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ABSTRACT: Based on molecular-dynamics simulations
validated with quantum-mechanical calculations, we predict
that (111) twin planes in a [111]-oriented GaAs nanowire
attain attractive interactions mediated by surface strain. This
gives rise to a self-replication mechanism that continuously
generates a twin superlattice in a nanowire during growth. We
demonstrate signiﬁcant implications of the twin−twin
interaction for the electronic, mechanical, and chemical
properties of nanowires. These unique properties suggest
potential applications such as catalysts for solar fuel production
and nanoscale mechanical dampers.
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Cross-sectional scanning tunneling microscopy (XSTM)
revealed atomic-scale relaxation of surfaces near twin planes
in GaAs.20 Such twin-induced surface relaxation likely interferes
with the inherent surface relaxation in NWs mentioned above.
This twin−surface interaction could in turn mediate interaction
between twins, but such a possibility has not been examined to
date either experimentally or theoretically.
Here, molecular-dynamics (MD) simulations validated with
quantum-mechanical (QM) calculations reveal the existence of
novel surface-mediated twin−twin attraction in NWs, which is
nonexistent in bulk material (MD and QM methods are
described in the Supporting Information). We will show that
structural relaxation of the sidewall surfaces of a NW leads to
spontaneous formation of an intrinsic core/shell structure. The
associated inherent strain in the shell is relieved by the
introduction of twin-boundary planes. The resulting surface
stress-mediated interaction between twin planes exhibits
attraction for a range of the NW diameter and twin−twin
distance. The twin−twin interaction gives rise to a selfreplication mechanism that continuously generates a twin
superlattice in a NW during growth. This physical mechanism
provides an alternative synthetic route for twin superlattices in
NWs, in addition to geometrical routes proposed for some of
the experimentally observed twin superlattices.5−7 We will
demonstrate signiﬁcant implications of the twin−twin interaction for the electronic, mechanical, and chemical properties of
NWs, in conformity with a number of recent experimental

ue to their unique physical properties, nanowires (NWs)
have broad applications such as sensors,1 solar cells,2 and
high-strength/high-ductility material components.3 A major
issue in the application of semiconductor NWs is the high
density of twin defects that are commonly observed.4 Twins
can be generated during growth (in the case of III−V
semiconductor NWs4−7) or by deformation under shear (in
the case of metals8−10). For III−V NWs, previous theoretical
studies have identiﬁed corners on a NW top surface as
preferred nucleation sites of stacking defects such as twins.11,12
Since these corners are inevitable features of the NW geometry,
stacking defects are inherent in NWs under most growth
conditions.12,13 Among various possible stacking defects (e.g.,
intrinsic and extrinsic stacking faults), twins are dominant in
III−V NWs due to their small formation energy.14 Not only do
these twins essentially aﬀect the electronic15 and mechanical16
properties of NWs, but they also provide an ideal tool to probe
fundamental material processes at the nanometer scale. In
particular, researchers studying NWs are uniquely positioned to
address a fundamental scientiﬁc question: How twin defects
interact with surfaces and other twins at the nanoscale?
Such twin−surface and twin−twin interactions are expected
to play an essential role for determining material properties in
NWs due to their high surface/volume ratios and short twin−
twin distances (approximately a few nanometers).4 Surface
relaxation inherent in NWs gives rise to novel physical
phenomena such as size-induced brittle-to-ductile transition
in semiconductors17 and metallic glasses.18 Furthermore,
sidewall-surface relaxation in ZnO NWs leads to an intrinsic
core/shell structural transformation, that is, spontaneous
formation of a radial heterostructure consisting of a hexagonal
core and a body-centered tetragonal shell under tension.19
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observations. These unique properties suggest potential
applications such as catalysts for solar fuel production21 and
nanoscale mechanical dampers.16
We performed MD simulations of a GaAs NW, where the
NW axis is the [111] orientation of zinc-blende (ZB) crystal.
The energetics of twins in a NW is determined by a subtle
balance between the bulk, surface, and other geometric terms
such as surface kinks. To simplify the geometry such that twin−
surface and twin−twin interactions can be unambiguously
delineated, we considered a hexagonal NW with six {11̅0}
sidewalls. Two sets of systems were simulated: without (Figure
1a and b) and with (Figure 1c and d) twin. There are two types

