can be formed during the phase transition, which promotes strain concen-468 
tration and thus the micro-cracks form. The propagation of micro-cracks is ceased by the 469 
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starkly increasing gliding energy barrier of 3R-MX compared to original 2H-MX, suggesting 470 
that 3R phase serves as a pinning point during the deformation. Therefore, the concept of “2H 471 
gliding and 3R pinning” around the micro-cracks holds the key for the ultra-high plasticity of 472 
MX, especially for InSe. This is part of the reasons why the microscale intralayer cracks do not 473 
extend in z direction (vertical to the basal plane) or coalesce to form macroscopic fracture sur-474 
faces in MX. Other reasons that have been shown in the low magnification comparisons and 475 
the in situ bending experiments (Fig. 4&Extended Data Figs. 2-8). MX are prone to relax the 476 
strain by forming micro-cracks, phase transition and interlayer gliding. Even there are disloca-477 
tions, the dislocations can be relaxed during deformation, as shown by our in situ TEM exper-478 
iments. 479 
 480 
The compression on the MX creates strain concentrated phase boundaries. Subsequently, large 481 
quantity of micro-cracks surrounded by mainly 3R regions in different layers and different 482 
locations allow for the reorganization of layers under compression or tensile strain, resulting 483 
in the ultra-plastic behavior. Those self-stabilized joints of 3R stacked micro-cracks not only 484 
avoids the complete fracture, but also forms micro-crack networks to strengthen the structure. 485 
At the end, we would like to use a scheme to summarize the mechanism of the plasticity in MX 486 
as shown in Fig. 6. In short, due to the synergetic effect of the micro-crack and the 3R pinning, 487 
MX can effectively avoid strain concentration till complete fracture. 488 

