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Strain distribution in zincblende and wurtzite GaAs
nanowires bent by a one-sided (In, Al)As shell:

Consequences for torsion, chirality, and piezoelectricity
Yiannis Hadjimichael, Oliver Brandt, Christian Merdon,

Costanza Manganelli, Patricio Farrell

Abstract

We present a finite-strain model that is capable of describing the large deformations
in bent nanowire heterostructures. The model incorporates a nonlinear strain formulation
derived from the first Piola-Kirchhoff stress tensor, coupled with an energy functional
that effectively captures the lattice-mismatch-induced strain field. We use the finite
element method to solve the resulting partial differential equations and extract cross-
sectional maps of the full strain tensor for both zincblende and wurtzite nanowires with
lattice-mismatched core and one-sided stressor shell. In either case, we show that the
bending is essentially exclusively determined by εzz. However, the distinct difference in
shear strain has important consequences with regard to both the mechanical deformation
and the existence of transverse piezoelectric fields in the nanowires.

1 Introduction

Strain engineering is a powerful means for manipulating and tuning of the electronic band
structure of semiconductors [34]. In planar heterostructures, combining layers with different
lattice constants generates a spatially uniform biaxial strain that strongly modifies the energy
and dispersion of the electronic bands in the strained layer, and which is routinely used for
various electronic and optoelectronic applications of semiconductors [2, 10, 29, 35, 38].
However, strain gradient engineering, i. e., the use of the effects of spatially nonuniform strain,
has thus far remained largely unexplored, and has only recently emerged as one of the key topics
for future solid-state research. In fact, sufficiently large strain gradients in inorganic materials
unlock new physical properties such as, most prominently, flexoelectricity [43, 46, 49, 52], but
may also induce ferroelectricity, superconductivity, and flexomagnetism [13]. Continuously tun-
able strain gradients can furthermore be utilized to realize spectrally indistinguishable quantum
emitters [30]. While the magnitude of such gradients in inorganic bulk crystals is limited by
their low fracture strength, free-standing nanostructures such as nanomembranes or nanowires
are tolerant to loads close to the elastic limit of the respective material [40, 50], and can thus
sustain strain gradients in excess of 2× 10−3/nm.
The flexibility and quasi-one-dimensional nature of nanowires offer new degrees of freedom for
novel heterostructure design and strain engineering [6]. Bent nanowires have therefore attracted
attention in both the semiconductor and the piezotronics fields. For example, dispersed ZnO
microwires have been bent mechanically by micromanipulation to induce charge carrier drift
in the strain (and thus bandgap) gradient across the wire’s cross section [12, 15, 16, 48]. The
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bending of free-standing ZnO nanowires by an external load such as the tip of an atomic force
microscope was theoretically investigated by several groups to compute the resulting piezo-
and flexoelectric fields [17, 18, 27, 44, 45, 51].
A novel method to uniformly bend all nanowires in an ordered array has been developed by
researchers from the Paul-Drude-Institute [11, 25] and McMaster University [32, 33]. By ex-
ploiting the directional nature of the impinging atom fluxes in molecular beam epitaxy, they
fabricated nanowires that were bent in a controlled fashion by highly lattice-mismatched stres-
sor shells deposited on a single side of the nanowires. This approach allows precise control over
the degree of bending and the resulting strain gradients, eliminates the need for external me-
chanical micromanipulation, and produces arrays of free-standing nanowires with deterministic
positioning and uniform bending. However, the current understanding of the strain distribution
in these nanowires is rudimentary in the sense that it neglects all strain components except
εzz [12, 15, 16, 25, 48].
In this paper, we use a three-dimensional finite-strain model based on the Green-Lagrange total
strain tensor, including geometric nonlinearity, to describe the large deformations induced by
the lattice mismatch between the nanowire core and a one-sided lattice-mismatched stressor
shell [7, 20]. We explicitly consider GaAs/(In,Al)As core/shell nanowire heterostructures as
realized in [25]. These nanowires consist of a GaAs core with a regular hexagonal cross-section
and a one-sided (In,Al)As stressor shell that bends the core. We derive the full strain tensor
for both zincblende (ZB) and wurtzite (WZ) nanowires, each for shells deposited in the two
perpendicular crystallographic directions, and compare the numerical results to approximate
analytical results. Furthermore, we point out important differences between the two polytypes
and their implications for the existence of transverse piezoelectric fields in the nanowires.