investigate the eﬀect of NW surfaces and the range of twin−
twin interactions.
To study structural properties of twin boundaries, we ﬁrst
examined atomic displacements on the twin plane. Figure 1b
and d are top views of atoms on the mid (i.e., z = h) cross
section of the NW of diameter d = 10 nm without and with
twin, respectively. The NW without twin in Figure 1b exhibits
3-fold symmetry, reﬂecting the 3-fold symmetry of ZB crystal
around the [111] axis. Namely, Ga atoms (colored red) near
three corners of the NW shift downward from above to below
the mid shuﬄe plane to become visible in the top view of the z
= h cross section. On the other hand, atoms in the center do
not shift, and those near the other three corners shift upward,
which keeps As atoms (colored yellow) on the top. Such
inhomogeneous displacements should not exist in bulk crystal,
and therefore it is a consequence of the structural relaxation of
the NW surface. Our previous MD study showed that such
relaxation of NW sidewalls leads to the formation of an intrinsic
core/shell structure; that is, a shell of 6−8 monolayers near
NW sidewalls forms a distinct lattice structure from that in the
inner core.12,19 Such distinct phases at surfaces are akin to those
well-established at interfaces. For example, grain-boundary
interphases22,23 known as complexions24 essentially control
material properties. Here, a thin layer of a metastable phase
(which is not stable in bulk) becomes thermodynamically
favorable, if the volumetric free energy to form the metastable
phase is overcompensated by the reduction in the interfacial
energy.25 In contrast to the atomic displacements with 3-fold
symmetry without twin (Figure 1b), those in the NW with twin
(Figure 1d) are more symmetric and exhibit 6-fold symmetry
on the twin plane. Twin thus modiﬁes the inherent surface
relaxation in a substantial way.
Because of the essential role played by the structural
relaxation of the sidewall surfaces in subsequent discussions,
we validated the MD result against QM calculation based on
density functional theory (DFT). We computed the bond
length as a function of the depth from the (11̅0) surface in
terms of the number of atomic layers using both MD and QM
methods. While the bonds in the outermost two layers contract,
the bonds in the third layer are elongated at a reduced
magnitude. In both MD and QM calculations, the bond length
converges to the bulk value at the seventh layer within 0.5%. In
addition, the calculated MD results agree well with QM results
for the lattice constants and cohesive energies of various
crystalline phases, elastic constants, surface energies, vibrational
density of states, thermal expansion coeﬃcient, speciﬁc heat,
and melting temperature.26 These validations indicate the
robustness of the simulation results presented in this paper.
To quantify the twin-plane structures, Figure 2 shows the
displacement vector ﬁeld on the mid cross section of the same
NWs as shown in Figure 1. Each vector quantiﬁes the
displacement of an atom relative to their neighbors in the
reference system (i.e., the system without relaxation). Top
views of the NWs without (Figure 2a) and with (Figure 2c)
twin show a core/shell structure similar to those previously
observed.12,19 Here, the outer shell exhibits larger displacements (colored red) compared to the inner core (colored
blue). The corresponding side view in Figure 2b without twin
shows alternating upward and downward shifts of the six NW
corners, exhibiting the same 3-fold symmetry as in Figure 1b.
Consequently, each (111) crystalline layer in the NW deforms
into a buckled hexagon of a chairlike conformation shown in
Figure 2b. Introduction of twin relieves these axial displace-

Figure 1. Simulated GaAs NWs. Red and yellow spheres represent Ga
and As atoms, respectively, for NWs without (a and b) and with (c and
d) twin. Parts a and c show side views, while b and d show top views of
the atoms on the mid cross section (i.e., z = h marked by magenta
lines) of the NW. Dashed blue lines are added to show crystallographic
orientations and their change at the twin boundary. In the top views in
b and d, the topmost atoms (either Ga colored in red or As in yellow)
below the z = h plane are predominantly visible.