 489 
Fig. 6 | Schematics of the plastic deformation of MX materials.  490 
 491 
In conclusion, we have discovered that the intralayer micro-cracks associated with 2H-to-3R’-492 
to-3R phase transition of MX are essential for the strain relaxation and the ultra-high plastic 493 
behavior. The abundant well-organized micro-crack networks in MX crystals arise from the 494 
stark difference in gliding energy barrier between different phases/stacking orders, specifically 495 
2H and 3R stackings. Due to the 3R pinning effect, the micro-cracks cannot coalesce or extend 496 
freely along z direction, but instead develop microscopic evenly distributed intralayer cracks, 497 
which eventually carry the ultra-high plastic strain via free-edge gliding and reorganization of 498 
fragmented layers. These new insights have clearly rationalized the superior plasticity in MX 499 
over other vdW-layered materials. These findings will open new directions for the mechanical 500 
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engineering on the inorganic semiconducting crystals and will benefit the development of flex-501 
ible electronic materials, advanced additive manufacturing on semiconductors, and solid-state 502 
lubricants. The unveiled novel plastic deformation mode facilitated by local phase transition 503 
and microcracks, which is entirely different from the conventional dislocation-carried or grain 504 
boundary-carried plasticity in crystals before, will potentially lead to a paradigm shift for de-505 
signing ultrahigh plastic materials, especially for plastic inorganic semiconductors in the future. 506 
 507 
Methods 508 
Specimen preparations and experimental design 509 
2H-InSe single crystal (size: 5×5 mm2) was purchased from Nanjing Mukenano. 2H-GaSe (size: 510 
7 mm), 2H-MoS2 (size: 10 mm) and 2H-MoTe2 (size: 10 mm) were purchased from HQ Gra-511 
phene. Compression force was applied by PASCO ME-8236 with strain rate ~0.5/s until reach-512 
ing the limitation of the machine (Supplementary Fig. S1), in order to create high density dis-513 
locations and micro-cracks. The size of the crystals was measured by a pair of digital calipers 514 
(±0.01 mm) and the thickness was measured by a micrometer (±5 µm). Some specimens were 515 
prepared by the hammer method under 2.45±0.01 N for 100~200 times until no obvious de-516 
formation was observed, that provides similar results to the compression machine. The com-517 
pressed crystals were mechanically exfoliation by scotch tape and transferred by thermal re-518 
lease tape47. Pristine 2H crystals and post-deformed crystals were mechanically exfoliated 519 
without applying compress force and shear stress. The cross-section specimens were prepared 520 
by Helios 5 CX DualBeam focused ion beam (FIB) from the XRD tested crystals.  521 
 522 
Characterizations 523 
Atomic STEM images were acquired under a Cs-corrected STEM (Thermo ScientificTM Spec-524 
tra 300 (S)TEM operated at 300 kV with a convergence semi-angle of 24.4 mrad. The collection 525 
angles of HAADF detector were set as 35-200 mrad. The screen current was set as 10 pA by 526 
an unfiltered monochromator to reduce the irradiation damage. The TEM with selected area 527 
diffraction patterns (SAED) images were captured by Oneview charge-coupled device (CCD). 528 
During the in-situ experiments, TEM and STEM images were acquired by Orius SC1000 CCD 529 
and Digiscan II under a (S)TEM (JEOL JEM-2100F) operated at 200 kV.  530 
 531 
Thickness estimation in STEM-HAADF 532 
The line profiles with integration width 40 were extracted from GMS 3. The signal differences 533 
were confirmed by both STEM-HAADF and in situ TEM data, that corelates to the specimen 534 
thickness for thin specimens. The fitting of 15 adjacent-averaging points presented the ex-535 
tracted data points more understandable.  536 
 537 
In situ TEM experiment 538 
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NanofactoryTM holder has been implemented in JEM-2100F operated at 200 kV. Similar to our 539 
previous works48, a homemade tungsten (W) tip was electrochemically etched for manipulating 540 
the specimen and a homemade TEM grid holder was used for the further characterization with-541 
out damaging the TEM grid. The bending experiment was initiated by moving the W tip to-542 
wards the InSe crystal via piezo-driven fine control. The bending process was video recorded 543 
in real time by Olympus Veleta CCD.  544 
 545 
Molecular dynamics simulation 546 
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) (the version released 547 
on 29 September 2021)49 has been performed to calculate the gliding barrier along 〈101�0〉 and 548 
〈12�10〉 for 2H and 3R stacking order of MX (InS, InSe, InTe, GaS, GaSe and GaTe) and MX2 549 
(MoS2, MoSe2 MoTe2, Ws2, WSe2 and WTe2), as well as the phase transition barriers the rep-550 
resentatives of MX and MX2 (InSe and MoS2) by using 6L models (details see Supplementary 551 
Fig. S24). The Stillinger-Weber potential50 was used to approximate the intralayer interactions 552 
in MX and MX2 and 12-6 Lennard-Jones potentials was used to approximate the non-bonded 553 
interlayer interactions. The cutoffs of Lennard-Jones potential were set 12.8 and 12.0 for MX 554 
and MX2, respectively. All force-field parameters used in this work were taken from the previ-555 
ous study51. All modifications are applied under 300 K to simulate experimental environments. 556 
It should be noted the interlayer gliding is sometimes carried by dislocations, and the slight 557 
strain variation introduced by dislocations are ignored here, nevertheless, the extended widths 558 
of the interlayer dislocations in these vdW-layered materials greatly lower the strain level and 559 
will not influence the gliding barrier.  560 
 561 
STEM-HAADF simulations 562 
Dr. Probe52 was used for simulating STEM-HAADF images. Accelerating voltage, conver-563 
gence semi-angle, and collection angle were set same as the imaging, which were 300 kV, 24.4 564 
mrad, and 35-200 mrad, respectively. Aberration correction values were set as following: A1: 565 
1.84 nm (83.2o), A2: 13.5 nm (9.3o), B2: 30.7 nm (108.5o), C3: 252 nm, A3: 600 nm (-162o), 566 
S3: 216 nm (2.1o), A4: 3.31 µm (170.3o). 1L to 6L InSe simulations can be seen in Supplemen-567 
tary Fig. S25.  568 
 569 
DFT calculations 570 
Density functional theory (DFT) calculations were performed to study structural, electronic 571 
and mechanical properties of the vdW MX and MX2 structures, in which Vienna Ab initio 572 
Simulation Package (VASP.6.3.0)53,54 was used with a projector augmented wave (PAW)55 573 
basis and Perdew-Burke-Ernzerhof (PBE) parameterized Generalized Gradient Approximation 574 
(GGA) exchange-correlation functional. For all the calculations, the kinetic energy cutoff for 575 
electronic plane wave expansion was set to 400 eV. Γ-centered 12×12×2 and 1×12×2 k-points-576 
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grids were used to sample the first Brillouin zone of InSe and MoS2 unit cell and supercell, 577 
respectively. Moreover, van der Waals interaction was considered using vdW-DF-cx 578 
method56,57, which is better to reproduce experimental measured lattice constant and and elastic 579 
constant of InSe, compared with DFT+D258 and DFT+D359,60 (details see Supplementary Table 580 
S1&S2& Supplementary Note S1). The energy barrier of phase transition was calculated by 581 
the climbing image nudged elastic band (CI-NEB)61 method using 10×1×3 supercell. Total 582 
energy and the forces on each atom were converged to less than 10−8 eV and 0.01 eV/Å, re-583 
spectively. The elastic modulus of 2H and 3R phase of InSe and MoS2 were calculated using a 584 
finite differences approach. The crystal orbital Hamilton populations (COHP) were calculated 585 
by LOBSTER package62 to estimate the bond strength. The integration of partial COHP for 586 
bonding state (below Fermi level) was conducted to estimate the strength of In-Se and Mo-S 587 
bonding due to their same bonding configuration. 588 
 589 
Mechanical properties from elastic constants 590 
In generally, the stiffness tensor is denoted as following matrix,  591 
 

