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Mechanically induced kinks in CuO NW

Abstract

Nanowires are among the most studied nanostructures as they have numerous promising applications
thanks to their various unique properties. Furthermore, the properties of nanowires can be tailored
during synthesis by introducing structural defects like nano-twins, periodic polytypes, and kinks, i.e.,
abrupt changes in their axial direction. Here we report for the first time the post-synthesis formation
of such defects, achieved by exploiting a peculiar plasticity that may occur in nano-sized covalent
materials. Specifically, we find that single-crystal CuO nanowires can form double kinks when subjected
to external mechanical loading. Both our microscopy and atomistic modeling suggest that
deformation-induced twinning along the (110) plane is the mechanism behind this effect. Finally, we
provide experimental and computational evidence that the reverse process, i.e., un-kinking, is
achievable as well. The phenomenon reported here provides novel insights into the mechanisms of
plastic deformation in covalent nanowires and offers potential avenues for developing techniques to
customize the shape of nanowires post-synthesis and introduce new functionalities.



1. Introduction

In recent years, mechanical tests on small volume covalent materials (nanospheres, nanowires, and
nanopillars) reveal many unique and intriguing mechanical properties which were never observed in
their bulk counterparts [1-3]. For instance, Ostlund et. al. [4] observed the ductility of micromachined
silicon (Si) pillars comparable to that of metals in a room-temperature compression tests, when the
size of the Si sample was reduced below 300 nm. Wu et. al. [5] reported a brittle to plastic transition
during compressive deformation at room temperature for monoclinic beta-phase gallium oxide (B-
Ga,0s) single crystals with reduction of the pillar size below 800 nm. Mignerot et al [6] observed plastic
deformation of InSb micron-sized pillars during micro-compression tests at room temperature and
found stress-induced nano-twin formation.

To further decrease the size of a specimen, a convenient alternative to micromachining is a direct
synthesis of nanostructures, especially in the form of nanowires (NWs). Being nanoscale in two
dimensions, NWs still exhibit significantly different characteristics in comparison to their 3D
counterparts. At the same time, the 1D geometry facilitates the characterization and manipulation of
such structures providing more flexibility in the conduction of experiments with individual objects in
comparison to nanoparticles (0D) [7].

Single crystal NWs can be synthesized relatively easily in a wide range of lengths and diameters. For
instance, CuO NWs can be grown by just annealing a copper foil in air at several hundred degrees
Celsius [8]. Their mechanical properties have been found to be purely elastic up to a critical strain,
followed by brittle fracture when the latter is exceeded [9,10]. The ultimate strength was comparable
to the theoretical strength of CuO, indicating that thermal growth yields single-crystalline NWs with
low concentration of critical defects. Yet, more exotic mechanical properties were found by Sheng et
al [11], who demonstrated anelasticity of axially twinned CuO NWs during bending tests inside a
transmission electron microscope (TEM), attributing it to the cooperative motion of twin-associated
atoms.

In general, the properties and functionalities of NWs can be modified by introducing various defects
like dopants [12,13], oxygen vacancies [14], nano-twins [6,15], and kinks [16], i.e. abrupt changes in
the growth direction of a NW. In particular, kinked NWs are attracting an increasingly growing
attention, driven by their potential use as building blocks in electronic [17-19] and nanomechanical
devices [20,21], as well as their reportedly enhanced mechanical durability [22]. State of the art
synthesis protocols of semiconductor NWs provide rather good control over the location and number
of kinks, by modifying the growth conditions (temperature, gas pressure and composition) during their
growth [16].

In the present study, we report a completely different approach to NW kinking, which can open novel
pathways for the deeper understanding of the unique mechanical properties of nanostructures, as well
as their potential exploitation. We achieve kinking post-synthesis, by the mechanical manipulation of
initially straight thermally grown CuO NWs. To the best of our knowledge, mechanically induced post-
synthesis kinking of covalent NWs is observed for the first time. We describe three different
manipulation scenarios that lead to post-synthesis kinking. Moreover, we demonstrate that kinking
can be reversible. Our experiments are supported by molecular dynamics simulations and explained
by a mechanism of deformation-induced crystal twinning.