of twins: rotational (or ortho) and reﬂective (or para) twins.
Rotational twins are dominant in ZB NWs. We thus introduced
twin defects by rotating the upper half of the NW by 60°. Here,
each rotational plane lies in the middle of a Ga monolayer
below and an As monolayer above, which are narrowly
separated and together form a GaAs bilayer (i.e., the rotational
plane is a glide plane). This rotation reﬂects the stacking
sequence of (111) crystalline planes at the twin-boundary
plane, which is one-monolayer below the rotational plane and is
located in the middle of two consecutive GaAs bilayers (i.e., the
twin-boundary plane is a shuﬄe plane). With periodic
boundary conditions (PBC) in the z (or [111]) direction,
this procedure creates two (111) twin-boundary planes. For a
NW of height 2h, one twin plane is located at z = h and the
other at z = 2h (or equivalently z = 0 due to PBC), with the
twin-plane distance of h. By systematically changing the NW
diameter d and twin−twin distance h, we were able to
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Figure 3. Twin-induced stress distribution in a NW. (a) Stress
distribution with twin for d = 20 nm and h = 25 nm, where the
hydrostatic stress is color-coded. (b and c) Cross-sectional views of
stress sextupoles on the twin planes indicated by arrows. (d)
Schematic of stress-mediated twin−twin interactions (double-headed
arrows).

Figure 2. Eﬀects of twin on atomic displacements in NWs. Parts a and
b show top and side views of the displacement vector ﬁeld on the mid
plane (i.e., z = h) for NW without twin; c and d show the same
information with twin. Each vector is represented with an arrow that
points to an atomic position after relaxation, and its magnitude is
color-coded. In a, the circles with plus and minus symbols represent
upward and downward displacements of the six corners, respectively.
In b, a black arrow represents the typical vector direction near each
corner of the hexagon.

plane, in particular, consecutive twin planes have stress
sextupoles of opposite signs. This may lead to attractive
interaction between consecutive twin planes.
The stress-mediated twin−twin interaction mentioned above
should be manifested in the dependence of the NW energy on
the twin−plane distance h and diameter d. To investigate this,
we performed MD simulations of various NWs by systematically changing h from 1 to 55 nm and d from 2 to 50 nm. In
addition, we simulated the bulk limit (i.e., d → ∞) by applying
PBCs to all Cartesian directions with a lateral size of 2.77 nm ×
3.20 nm in the x and y directions. For each combination of d
and h, we performed MD simulations with and without twin.
We then computed the energy diﬀerence ΔE by subtracting the
NW energy without twin from that with twin. Figure 4a shows
ΔE(d, h) as a function of h for the bulk limit, d → ∞. We see
that ΔE rapidly (within h = 5 nm) decreases and converges to
the asymptotic limit at h ∼ 10 nm. Here, the h dependence of
ΔE reﬂects the bulk twin−twin interaction that has a shortrange of ∼5 nm, whereas the asymptotic ΔE value is twice the
energy of a single twin boundary (since there are two twin
boundaries in the NW). Glas used a simple heuristic to estimate
the bulk twin energy for GaAs. Our MD result, ΔE(d → ∞, h
→ ∞) = 2.94 meV/Å2, compares reasonably with his
semiempirical result, 2.1 meV/Å2.14
To study the diameter dependence of the twin energy, Figure
4b plots ΔE(d, h → ∞) (which is evaluated at h = 55 nm).
With decreasing diameter, the twin energy decreases away from
the bulk value (pointed by the arrow). Below a critical diameter
of dc ∼ 5.3 nm, the twin energy becomes negative, making twin
insertion an exothermic process. This is likely due to the strain
relief by twin at the NW shell as shown in Figure 2. Below dc,
the resulting stress-release energy overcompensates the positive
stacking-defect energy at the twin boundary to make twin
insertion energetically favorable. A similar surface-induced
mechanism was proposed for a structural transition from ZB
to wurtzite (WZ) phase in GaAs NWs below a critical
diameter.27
We deﬁne the twin−twin interaction energy by subtracting
the isolated twin energies from ΔE: Eint(d, h) = ΔE(d, h) −
ΔE(d, ∞). Figure 4c and d shows Eint as a function of h for
various d including the bulk limit (d → ∞). In the bulk, the
twin−twin interaction is purely repulsive as shown in Figure 4c.
Below d = 50 nm, however, the interaction starts to have a