𝐶𝐶 =

⎣
⎢
⎢
⎢
⎢
⎡
𝐶𝐶11 𝐶𝐶12 𝐶𝐶13 𝐶𝐶14 𝐶𝐶15 𝐶𝐶16
𝐶𝐶21 𝐶𝐶22 𝐶𝐶23 𝐶𝐶24 𝐶𝐶25 𝐶𝐶26
𝐶𝐶31 𝐶𝐶23 𝐶𝐶33 𝐶𝐶34 𝐶𝐶35 𝐶𝐶36
𝐶𝐶41 𝐶𝐶42 𝐶𝐶43 𝐶𝐶44 𝐶𝐶45 𝐶𝐶46
𝐶𝐶51 𝐶𝐶52 𝐶𝐶53 𝐶𝐶54 𝐶𝐶55 𝐶𝐶56
𝐶𝐶61 𝐶𝐶62 𝐶𝐶63 𝐶𝐶64 𝐶𝐶65 𝐶𝐶66⎦

⎥
⎥
⎥
⎥
⎤

 (1) 

Considering the crystal symmetry of MoS2 and InSe, we can simplify the matrix to be, 592 
 

𝐶𝐶 =

⎣
⎢
⎢
⎢
⎢
⎡
𝐶𝐶11 𝐶𝐶12 𝐶𝐶13 𝐶𝐶14 0 0
𝐶𝐶12 𝐶𝐶11 𝐶𝐶13 −𝐶𝐶14 0 0
𝐶𝐶13 𝐶𝐶13 𝐶𝐶33 0 0 0
𝐶𝐶14 −𝐶𝐶14 0 𝐶𝐶44 0 0
0 0 0 0 𝐶𝐶44 𝐶𝐶14
0 0 0 0 𝐶𝐶14 𝐶𝐶66⎦

⎥
⎥
⎥
⎥
⎤

 (2) 

Due to the anisotropic nature, Voigt-Reuss-Hill method is used to calculate the mechanical 593 
properties63. The bulk and shear moduli are denoted as, 594 
 𝐵𝐵 = 1/2(𝐵𝐵𝑉𝑉 + 𝐵𝐵𝑅𝑅) (3) 
 𝐺𝐺 = 1/2(𝐺𝐺𝑉𝑉 + 𝐺𝐺𝑅𝑅) (4) 

where 𝐵𝐵𝑉𝑉 and 𝐺𝐺𝑉𝑉 are the Voigt bulk and shear moduli64, and 𝐵𝐵𝑅𝑅 and 𝐺𝐺𝑅𝑅 are the Reuss bulk and 595 
shear moduli65.  596 
 𝐵𝐵𝑉𝑉 = (2𝐶𝐶11 + 2𝐶𝐶12 + 4𝐶𝐶13 + 𝐶𝐶33)/9 (5) 
 𝐺𝐺𝑉𝑉 = (2𝐶𝐶11 − 𝐶𝐶12 − 2𝐶𝐶13 + 𝐶𝐶33 + 6𝐶𝐶44 + 3𝐶𝐶66)/15 (6) 
 𝐵𝐵𝑅𝑅 = (2𝑆𝑆11 + 2𝑆𝑆12 + 4𝑆𝑆13 + 𝑆𝑆33)−1 (7) 