2 Finite-strain model

Our model is numerically solved in the reference (Lagrangian) configuration and is based
on a predeformation tensor M which takes into account the influence of the lattice mismatch
between the two materials (see the Julia package StrainedBandstructures.jl [19]. Hence,
M differs in each region of the composite structure. Let u ∈ R3 denote the displacement,
F := ∇φ = I + ∇u the deformation gradient tensor, and C ∈ R3×3×3×3 the fourth-rank
stiffness tensor. In our model, we use a linear stress-strain relation (Hooke’s law) and consider
the Green-Lagrange total strain tensor with a geometric nonlinearity, i.e. ε(F ) := 1

2(F TF −
I) = 1

2

(
∇u+∇uT +∇uT∇u

)
. Then, our model can be expressed by the partial differential

equation [20]

− div
(
det
(
M
)
F (u)M−1(C : ε(u)

)
M−T) = 0, (1)

which is solved for the displacement u. In this equation, ε = M−Tε(F )M−1− 1
2(I−M−TM−1)

is the elastic strain. The model is supplied with homogeneous Neumann boundary conditions
at all facets except at the interface between the nanowire and the substrate, where we apply
Dirichlet boundary conditions.
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Figure 1: Elastic strain components computed on the central cross section of a 2 µm long
GaAs/In0.5Al0.5As core/shell nanowire, using two different cross-sectional geometries. In the
top panel, the shell is applied on a vertex of the hexagonal core: (a) along the [112̄] direction
for ZB-[111] nanowires, and (b) along the [1̄100] direction for WZ-[0001] nanowires. In the
bottom panel, the shell is applied on the edge of the hexagonal core, i. e., in (c), along the
[1̄10] direction for ZB-[111] nanowires, and in (d) along the [112̄0] direction for WZ-[0001]
nanowires. In each case, we separate the εxz and εyz shear strain components since their values
are smaller than the normal components. In the ZB-111 case [see (a) and (c)], the εxz and
εyz components are approximately five to six times smaller than those of the normal strain,
but in the WZ-[0001] case [see (b) and (d)], they are zero.

3 Strain profiles in bent ZB/WZ nanowires

Since none of the strain components change along the length of the nanowire (except in close
vicinity to the nanowire ends), the problem can be reduced to two dimensions spanned by
the cross-sectional coordinates perpendicular to the bending direction. Figure 1 shows the
six elastic strain components in the center cross-section (taken at 1 µm) of a 2 µm long
GaAs/In0.5Al0.5As core/shell nanowire with a core diameter d = 2s = 100/

√
3 nm, where s

denotes both the circumradius and the side length of the regular hexagon forming the nanowire
core, and a shell thickness δ = 10 nm.1 We consider two different polytypes [ZB in (a) and (c),
WZ in (b) and (d)] and two different core/shell geometries (the two top and bottom rows).
The curvature κ of these four different bent nanowires is only slightly different and corresponds
roughly to 0.52 µm−1. As an illustration, Fig. S1 in the appendix provides a three-dimensional
view of the ZB-[111] nanowire from Fig. 1(c).
In all four cases, the normal strain components εxx, εyy, and εzz are large and very similar in
magnitude for both polytypes and crystallographic bending directions. The same applies to the
in-plane shear strain component εxy. However, the values of the two out-of-plane shear strain

1See the supporting information of [25].
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components εxz and εyz differ drastically between the two crystal structures. These components
have the same order of magnitude as the normal components for ZB-[111] nanowires [see
Figs. 1(a) and 1(c)], but are actually zero for WZ-[0001] nanowires [see Figs. 1(b) and 1(d)].2
The origin of this difference in magnitude of εxz and εyz lies in the structure of the stiffness
tensors for the two different polytypes. For both direct comparison and numerical efficiency
[39], we transform the stiffness matrix for the ZB structure (defined with the unit vectors
along the 〈001〉 axes) into the nanowire coordinate system spanned by the [111], [1̄10], and
[112̄] directions. No such transformation is necessary for the WZ structure, whose unit vectors
naturally align with the nanowire coordinates.
In Voigt notation, the stiffness matrices C for WZ-[0001]- and ZB-[111]-oriented nanowires
are given by [39]:

C0001 :=



CWZ
11 CWZ

12 CWZ
13 0 0 0

CWZ
12 CWZ

11 CWZ
13 0 0 0

CWZ
13 CWZ

13 CWZ
33 0 0 0

0 0 0 CWZ
44 0 0

0 0 0 0 CWZ
44 0

0 0 0 0 0 CWZ
66


,

and

C111 :=



CZB
11 CZB

12 CZB
13 0 CZB

15 0
CZB

12 CZB
11 CZB

13 0 −CZB
15 0

CZB
13 CZB

13 CZB
33 0 0 0

0 0 0 CZB
44 0 −CZB

15

CZB
15 −CZB

15 0 0 CZB
44 0

0 0 0 −CZB
15 0 CZB

66


.