2. Results

2.1.Sample preparation

We grew CuO NWs by annealing a copper foil, as described in Ref. [23]. We inspected the as-grown
CuO NWs on their original growth substrate (Cu foil) using scanning electron microscopy (SEM). All
NWs were straight and without kinking. Their length reached up to 5-10 um, with diameters in the
range of 50-200 nm. The NW cross-sections had an irregular shape, characteristic to monoclinic crystal
systems. These NW parameters are in good agreement with the ones previously reported in the
literature on thermally grown CuO NWs [8,23,24]. Detailed microscopy images of the as-grown NWs
can be found in the Supporting Information (Figures S1-2).

The NWs were then transferred mechanically on three different types of Si substrates, by manually
pressing and then shearing the Cu foil with the NWs against the substrates (see Figure 1a). Type |
substrates were unetched Si wafers, where the NWs lied on their flat surface. Type Il substrates had
square-shaped etch pits with a side length in the order of few um and depth in the order of several
hundreds of nm. Finally, substrates of type Ill had 3 um wide parallel trenches separated by 900 nm
wide planes of un-etched Si. The slope of the sidewalls of the pits and trenches relative to the main
surface of the silicon is 54.7 degrees, which corresponds to the angle between the (111) and (001)
planes in Si. As a result, some NWs were partially protruding above the etch pits and trenches of the

type-Il and Il Si substrates (see Figure 1b,c).
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Figure 1: Schematic representation of the sample substrates we used, the positioning of the CuO nanowires on them, and the
manipulation operations that induced kinking.

2.2.Kinking by mechanical transfer

Upon examining the CuO NWs that were mechanically transferred onto the Si sample substrates or the
Si TEM grid as depicted in Figure 1a, we found that a significant fraction of them appeared to have
deformations that looked like so-called “kinks”, i.e., they had an abrupt change in orientation without
losing their structural integrity. Considering that no kinked NWs were observed in the original growth
substrate, we can conclude that this transformation occurred during mechanical transfer. The kinking
angles of our CuO NWs appeared to be within a very narrow range (see Figure 2a - inset), with a median
value of 143.2 + 2.9 degrees. The latter was measured after analyzing the SEM images of fifty kinked
NWs on the type-I (flat) sample substrate, as shown Figure 2a. This angle uniformity indicates that the
observed deformation is directly related to the structure of the CuO crystal, rather than being a
random defect. Moreover, with a very few exceptions, which can be probably attributed to post-
kinking fracture, the kinked NWs always had a double kink that divided the NW into three segments,
as seen in Figure 2. Finally, in a few cases, we observed NWs with multiple double kinks (see Figure
S3d).
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Figure 2. (a): SEM image of a CuO NW kinked after mechanical transfer on a flat Si wafer. The inset shows a histogram of the
kinking angles measured over 50 kinked NWs from the SEM images. (b): TEM image of a CuO NW kinked after mechanical
transfer on the Si TEM grid. (c): TEM image of the same NW at higher magnification and corresponding SAED image. NW
growth direction [-110] is indicated by an arrow.

2.3. Nanomanipulation-induced kinking and unkinking

We then performed a series of nanomanipulation tests on partially suspended CuO NWs transferred
to structured Si wafer (Substrate type Il), to explore their behavior under external mechanical loading.
The NWs were pushed by a tungsten probe attached to a nanomanipulator (Figure 1b). We conducted
the experiments inside SEM, which provided real-time visual feedback. The movement of the
nanomanipulator used in the experiment is either smooth within the “scan mode” of the piezo scanner,
which has a limited range of a few microns, or coarse (abrupt) within the “step mode”, based on the
stick-slip motion of the piezoelectric actuator (more details in section Ill of the Sl). This abrupt
movement results in the excitation of fast-decaying oscillations in the manipulator-probe system with
an amplitude in the order of several um. We found that a coarse movement of the probe can induce
kinking in CuO NWs that are protruding over the etch pit of the Si sample substrate. The timescale of
kinking event lies below the temporal resolution of the SEM (scanning rate); thus, we were able to see
only images before and after it.