ments, and consequently the twin plane becomes a more planar
hexagon shown in Figure 2d. Thus, structural relaxation of
NWs is strongly modulated by the edges of the NW sidewall
facets as well as their interaction with twin boundaries. This
interaction between twins and surfaces is unique to NWs.
Unlike their bulk counterparts, twins in NWs start and end at
surfaces and interfere with the inherent structural relaxation of
the NW surface. Similar atomic-scale surface relaxation
associated with ortho twins has been observed by XSTM of a
GaAs (110) surface.20 The twin-induced change of symmetry
from 3-fold to 6-fold explained above is concerned with the
atomic displacements within the shell of the intrinsic core/shell
structure. This is accompanied by an opposing change of
symmetry in the core region. Namely, the small-deformation
area represented by blue color is nearly circular without twin
(Figure 2a), which becomes 3-fold symmetric with twin (Figure
2c).
The cooperative eﬀects of twins and surfaces on the NW
structure shown above are associated with strains and stresses.
Figure 3a shows stress distribution in the NW with twin for d =
20 nm and h = 25 nm. We observe stress concentration at the
corners of each hexagonal twin-boundary plane. The six corners
exhibit alternating compressive and tensile stresses to form a
stress sextupole (as seen in the cross-sectional views in Figure
3b and c. The twin boundary at the mid plane rotates the 3-fold
symmetric atomic displacement (as shown in Figure 2b) by 60°
between the upper and lower halves of the NW. At three of the
six corners of the hexagonal twin plane, consequently, upward
atomic displacements in the bottom twin segment and
downward displacements in the top twin segment together
create compressive stress (shown red in Figure 3c). At the
other three corners, on the other hand, downward and upward
displacements, respectively, in the bottom and top twin
segments result in tensile stress (shown blue in Figure 3c).
The stress sextupole on each twin plane is expected to bring in
stress-mediated interaction between two twin planes as
illustrated by arrows in Figure 3d. Not only do the corners of
diﬀerent twin planes interact, but also those within each twin
plane have interaction. Due to the 60° rotation at each twin
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Figure 4. Energetics of twins in NWs. (a) The energy diﬀerence ΔE between NWs with and without twin as a function of the twin−twin distance h
for the bulk limit, d → ∞. The dashed line indicates the asymptotic value (h → ∞). (b) The asymptotic ΔE for h → ∞ as a function of the NW
diameter d, where the arrow indicates the bulk value (d → ∞). (c and d) Twin−twin interaction energy Eint as a function of h for d = ∞, 50, and 20
nm (c) and d = 10, 7, and 5 nm (d). (e) Minimum-energy twin−twin distance as a function of d. (f) Minimum twin−twin interaction energy as a
function of d.

diameter causes a reentrant transition to purely repulsive
interaction at a second critical diameter of dc2 ∼ 5 nm.
Mutually repulsive twins thus attain attractive interaction in
NWs, which is akin to the theory of superconductivity,28 where
mutually repulsive electrons acquire attraction through
distortion of the crystalline lattice. Since the twin interaction
here originates from the relaxation of the crystalline lattice near
NW sidewall surfaces, it is probably sensitive to the way the
surface is terminated or coated. While the surface relaxationinduced twin−twin interaction is a generic phenomenon, how it
is manifested in the energetics should depend on the surface
geometry as well. For example, twins in NWs with {111}
sidewalls introduce additional geometric features such as kinks,
which aﬀect the energetics signiﬁcantly. In addition, these
geometrically necessary twins are associated with polar sidewall
surfaces, and thus its energetics involves a nontrivial electrostatic contribution and depends on Ga and As chemical
potentials.29 As mentioned before, we considered a NW with
nonpolar cleavage {11̅0} sidewalls, which are free from such
geometric and other energetic complications, and consequently
twin−surface and twin−twin interactions can unambiguously
be delineated and studied systematically.
The twin−twin attraction shown in Figure 4c and d has
signiﬁcant implications for a number of properties of NWs.