Since there is no complete set of parameters available for the WZ materials, particularly for
InAs and AlAs, we use a linear transformation (quasi-cubic approximation) to obtain CWZ

ij from
the stiffness constants of the corresponding ZB materials in their natural (〈001〉) basis [31].
Likewise, the relations between the CZB

ij in the rotated basis (〈111〉) and those in the natural
coordinate system (〈001〉) of the ZB crystal are given in [39]. For this particular orientation
the components of the stiffness matrices are identical (CWZ

ij = CZB
ij ), except for the additional

component C15 in C111. The values for the lattice, stiffness, and piezoelectric constants used
in the present work for both ZB and WZ GaAs and (In,Al)As are given in Tab. S1 in the
appendix.
The key difference between C111 and C0001 is the element C15, which is zero for the WZ but
non-zero for the ZB case. For ZB-GaAs, for example, we obtain a value of 12.85GPa. The
structure of these matrices properly reflects the trigonal (C3v) and hexagonal (C6v) symmetry
of ZB-[111]- and WZ-[0001] nanowires. Note that different but equivalent representations of
C111 can be obtained depending on the exact choice of the coordinate transformation [6, 8].

2The finite values on the order of 10−5 are a numerical artifact resulting from the comparatively coarse grid
used for these computations. With increasing spatial refinement, these components asymptotically approach
zero.
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Strain distribution in zincblende and wurtzite nanowires 5

4 Torsion

An as unexpected as interesting consequence of this distinct difference in the strain distribu-
tion in ZB-[111]- and WZ-[0001]-oriented nanowires is displayed in Fig. 2, which views the
nanowires along the normal of their top facet for our four different bent nanowire configu-
rations. To maximize the displacements, we here consider GaAs nanowires with a pure InAs
stressor shell, representing the maximum lattice mismatch available in this materials system.
For the WZ-[0001] nanowires shown in Fig. 2(b), the nanowire bends strictly in the bending
plane indicated by the red dashed lines. The same is true for the ZB-[111] nanowire shown in
the left panel of Fig. 2(a) with the stressor shell applied along the [112̄] direction. However,
for the ZB-[111] nanowire shown in the right panel of Fig. 2(a) with the stressor shell applied
along the [1̄10] direction, we observe a displacement of the nanowire out of the bending plane,
and an anticlock-wise rotation about the nanowire’s [111] axis.
This torsion of the nanowire induces a left-handed helical chirality. At the first glance, this
result may appear surprising, since the zincblende structure is cubic, and materials of cubic

Figure 2: Bent GaAs/InAs nanowires viewed along the normal of their top facet from the
same viewpoint (inside the nanowire). Due to the different curvature and thus distance from
the viewpoint, the nanowires seem to be of different size, but they all have an identical core
diameter of 100/

√
3 nm. The color gradient depicts the variation of εzz analogously to Fig. 1.