Figure 3a-e illustrates the sequence of mechanical nanomanipulations aimed to produce kinking in a
single CuO NW (frames taken from Video 1, available in the Sl). The CuO NW is partially suspended
over the etch pit of the Si sample substrate (darker area is the bottom of the pit). The probe of the
nanomanipulator is first placed near the NW. Then it pushed the NW against the sidewalls of the pit.
At a certain moment (Figure 3c), the manipulator makes a coarse movement (“step”) that results in
the kinking of the NW. In most cases where such a kinking was achieved, the kinked region was in close
proximity to the sharp edge of the pit or near the corner of the pit. In total, twenty-three kinking events
were recorded during nanomanipulation experiments. However, brittle fracture of NWs was a more
frequent result of “step mode” manipulation.

No kinking was achieved by manipulation in the scan mode of the nanomanipulator. This indicates that
mechanically induced kinking requires specific conditions to be fulfilled. During bending in scan mode,
the NWs remained fully elastic until the ultimate strength limit that resulted in brittle fracture was
reached. Quantitative measurements of the bending strength of these NWs were performed in our
previous study [9] and high values of 8.2 + 2.7GPa were found, which is indicative of a pristine single
crystal with low concentration of critical defects. This agrees with the structural analysis presented in
the corresponding section.



Figure 3. Nanomanipulation-induced kinking in CuO NW that is protruding over the etch pit in Si sample substrate. a) Initial
configuration of CuO NW partially suspended over the pit in Si sample substrate (darker area is the bottom of the pit). b) The
probe of the nanomanipulator is placed above the NW and starts moving down and to the right. c) The probe pushes the NW
against the sidewalls of the pit. Nanomanipulator moves in scan mode followed by coarse movement that results in kinking
of CuO NW. d) and e) Results of the nanomanipulations. f-h) Nanomanipulation of the same previously kinked CuO NW,
observing its behaviour under external load.

By pushing the already kinked NWs, we found that they are rather durable and behave elastically,
preserving the angle of the kink in the absence of an external force. At severe deformations or as a
result of a coarse movement of the manipulator, the NWs can break at the kink. However, in most
cases fracture occurs at arbitrary locations outside the kinked region, indicating that there is no
significant weakening of the crystal at the kink. Chosen frames from a single nanomanipulation
experiment carried out on a previously kinked CuO NW are shown in Figure 3f-h (see also Video 2 in
Sl). This is the same NW that was kinked in Figure 3f-h. The probe of the nanomanipulator moves under
the CuO NW (Figure 3f) and then slowly pushes it to the side and upwards (Figure 3b). When the probe
is retracted, the NW immediately restores its shape without any additional deformation (Figure 3c).
The kink location and kinking angles are preserved.

In a single case, we were able to first kink and then unkink a single CuO NW back to its initial straight
profile (Figure 4 and Video 3 in the Sl). The probe was placed in close proximity above the NW and
then moved by a coarse nanomanipulator motion (Figure 4b). When the probe was retracted, the NW
appeared to be kinked (Figure 4c,d). Next, the kinked NW was pushed and displaced by the probe
(Figure 4e,f) in an attempt to see if it will break at the kink. Instead, when the probe was retracted, the
NW appeared to be not only intact, but also unkinked (Figure 4g,h). This unkinking seems to require
even more specific conditions to occur in comparison to kinking, as we did not succeed to repeat it



with other NWs. It seems that an important factor is that a sufficiently long NW is suspended over the
pit and remains suspended.

Figure 4. Chosen frames of kinking and unkinking of a single CuO NW by means of nanomanipulation.

2.4.Kinking by electron-beam-induced oscillation

We found that kinking of CuO NWs can be achieved also by electron-beam induced oscillations of the
free-standing part of a NW. This phenomenon was observed for NWs transferred to the type-lll
patterned Si sample substrate (see Figure 1b). It happened at slow e-beam scanning speed, which
caused auto oscillations in protruding part of NW. One such case is shown in Figure 5. First, at the
expense of image quality, the NW is imaged at a high scan rate (few frames per second) so that the
electron flux is not enough to induce oscillations (Figure 5a). Then we imaged the NW at a slow
scanning speed that leads to NW self-oscillations. These oscillations can be noted by the NW part above
the red arrow that appears smeared in Figure 3b, as the SEM imaging is generated by scanning the e-
beam line by line (horizontally) starting from the top left corner towards the bottom right corner.