 𝐺𝐺𝑅𝑅 = 15/(8𝑆𝑆11 − 4𝑆𝑆12 − 8𝑆𝑆13 − 4𝑆𝑆33 + 6𝑆𝑆44 + 3𝑆𝑆66) (8) 
where Sij is the elastic compliances of Cij. Then, the Young’s modulus (E) and Poisson ratio (ν) 597 
are obtained.  598 
 𝐸𝐸 = 9𝐵𝐵𝐵𝐵/(3𝐵𝐵 + 𝐺𝐺) (9) 
 𝜈𝜈 = (3𝐵𝐵 − 2𝐺𝐺)/(6𝐵𝐵 + 2𝐺𝐺) (10) 

https://www.vasp.at/wiki/index.php/Phonons_from_finite_differences
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The anisotropic index (AL) is calculated by66,  599 

𝐴𝐴𝐿𝐿 = �[𝑙𝑙𝑙𝑙(𝐵𝐵𝑉𝑉 𝐵𝐵𝑅𝑅⁄ )]2 + 5[𝑙𝑙𝑙𝑙(𝐺𝐺𝑉𝑉 𝐺𝐺𝑅𝑅⁄ )]2 600 
 601 
Raman Spectroscopy 602 
Raman spectra were collected by the WITec Alpha300R confocal microscopy using a 532 nm 603 
laser with a grating of 1800 g/mm. The signals were collected under a 50X lens with the laser 604 
power of 0.5 mW and the integration time of 10 s.  605 
 606 
X-Ray Diffraction 607 
XRD spectra were conducted by the Rigaku SmartLab X-ray diffractometer with 9 kW rotating 608 
anode X-ray source (wavelength ≈ 1.54 Å). 609 
  610 
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Extended Data Figures and Tables 858 

 859 
Extended Data Fig. 1 | Raman spectra with corresponding optical images and a table of normalized peak 860 
intensity (%). The orange crosses in the optical images indicate the laser excited position. The post-deformed 861 
InSe presents stronger E’(1) and weaker E’’(2), representing 3R stacking. Exp. 4 displays a red shift with an extra 862 
peak at 199 cm-1 that attributes to some local 2R phase.  863 
  864 
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 865 
Extended Data Fig. 2 | Low magnification TEM top views with selected area diffraction patterns (SAED). 866 
a, Pristine InSe. b, Post-deformation InSe. Red circles show the selected area. Yellow circles in (a) highlight the 867 
stronger diffraction signal of {12�10} of the pristine 2H-InSe.  868 
  869 
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 870 
Extended Data Fig. 3 | Low magnification TEM cross-section views with SAED. a, Pristine InSe. b, Post-871 
deformation InSe. Red circles show the corresponding selected area. The average interlayer spacing is slightly 872 
shorter after deformation.  873 
  874 
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 875 
Extended Data Fig. 4 | Top views of typical of low magnification STEM-HAADF after deformations. a-f, 876 
InSe (a,b), MoS2 (c,d), and MoTe2 (e,f). Scale bars: 1 µm (a,c,e) and 200 nm (b,d,f). The orange arrows denote 877 
the serious fractures. InSe prefers relaxing strain by forming discrete micro-cracks, while MoS2 and MoTe2 prefer 878 
storing strain by dislocations, hence forming serious fracture eventually.  879 
  880 
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 881 
Extended Data Fig. 5 | Cross-section view of typical low magnification STEM-HAADF after deformations. 882 
a-i, InSe (a-c), MoS2 (d-f), and MoTe2 (g-i). InSe has significantly fewer large cracks than MoS2 and MoTe2. Scale 883 
bars: 2 µm (a-i). 884 
  885 
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 886 
Extended Data Fig. 6 | Cross-section views of post-deformation InSe near micro-cracks. a, Full field of view 887 
of the post-deformed InSe supported by Si substrate. b-g, Corresponding atomic resolution STEM-HAADF high-888 
lighted by yellow boxes in (a). The grey scale (almost all the viewing area) represents 3R stacking while green, 889 
yellow, and blue in (f) highlight 3R’ stacking, phase boundary, and 2H stacking, respectively.  890 
  891 