In (a), we show ZB-[111] nanowires with the stressor shell deposited along the (left) [112̄] and
(right) [1̄10] directions corresponding to Fig. 1(a) and 1(c). In (b), the corresponding WZ-
[0001] nanowires are displayed with the stressor shell deposited along the (left) [1̄100] and
(right) [112̄0] directions, corresponding to Fig. 1(b) and 1(d). The red dashed line represents
the bending plane for each of the four different cases. In three of these cases, the nanowire
stays exactly in the bending plane. However, for ZB-[111] nanowires with the shell applied in
the [1̄10] direction, the nanowires is laterally displaced and exhibits a torsion visualized by the
blue dotted line.
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elastic symmetry are not chiral. However, as mentioned above, the rotated stiffness matrix
of the ZB-[111]-oriented nanowires exhibits a trigonal elastic symmetry, which is in fact the
highest elastic symmetry that permits chirality [14]. In contrast, the stiffness matrix of the
WZ-[0001]-oriented nanowires belongs to the class of transverse isotropic materials, which are
not chiral [9].
The torsion of the ZB-[111]-oriented nanowire is induced by the large out-of-plane shear strain
components, which in turn originate from the finite value of the symmetry-breaking or chiral
stiffness constant C15 [8, 14]. The degree and handedness of the rotation are determined by
the magnitude and the sign of C15, respectively. Torsion only occurs when the nanowire bends
along the [1̄10] direction independent of the shell geometry, confirming that it is the material
symmetry which is responsible for this effect (see Figs. S2 and S3 in the appendix).
We note that properties such as the bending or torsion of nanobeams are an area of very
active research in the field of mechanical engineering, and are believed to require higher-order
theories beyond classical linear elasticity, such as Cosserat, strain or stress gradient elasticity
[23, 36, 37]. The various models developed in this field aim to describe primarily the size
dependence of deformations, and thus include length scale parameters to explicitly consider
the actual size of the system under consideration [3, 28]. Such a size dependence may arise
due to the microscopic heterogeneity of the material [1]. Still, in the extreme nanoscopic limit,
an intrinsic size dependence is also expected for homogeneous materials (such as for single-
crystalline GaAs nanowires), since the magnitude of the strain gradients linearly increases with
decreasing system size [26, 47]. However, there are two major issues with the existing higher-
order elasticity theories: they offer conflicting predictions with no consensus in the field for
the underlying reasons [22], and for any practical application, they rely on a large number of
additional and in general unknown parameters [3, 24]. Our model may be conceptually less
advanced, but in the end more practical since all parameters involved are known with a fair
degree of accuracy.

5 Axial elastic strain and curvature

The full strain distribution in the bent nanowires as depicted in Fig. 1 can only be obtained
by numerical means. It is possible, however, to derive an analytical expression for the strain
component εzz for a given shell thickness δ and core diameter d. In [20], we have taken
the same approach to minimize the strain energy density in the nanowire, but modified the
prestrain condition to ensure that the resulting expression coincides with the one obtained
with the classical bending theory developed by Timoshenko [41]. This logical consistency is
achieved only if we consider that the entire predeformation occurs in the shell, i. e., when M
is the identity tensor in the core, and a diagonal matrix with elements corresponding to the
full lattice mismatch in the shell [20]. In Fig. 3, we compare the analytically derived variation
of εzz with the results obtained from the numerical simulations. Figures 3(a) and 3(b) depict
the variation of εzz along the center horizontal and vertical line across the nanowire cross
sections shown in Figs. 1(a) and 1(c), respectively. In both cases, the analytically derived
εzz strain components are in excellent agreement with the numerical simulations. Based on
the analytical expression for εzz, we have derived a corresponding one for the curvature of
the nanowire [20]. Figure 4 compares the curvature thus obtained as a function of δ and for
several different values of d with the one predicted by the numerical solution of (1) for both
the ZB and the WZ structures. Evidently, the agreement between the analytical model based

DOI 10.20347/WIAS.PREPRINT.3141 Berlin 2024



Strain distribution in zincblende and wurtzite nanowires 7

on εzz alone and the numerical model explicitly involving the full strain tensor is excellent,
demonstrating that the bending of the nanowires is essentially exclusively determined by εzz.
The slightly larger values of εzz for the WZ-[0001] nanowires [cf. Figs. 1(a) and 1(b), as well
as Figs. 1(c) and 1(d)] thus manifests itself in a systematically larger curvature.
For each core diameter, the curvature peaks at a certain shell thickness, the value of which
is monotonically decreasing with decreasing core diameter. This behavior is easily understood:
the smaller the core diameter, the easier it is for a mismatched shell of given thickness to bend

Figure 3: Variation of εzz along the x and y directions of the ZB-[111] GaAs/In0.5Al0.5As
nanowire with d = 100/

√
3 nm and δ = 10 nm as depicted in (left) Fig. 1(a) and (right)

Fig. 1(c). The lines represent the analytical expression for εzz [20]„ whereas the solid circles
show the results of the finite-element simulation. Similar results are obtained for the WZ-[0001]
case.

Figure 4: Curvature of a bent GaAs/In0.5Al0.5As nanowire with varying shell thickness δ for core
diameters d = 1√

3 {60, 80, 100, 120} nm (blue, red, gold, and magenta curves, respectively).
The solid and dashed lines are obtained with the analytical curvature formula for a ZB-[111]
and WZ-[0001] nanowire, respectively. The solid circles and diamonds indicate the repective
values obtained by the finite-element simulations. In both cases, the cross sections of Figs. 1(c)
and 1(d) have been used. Similar results are observed for the cross sections of the upper panel
of Fig. 1.
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the nanowire. With increasing shell thickness, the curvature initially increases until the shell
becomes so thick that it switches roles with the core. From this point on, which is inversely
proportional to the core diameter, it is the shell which is decreasingly bend by a core of constant
diameter.