When the beam has reached the point indicated by the red arrow in Figure 5b, the oscillating part
jumps into contact with the substrate. Therefore, Figure 5b contains partial data from two states of
the NW in one image. The upper part above the red arrow corresponds to an oscillating NW, while
lower part shows the NW resting in contact with the top plane of the Si structure. By this moment, a
kinking event had already happened. The result of the oscillation-induced kinking is shown at different
magnifications in Figure 5c¢,d.
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Figure 5. Electron-beam-induced oscillation followed by kinking of the CuO NW on the structured Si substrate. The accelerating
voltage of the e-beam is 10kV.

Such a kinking event initiated by e-beam-induced oscillations occurred very rarely (few cases per
thousands of observed CuO NWs that were protruding above the substrate). Finally, in a few even rarer
cases (three cases out of a few hundred experiments where considerable NW oscillations were
observed), the e-beam-induced oscillations resulted in what looks like melting of CuO NWs. The
oscillating part of the NW abruptly turned into a sphere (see Figure S5). More details and
corresponding discussion can be found in the Supportive Information file.

2.5. Structural characterization of kinked CuO NWs

To understand the kinking mechanism, we first need to investigate the exact crystallographic structure
of the NWs at the kink area. For this purpose, we performed high-resolution TEM imaging of several
kinked CuO NWs. Figure 6a gives such a TEM image of a kinked NW at exactly the kinked area. In Figure
6b, we zoom closer at the kink to observe its exact crystallographic structure. Figure 6¢ gives the
corresponding SAED image of the same kink region. The following paragraphs give an exact analysis of
these images that reveals the crystallographic structure of the CuO NW at the kink.

Figure 6: a) TEM image of the kinked area of the CuO NW. b) High resolution TEM image of the area designated in (a). The
inset shows an atomistic model of the CuO twin boundary. The crystallographic planes are shown with white lines and the
projections of crystallographic directions on the image with arrows. The inter-place distances found by the Fourier analysis of
the image are shown on the TEM image, while the theoretical ones are shown in the MD model inset. White and black fonts
have been used to ensure maximum visibility in each case. c) SAED image of the same kink region, showing excellent
agreement with the zone axis of the image being [112]. The SAED image combines reflexes from the left and right part of NW
(before and after kink), the white and red rhombi indicate corresponding sets of reflexes. In the Sl file expanded version of the
kink SAED can be found [Fig.54]. d) Fourier transform of the TEM image, with the six peaks at the corresponding wavenumbers

+ 1?1,2,3 indicated.



CuO forms a monoclinic crystal system of the C2/c space group (No 15), with the following lattice
parameters at room temperature (T=293.3 K) [25] a=4.6855 A, b=3.4237 A, ¢=5.1302 A, B=99.545°.
Figure 6b indicates strongly that the kink is formed by a twin boundary (shown with a white line). To
investigate its exact crystallographic structure deeper, we start with the hypothesis that the twinning
plane is the (110), i.e., parallel to [110],[112], and [001], and the growth direction is [110], as
indicated in Figure 6b. We shall now analyse the images to confirm this.

Table 1: Fourier transform peaks and the corresponding crystallographic planes.

Vector k, k, ks
k(A1) 0.351 0.202 0.04
ky(A™1) 0.082 -0.341 0.395
|kI(A™1) 0.360 0.340 0.397
k|71 (A) 2.776 2.521 2.517

Angle with k, 0 72.52° 71.07°
Corresponding - - -
crystal plane (110) (111) (111)r
'not“es ;;pr:ige 2.751 | 2524 2.524
Angle with (110) 0 71.56° 71.56°

We start by observing that the SAED image gives an excellent agreement with the zone axis of the
image being [112]. To precisely quantify the crystallographic structure features of the TEM image, we
analysed its periodicities by two-dimensional Fourier analysis. The resulting spectrum (absolute part)
is shown in Figure 6d. We clearly see that the Fourier image exhibits three very sharp peaks (and their
negatives), the location of which are summarized in Table 1, along with the data of the corresponding
crystal planes. Both the magnitudes and the angles of these vectors are perfectly consistent with our
hypothesis, as they match excellently with the inter-plane distances and angles of the (110) and (111)
planes, shown in bold in Table 1, as well as the spots of the SAED image (see Figure 1c). The directions
of these vectors are also indicated on Figure 6b along with the corresponding wavelengths and angles.
We note that neither the [110], nor the [110] directions are parallel to the image plane, meaning that
the arrows in the image indicate their projections on it. In fact, [110] and [110] form 2.01° and 23.52°
angles with the image plane, correspondingly.