minimum and becomes attractive at distances larger than the
minimum-energy distance hmin; see the curve for d = 50 nm in
Figure 4c. The minimum interaction energy Eint(hmin) becomes
more negative, and accordingly the twin−twin attraction
becomes stronger for smaller diameters; see the curve for d =
20 nm in Figure 4c. Also, hmin becomes shorter for smaller
diameters. This twin−twin attraction likely originates from the
interaction between the stress sextupoles of opposite signs
between consecutive twin planes as shown in Figure 3b and c.
This in turn is a consequence of the interaction between twins
and surfaces as explained before.
Figure 4d shows the twin−twin interaction energy for even
smaller diameters. Below d = 10 nm, the minimum interaction
energy turns back the trend and begins to be less negative.
Finally, below d = 5 nm, the twin−twin interaction becomes
purely repulsive again. As shown in Figure 4a, the twin−twin
interaction in bulk is purely repulsive with a short-range of 5
nm. It is likely that the twin−twin interaction energy within 5
nm is dominated by the energy diﬀerence between diﬀerent
stacking sequences.14 For extremely thin NWs, it is also
conceivable that strain relief is insuﬃcient to cause the stressmediated twin−twin attraction. In short, twin−twin interaction
undergoes a transition from purely repulsive to attractive below
a critical NW diameter of dc1 ∼ 50 nm; further reduction of the
4928
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The oscillator strengths were then used to estimate the
radiative decay time. For a twin-boundary distance of h = 4 nm,
the lifetime increases by 6%. The enhanced charge-recombination lifetime is likely due to the spatial separation of electron
and hole wave functions because of the twin-boundary
potential. A similar electron−hole separation was predicted
theoretically for tapered silicon NWs.31 Experimentally, the
reduction of the oscillator strength was observed in GaN/
AlxGa1−xN quantum wells, where the separation of electron and
hole wave functions is caused by the piezoelectric ﬁeld.32
We also studied the eﬀect of twin superlattices on carrier
mobility. We ﬁrst estimated the electronic scattering potential
by a twin boundary by subtracting the local Kohn−Sham
potential in DFT without twin boundary from that with a twin
boundary. We then computed the transmission coeﬃcient for
this scattering potential as a function of the electron
momentum. The electron mean-free path and scattering time
were then derived from the transmission coeﬃcient.33 For the
twin distance of h = 1 nm, the calculated twin-scattering
contribution to electron mobility is 1600 cm2/(V·s) at a
temperature of 300 K.30 This is consistent with recent terahertz
photoconductivity measurements by Parkinson et al.15 By
eliminating twin defects, they observed the enhancement of the
intrinsic carrier mobility from 1200 to 2250 cm2/(V·s) for
GaAs NWs of diameter 40−60 nm.15 This implies the twin
scattering contribution on the order of ∼2 × 103 cm2/(V·s).
Room-temperature electron mobilities in high-quality GaAs
samples are ∼104 cm2/(V·s) (with the corresponding mean free
path of ∼102 nm), for which the dominant contribution is the
scattering by optical phonons.34 The estimated twin-scattering
contribution is more signiﬁcant for h < 5 nm. In addition to
acting as a carrier-scattering source, twins in NWs were found
to modify the mobility by changing strain and thereby the
eﬀective mass.30 Namely, a few percent of strain modiﬁcation
due to twins (which is associated with the surface deformation
shown in Figure 2) results in up to 80% of the mobility change,
thereby signiﬁcantly modulating the carrier transport in NWs.30
In addition to the electronic properties, the stress associated
with twins in NWs (see Figure 3) is expected to inﬂuence
surface chemistry and mechanics as well. It has been wellrecognized that surface features such as steps and kinks are
essential for catalytic activities of surfaces.35 In particular, twins
terminating at a surface were shown to endow the surface with
enhanced catalytic capabilities.36,37 Twins are expected to
enhance the reactivity of NW surfaces not only through these
geometric eﬀects but also due to the stress associated with them
as shown in Figure 3. Such eﬀects of stress on surface reactivity
were in fact demonstrated in recent experiments by Herbert et
al.38 They observed a dramatic increase of the reactivity with
oxygen due to the residual strain near a dislocation on a nickel
(100) surface. Similar mechanochemical eﬀects may also play a
role in recently observed spontaneous alloy ordering at the six
edges of hexagonal GaAs NWs coated with AlxGa1−xAs shells.39
Due to these enhanced chemical activities, twin supperlattices
in NWs may ﬁnd novel applications such as solar fuel
production.21 In addition, stacking faults such as twins cause
unusual mechanical properties of NWs, a notable example
being an anelasticity (i.e., delayed recovery of elastic strain after
the removal of an applied stress) of GaAs NWs, with potential
applications such as nanoscale damping systems.16
In summary, twins acquire attractive interaction in NWs
through atomic distortion of NW sidewall surfaces. The
transition from purely repulsive to attractive twin−twin