6 Outlook: consequences for piezoelectricity

Since GaAs is a piezoelectric material, it is important to consider the consequences of the
distinct strain fields of the two polytypes for piezoelectric polarization and piezoelectric fields.
The piezoelectric polarization P = (Px, Py, Pz)T for the WZ polytype in [0001] orientation
has the form [39].

P 0001 =

 2eWZ
15 εxz

2eWZ
15 εyz

2eWZ
31 (εxx + εyy) + eWZ

33 εzz

 ,

where the eWZ
ij are the piezoelectric constants for the WZ structure (see Tab. S1 in the ap-

pendix). Since εxz = εyz = 0, it follows that Px = Py = 0, i. e., there is neither an in-plane
piezoelectric polarization, nor a transverse piezoelectric field. Only the polarization component
Pz does not vanish for the WZ-[0001] nanowires. However, since Pz does not change along z
(except in direct vicinity of the bottom interface with the substrate and the free top surface
of the nanowire), this polarization does not induce any longitudinal piezoelectric field.
For the ZB polytype in [111] orientation, the polarization vector in the rotated basis reads [39]

P 111 =

 2eZB
15εxz

2eZB
15εyz

2eZB
31(εxx + εyy) + eZB

33εzz

+

eZB
11(εxx − εyy)

2eZB
12εxy

0

 ,

where the eZB
ij are the piezoelectric constants for the ZB-[111] case (for their relation to the

single piezoelectric constant e14 of the ZB crystal in its natural 〈001〉 basis, see [39] and
Tab. S1 in the appendix). In contrast to the case of WZ-[0001] nanowires discussed above,
the polarization components Px and Py are not zero, and neither are ∂Px/∂x and ∂Py/∂y
(see Fig. S4 in the appendix for the corresponding polarization maps). Hence, in bent ZB-[111]
nanowires, we encounter transverse electric fields of substantial magnitude.

7 Final remarks

In summary and conclusion, our analysis of the strain distribution in GaAs nanowires bend by
a one-sided stressor shell has revealed several important differences between the ZB and WZ
polytypes. First of all, for the ZB-[111] case, all shear strain components are large, whereas
the out-of-plane ones are zero for otherwise equivalent WZ-[0001] structures. The origin of
this difference lies in the fact that the stiffness matrix for the ZB structure, rotated such as to
align with the nanowire coordinates, contains a non-zero symmetry-breaking (chiral) stiffness
constant C15. The resulting large out-of-plane shear strain components leads to a torsion for
a certain bending direction, and thus makes these nanowires chiral.
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Strain distribution in zincblende and wurtzite nanowires 9

Moreover, these shear strain components for the ZB case directly translate into large piezo-
electric polarization components Px and Py, which, due to their variation along x and y,
will cause non-negligible transverse electrostatic fields. These fields may be strong enough to
field-ionize excitons and spatially separate charge carriers, and thus to profoundly modify the
charge carrier dynamics in these nanowires. To understand this dynamics, we are required to
solve the drift-diffusion equations for electrons and holes in the potential landscape created
by strain as well as by the resulting piezo- und flexoelectric potentials. As a first step, we
are currently extending our model to include full electromechanical coupling for being able to
compute the total electrostatic potential in nanowires bent by one-sided stressor shells.

DOI 10.20347/WIAS.PREPRINT.3141 Berlin 2024
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Appendix

This appendix provides additional details on the bending of nanowires with one-sided stressor
shells. In particular, we examine the strain and the torsion of bent ZB and WZ nanowires that
are assumed to have {112̄} and {11̄00} facets, respectively, hence having the shell applied
in the crystallographically opposite directions compared to the nanowires in the main text.
Furthermore, we present the polarization potential for the nanowires examined in the main
text. Finally, we provide the material parameters used throughout our study.

A Nanowire bending

Figure S1 provides a three-dimensional view of a 2 µm long GaAs/In0.5Al0.5As core/shell
nanowire with a core diameter d = 100/

√
3 nm and a shell thickness δ = 10 nm. The zoomed-

in inlay shows the deformed position of a cross section taken at at 1.6 µm from the nanowire
base, and the crystallographic directions for the ZB-[111] case. The curvature κ of the bent
nanowire is 0.51 µm−1.