The full kink angle predicted theoretically by our hypothesis, i.e., two times the angle between the
direction [110] and the plane (110) is 142.9°, with its projection on the image plane being slightly
higher at 143.12°. These values are in excellent agreement with the corresponding value extracted
from the Fourier analysis of the TEM image 143.6°, as well as with the average kinking angle 143.2° +
2.9° found upon measuring many kinked NWs using SEM. Hence, our hypothesis on the
crystallographic structure of the kink is confirmed by the experimental data.

2.6. Molecular Dynamics modelling

In order to understand the dynamics of the kinking and the unkinking process shown in Figure 4(e-h),
we simulated an infinite CuO crystal where we introduced a nano-twinned band of 4 monoatomic Cu
layers, with the twin plane being the (110), as shown in the inset (a) of Figure 7. Our simulations show
that under application of shear loading (imposed strain) towards the projection of the growth direction
[110] on the twin plane (110) (see the schematics above Figure 7, the twinned band grows, as the
twin planes shift layer by layer. Then, upon application of shear strain in the opposite direction, the



twin band shrinks, as it undergoes the exact opposite shift of the twin planes. Finally, after its size
shrinks down to a total of six layers, the crystal un-twins upon continuation of the shear loading.

Figure 7 shows the evolution of the total applied shear strain (green, right axis), and the corresponding
stress (blue, left axis). A zero-pressure barostat was applied to all the other components of the stress
tensor. The sequence of straining and relaxing are shown schematically above the diagram. The plane
of deformation (image plane of the schematics) is the one defined by the [110] vector and the normal
vector of (110). The insets (a-d) show four snapshots of the atomic system, as seen from the [112]
zone axis, with the important directions and planes designated on inset (a). Note that both [110] and
its projection to (110) (shear direction) are not exactly parallel to the image plane of the insets; thus,
the corresponding arrows show projections to the image plane. The atoms within the twinned band
are designated with distinct colors than the bulk of the crystal. The full evolution of this system can be
seen in Video 4 attached in the SI.

When we apply a positive strain, (positive direction convention designated in inset (a)), the twinned
band grows by four Cu layers, as the upper twin plane shifts three layers upwards and the lower twin
plane shifts one layer downwards. The plastic deformation corresponding to these shifts is visible as
abrupt drops on the shear stress at t =10.5, 12, 15.1, and 16.8 ps. Then we allow the system to relax
with a zero-pressure barostat until t =42.55 ps, which leaves the atomic system in the deformed state
depicted in inset (b), i.e., with the twinned band larger than the initial.

After this, we start enforcing a shear strain in the opposite direction, which results in the negative
shear stress shown in the figure. At about t = 50.1 ps, a small stress release occurs as the system
undergoes a shear deformation (simple shear), with the plane of deformation being the (110) i.e.,
perpendicular to the plane of deformation of the imposed shear (see sec. IVA of the Sl for details). As
we keep straining, more stress builds up, which is then released by a series of shifts of the twin planes
that shrink the twin band, accompanied by a few (110) plane slips. These series of plastic deformations
are visible as oscillations on the stress curve, leaving the crystal on the state seenininset (c), att = 75
ps. Finally, right after (c), a series of atomic rearrangements occurs that completely removes the twin
band, leaving behind an almost pristine crystal. We then relax the system to zero pressure, arriving in
the final state shown in inset (d), which corresponds to a defect-less CuO crystal.

The above results show that this kind of shear stress, which are most probably obliquitous when a NW
undergoes abrupt mechanical deformations (e.g., due to oscillations), can lead to both the growth of
a kinked (twinned) band defect, as well as its shrinking and final annihilation. Furthermore, in sec. IVA
of the SlI, we present in detail an additional simulation of a system with a large, twinned band (large
enough that its size does not affect the twin formation energy), where we analyse in detail the atomic
layer gliding mechanism that shifts the twin plane upon shear loading. Finally, in sec. IVB of the SI, we
present an additional simulation result that shows a possible mechanism that could initiate a small,
twinned band from a pristine crystal, upon application of very high shear strain.
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Figure 7: Shear stress and strain evolution of the simulated CuO crystal. The operation simulated at each time interval is
represented schematically above each simulation interval, with the image plane of the schematics (plane of deformation)
being the one that is parallel to [110] and perpendicular to (110). The four insets give snapshots of the atomistic system as
seen from the [112] axis, i.e., with the image plane being nearly (but not exactly) parallel to the plane of deformation
designated by the schematics the plot. The following instances are shown: (a) initial system, (b) relaxed after positive straining,
(c) right before un-twinning, (d) final un-twinned. The atoms within the twinned band are designated in yellow for clarity.