First, it aﬀects the growth kinetics of NWs considerably. Kinetic
models for defect formation in NWs are usually based on the
change of Gibbs free energy for the nucleation of a defected
island on a NW top surface.11,12 Though these models consider
the trade-oﬀ between the bulk and surface energies, defect−
defect interaction has not been taken into account. To quantify
this eﬀect, let us consider the nucleation of a twinned hexagonal
island on the (111)B top surface of a hexagonal GaAs NW.12 At
a typical growth temperature and vapor pressures for Ga and
As, the critical diameter (above which the island grows
indeﬁnitely) for a defected island was estimated to be 5−20
nm.12 The twin−twin interaction energy Eint(hmin) for d = 20
nm in Figure 4c is −0.0774 meV/Å2. This lowers the Gibbs free
energy of the critical twinned nucleus by 0.335 eV, with the
corresponding increase of the probability for twin formation by
a factor of 50 at a growth temperature of 1000 K. While the
growth kinetics of twins in NWs is thus governed by the
nucleation of a critical defect island (which in turn depends on
the adatom energetics), twin formation under mechanical
loading is instead dictated by the energy barrier for stackingfault generation. To conﬁrm that our MD model also describes
the latter process correctly, we have calculated the unstable
stacking fault energy (i.e., the energy barrier to slide a (111)
glide plane). The MD result, 2.37 J/m2, is in reasonable
agreement with the QM result based on DFT, 2.71 J/m2 (see
Table S1 in the Supporting Information).
The twin−twin attraction thus suggests a self-replication
mechanism for twin generation. Namely, once the ﬁrst twin
plane is introduced during the growth of a NW, a subsequent
generation of twin planes becomes exothermic and selfsustained. The twin−twin attraction also has a measurable
consequence on the twin-plane distance statistics; that is, the
twin-distance distribution p(h) is expected to have a peak at
hmin because of the correlated twin generation due to the twin−
twin attraction. This is in contrast to the case where such
correlation is absent; then p(h) follows the monotonically
decreasing Poisson distribution. Experimentally observed p(h)
in similar materials, GaP and InP, indeed shows a peak,
supporting correlated twin generation.5,6 Figure 4e shows that
hmin is an increasing function of d. The same trend was
observed for the peak position of p(h) in InP.6 In particular, the
experimentally measured average twin distance is ∼2 nm for a
NW diameter of ∼10 nm,6 which is consistent with our
simulation result in Figure 4e (e.g., hmin = 2.4 nm for d = 10
nm). Figure 4f shows the minimum energy as a function of d.
The magnitude of the minimum energy peaks at d = 15 nm,
indicating that the twin−twin interaction in NWs has the
strongest eﬀect around this diameter. This physical mechanism
for self-replicating twins is complementary to the generation of
geometrically necessary twins during growth using the selectivearea metal−organic vapor-phase epitaxy4 or the vapor−liquid−
solid method.5−7 As such, it provides an alternative synthetic
route for twin superlattices in NWs.5−7 Such a controlled
crystal structure and stacking-defect distribution in NWs
provide a capability to tune their electronic, optical, and
mechanical properties, thereby add a rich design space for NWbased devices.
Twin superlattices also aﬀect the electronic properties of
NWs. Our QM calculation based on DFT revealed a surprising
eﬀect of a twin superlattice; that is, it increases the radiative
decay time of a bound exciton in a [111] oriented GaAs NW.30
Here, the dipole oscillator strengths were computed between
the wave functions at the conduction- and valence-band edges.
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Nano Lett. 2013, 13, 1522−1527.

interaction for decreasing NW diameters is followed by a
reentrant transition to purely repulsive interaction again for
even thinner NWs. These fundamental twin−twin and twin−
surface interactions provide powerful means for self-assembly of
nanostructures. The proposed intrinsic core/shell structure and
twin−twin interaction also provide a conceptual framework to
address broad issues regarding NWs, ranging from their unique
thermomechanical properties19 to defect-generation control.12
This work thus lays a foundation for future studies of
fundamental defect−defect and defect−surface interactions in
nanostructures.
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