35 
 

 892 
Extended Data Fig. 7 | Atomic cross-section views of the post-deformed MoS2 near micro-cracks and defects. 893 
a, The large field of view of the experimental MoTe2. b-e, Corresponding atomic resolution HAADF-STEM high-894 
lighted by yellow boxes in a, showing well 2H stacking. All the region demonstrates 2H stacking in MoS2 after 895 
deformation.   896 
  897 
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 898 
Extended Data Fig. 8 | Atomic cross-section views of the post-deformed MoTe2 near micro-cracks and de-899 
fects. a, The large field of view of the experimental MoTe2. b-e, Corresponding atomic resolution HAADF-STEM 900 
highlighted by yellow boxes in a, showing well 2H stacking. All the region demonstrates 2H stacking in MoTe2 901 
after deformation.   902 
  903 
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 904 
Extended Data Fig. 9 | Cross-section views of the typical multilayer micro-cracks. a, InSe. b, GaSe. Scale 905 
bars: 5 nm. The stacking near the few layers micro-cracks is mainly 3R stacking. The untransformed 2H stack-906 
ing is highlighted in white in (b).  907 
  908 
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 909 
Extended Data Fig. 10 | Strain analysis by geometric phase analysis of completely transformed 3R region, 910 
phase boundary and edge dislocation. Scale bars: 2 nm. The 3R region after phase transition demonstrates strain 911 
relaxation, while the phase boundary and edge dislocation regions show strain concentration.  912 
  913 
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Extended Data Table 1 | Exfoliation energy and formation energy 914 
 Exfoliation energy (J/m2) Formation energy (eV/atom) 

3R-InSe 0.29 -0.756 

2H-InSe 0.27 -0.755 

2H-MoS2 0.40 -1.212 
  915 
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Extended Data Table 2 | Gliding barrier per atom along armchair ⟨𝟏𝟏𝟏𝟏𝟏𝟏�𝟎𝟎⟩ and zigzag ⟨𝟏𝟏𝟐𝟐�𝟏𝟏𝟏𝟏⟩ directions 916 
 ⟨𝟏𝟏𝟏𝟏𝟏𝟏�𝟎𝟎⟩ (𝒎𝒎𝒎𝒎𝒎𝒎/𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂) ⟨𝟏𝟏𝟐𝟐�𝟏𝟏𝟎𝟎⟩ (𝒎𝒎𝒎𝒎𝒎𝒎/𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂) 
 2H 3R %diff. 2H 3R %diff. 

InS 4.071 9.520 133.8 5.939 7.430 25.09 

InSe 4.023 10.682 165.5 7.416 8.148 9.876 

InTe 4.686 12.203 160.4 9.164 9.468 3.320 

GaS 2.885 5.883 103.9 4.014 4.914 22.41 

GaSe 2.873 6.736 134.5 4.789 5.471 14.23 

GaTe 3.214 7.213 124.4 5.951 5.801 -2.525 

MoS2 2.874 1.444 -49.78 1.236 1.238 0.162 

MoSe2 3.040 1.526 -49.81 1.276 1.277 0.054 

MoTe2 3.040 2.341 -22.99 2.133 2.133 0.000 

WS2 2.881 1.449 -49.70 1.240 1.243 0.210 

WSe2 3.045 1.530 -49.76 1.280 1.281 0.071 

WTe2 4.637 2.325 -49.86 2.122 2.122 0.000 

   917 



41 
 

Extended Data Table 3 | DFT calculated elastic constants (Cij), bulk modulus (B), shear modulus (G), 918 
Young’s modulus (E), Poisson ratio (ν), and Anisotropy index (AL) of 3R-InSe, 2H-InSe, and 2H-MoS2 919 

Materials 3R-InSe 2H-InSe 2H-MoS2 

C11 (GPa) 68.2490 64.5820 230.8140 

C12 (GPa) 22.5560 21.1160 54.8430 

C13 (GPa) 14.1800 10.9123 8.3180 

C14 (GPa) 3.5560 0.0000 0.0000 

C33 (GPa) 36.1030 34.0661 46.4350 

C44 (GPa) 11.9930 9.4168 20.5580 

C66 (GPa) 22.8460 21.9333 87.9860 

B (GPa) 28.776  26.007  55.177  

G (GPa) 18.901  16.993  53.765  

E (GPa) 46.518  41.861  121.75 

ν 0.2306  0.2317  0.1322  

AL 0.3576  0.2514  0.6504  
  920 