3. Discussion

Kinking in semiconductor NWs often appears during growth and is a well-known and widely studied
phenomenon [16]. However, in our case, the “kinking” was induced post-synthesis in initially straight
NWs under completely different experimental conditions: during mechanical transfer of many free-
standing NWs from one substrate to another, during oscillations caused by in-situ e-beam irradiation,
and during in-situ mechanical nanomanipulation of partially suspended NWs. In all these cases the
same plastic deformation (double kinking with angle of approx. 143°) was observed. The
nanomanipulation and e-beam induced kinking is relatively hard to reproduce consistently. In the
former case, the process is driven by the coarse motion of the nanomanipulator and in the latter by
momentum and charge transfer from the beam to the NW. In neither of these cases the mechanical
loading is well controllable. Moreover, the adhered NWs have a number of varying parameters,
(different lengths of adhered and protruding parts, different diameters, cross-sections, etc.) that may
play a significant role in the outcome of manipulation experiments. Hence, we should rely on
coincidence of the favourable parameters to induce kinking in individually manipulated NWs. However,
in the mechanical transfer scenario, the massive number of NWs that receive various kinds of loading
allows for a substantial number of them becoming kinked. Furthermore, the observation of kinking
during transfer allows us to rule out the possibility that the e-beam plays an essential role in the kinking
process.

There are certain common factors between kinking induced by nanomanipulations and e-beam. In
both scenarios NWs were partially suspended and oscillations were observed before kinking. We were
unable to induce kinking during either a smooth nanomanipulation operation, nor under e-beam
without the specific etched Si substrate that allowed the suspension of NWs under certain angle.



Additionally, the MD simulations showed that the shear loading necessary to induce growth of the
kinked band is quite specific in direction. This agrees with the low reproducibility of the
nanomanipulation and e-beam induced kinking, suggesting that oscillations may play an important role
at least in the in-situ kinking of individual NWs. After making an abrupt motion, the manipulator probe
and the NW oscillate in a complex manner, similarly to the case observed under e-beam, resulting in
mechanical loading towards many different directions. One of those directions may be favourable for
inducing the necessary atomic rearrangements that lead to kinking. Furthermore, kinking mostly
appeared when the protruding part of a NW contacted the surface of the Si substrate during
nanomanipulations or e-beam induced oscillations. This might be another contributing factor, as NW-
substrate adhesion may increase the internal shear loading by fixing the NW ends. Lastly, both shear
loading in mechanical transfer and oscillations related to manipulations of NWs may involve triboheat-
related temperature rise that might be another contributing factor in the probability of kink formation.

Given the above, we can conclude that in all three experimental scenarios, there is a common
underlying plastic deformation mechanism behind the kinking, which can also be reversible under
specific conditions. The structural analysis with TEM and SAED images along with the MD simulation
results corroborate that this mechanism is deformation induced twinning. Although deformation
twinning is quite ubiquitous in metallic materials and alloys [26], such a reversible plasticity is
unexpected in covalent nanomaterials, which typically tend to switch from elasticity to fracture [2].
However, the extremely low size that allows for almost defect-less crystal structures within the NWs,
has been considered to allow much higher stresses and strains without fracture [2], resulting in the
possibility for reversible plasticity, such as the one reported for GaAs NWs [27] and attributed to
dislocation activity.

Further research is necessary to study the exact conditions at which the kink is introduced.
Quantitative measurements of the kink strength and the forces involved in kinking/unkinking events
in @ more rigid and controllable force-exertion system should be a subject of a separate study.
Furthermore, it is necessary to conduct further atomistic studies to give a deeper understanding of the
atomic mechanisms that lead to the twinning. For that purpose, a more accurate potential (force field)
for CuO than the COMB3 used here will be necessary. Although the latter is not very accurate (e.g., it
predicts the lattice parameters of CuO with an error about 8% compared to experimental values), it
qualitatively reproduced the deformation twinning mechanism in very good agreement with the
experiments, at least at the extremely low temperature of 1K. However, for deeper quantitative
analysis of the mechanism and the investigation of thermal oscillation effects, probably more advanced
and accurate Machine-Learning based potentials for CuO will be necessary. Finally, the role of the NW
temperature in the kink formation is still an open question, which needs to be investigated by both
experiment and simulation.

Deformation twinning and its role in the plastic behaviour of metal nanowires has been thoroughly
investigated in tensile and bending tests both experimentally and theoretically for different nanowire
materials like Au, Ag, Al, etc. [28—33]. This is the first demonstration of reversible plastic deformation
possibility of covalent NWs driven by deformation twinning, observed in experiment and simulated by
MD. This opens a new research direction towards understanding quantitatively and exploring
exploitation techniques for this NW behaviour, as a deeper understanding of these phenomena shall
open a new route for post-synthesis modifications of covalent material single crystals. Finally, the
possibility of mechanically induced kinking should be explored for other NW materials as well, as it
may enhance their properties and allow for novel functionalities.



4. Conclusions

We have experimentally demonstrated the mechanically induced kinking of CuO NWs. Structural
analysis of the kinked NWs with HRTEM and SAED, along with analysis of the kinking angles showed
that the kinking corresponds to twinning on the (110) crystal plane of CuO. We propose that this
twinning is caused by mechanical deformation in specific direction, occurring during intense
oscillations or mechanical transfer of the NWs. Our hypothesis is supported by MD simulations which
show that a twin plane can reversibly shift upon application of shear loading along the projection of
the [110] direction on the (110) plane. This allows either the growth or shrinking of a twinned crystal
band depending on the direction of the shear loading. The newly discovered phenomenon opens a
new route for post-synthesis modifications of covalent material single crystals.

5. Methods

5.1.Sample preparation and characterization

CuO NWs were grown by annealing a copper foil at 400 °C for 2h at ambient atmosphere, following
the methodology of Ref. [23]. The initial morphological analysis of the as-grown CuO NWs on the
original substrate was performed by scanning electron microscopy SEM (Helios Nanolab 600).
Si0,/Si(100) wafers (Semiconductor Wafer, Inc.) with 50 nm thermal oxide were used as substrates for
conducting further experiments with individual NWs. The patterned silicon substrates of type Il and llI
were prepared by chemical etching of Si0,/Si(100) as described in [34]. The crystalline structure of CuO
NWs was studied using transmission electron microscopy (TEM, Tecnai GF20, FEI) operated at the
accelerating voltage of 200 kV. The selected area electron diffraction (SAED) pattern was processed by
CrysTBox software.[35]

5.2. Manipulation of individual nanowires.
We performed two types of manipulations of individual CuO NWs:

e Inthe first scheme (see Figure 1b), partially suspended CuO NWs were mechanically manipulated
on a type-ll sample substrate by pushing the suspended end of the NW with a sharp tungsten
probe attached to a micromanipulator (Kleindiek MM3A-EM). Experiments were conducted inside
SEM (Tescan Lyra XM). The adhesion between the CuO NWs and Si was high enough to hold the
adhered part of the NW during manipulation without the need of additional fastening.

e In the second scheme (see Figure 1c), the intense oscillations in partially protruding CuO NWs
were induced by the incident electron beam (e-beam) on a type-Ill sample substrate, inside a SEM
(Helios NanoLab 600).

5.3.Simulations

Molecular Dynamics (MD) simulations were ran using the LAMMPS [36,37] MD simulation package.
We employed the third version of the Charge Optimized Many-Body potential (COMB3) [38], which is
an improved version of the original Cu-O COMB2 potential [39], with a charge equilibration method
[40,41] being run every 50 time steps to update the atomic charges. We used a timestep At=0.5 fs. To
emulate the pressure-free surface conditions in a nanowire, we ran all our simulations within the NPT
ensemble, utilizing the Nose-Hoover thermostat, while different barostat settings were used for
different simulation phases, the details of which are given in the corresponding section. To avoid
thermally induced instabilities in our simulations and focus on the structural dynamics of the CuO
crystal under specific mechanical stress, we set a low temperature of 1K in the thermostat.
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