B Strain distribution and torsion

Figure S2 shows the six elastic strain components in the center cross-section (taken at 1 µm)
of a 2 µm long GaAs/In0.5Al0.5As core/shell nanowire with a core diameter d = 100/

√
3 nm,

and a shell thickness δ = 10 nm. We consider two different polytypes [ZB in (a) and (c), WZ

Figure S1: Unbent and bent configuration of a 2000 nm long GaAs/In0.5Al0.5As core/shell
nanowire with 100/

√
3 nm core diameter and 10 nm shell thickness. Magnified view of the

nanowire with positions of deformed cross sections at height z = 1600 nm (on the unbent
configuration) of a ZB-111 nanowire. At the cross section, the spatial coordinate axes (x, y, z)
are aligned with the ([1̄10], [112̄], [111]) crystallographic directions.

DOI 10.20347/WIAS.PREPRINT.3141 Berlin 2024



Strain distribution in zincblende and wurtzite nanowires 11

in (b) and (d)] and two different core/shell geometries (the two top and bottom rows). In
contrast to Fig. 1, the ZB (WZ) GaAs core is assumed to have 112̄ (11̄00) facets allowing the
shell to be applied in opposite directions as compared to Fig. 1. The strain distribution shows
a similar behavior to the one observed in the main text. In all four cases, the normal strain
components εxx, εyy, and εzz are large and very similar in magnitude for both polytypes and
crystallographic bending directions. The same applies to the in-plane shear strain component
εxy. Figure S3 shows the 90° rotated nanowires along the normal of their top facet for our four
different bent nanowire configurations. To maximize the displacements, we here consider GaAs
nanowires with a pure InAs stressor shell, representing the maximum lattice mismatch available
in this materials system. For the WZ-[0001] nanowires shown in Fig. S3(b), the nanowire bends
strictly in the bending plane indicated by the red dashed lines. The same is true for the ZB-
[111] nanowire shown in the left panel of Fig. S3(a) with the stressor shell applied along the
[112̄] direction. However, for the ZB-[111] nanowire shown in the right panel of Fig. S3(a) with
the stressor shell applied along the [1̄10] direction, we observe a displacement of the nanowire

Figure S2: Elastic strain components computed on the central cross section of a 2 µm long
GaAs/In0.5Al0.5As core/shell nanowire, using two different cross-sectional geometries as in
Fig. 1. Here, the GaAs core is crystallographically rotated by 90°, and the shell is thus applied
in opposite directions compared to Fig. 1. In the top panel, the shell is applied on a vertex
of the hexagonal core (a) along the [1̄10] direction for ZB-[111] nanowires, and (b) along the
[112̄0] direction for WZ-[0001] nanowires. In the bottom panel, the shell is applied on the
edge of the hexagonal core, i. e., in (c), along the [112̄] direction for ZB-[111] nanowires, and
in (d) along the [1̄100] direction for WZ-[0001] nanowires. In each case, we separate the εxz

and εyz shear strain components since their values are smaller than the normal components.
In the ZB-111 case [see (a) and (c)], the εxz and εyz components are approximately 6.5 and
10 times smaller than those of the normal strain, but in the WZ-[0001] case [see (b) and (d)],
they are zero.

DOI 10.20347/WIAS.PREPRINT.3141 Berlin 2024
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out of the bending plane, and an anticlock-wise rotation about the nanowire’s [111] axis. Note
that the torsion observed in this nanowire configuration is significantly smaller than the one
showed in Fig. 2(a), and the magnitude of the torsion primarily depends on whether the shell
is applied on a vertex or the edge of the hexagonal core [see right column of Fig. 2(a) and
Fig. S3(a)].

C Piezoelectricity

Figure S4 shows the polarization components Px, Py, and Pz for the nanowire configurations
of Fig. 1 of the main manuscript. For the ZB-[111] case, the polarization components Px and
Py are not zero, and neither are ∂Px/∂x and ∂Py/∂y. Hence, the bent nanowire encounters
transverse electric fields of substantial magnitude. In contrast, the Px and Py are zero in the
WZ-[0001] case; thus there is neither an in-plane piezoelectric polarization, nor a transverse
piezoelectric field. Only the polarization component Pz does not vanish for the WZ-[0001]
nanowires. However, since Pz does not change along z (except in direct vicinity of the bottom
interface with the substrate and the free top surface of the nanowire), this polarization does
not induce any longitudinal piezoelectric field.

Figure S3: Bent GaAs/InAs nanowires viewed along the normal of their top facet from the
same viewpoint (inside the nanowire). Due to the different curvature and thus distance from
the viewpoint, the nanowires seem to be of different size, but they all have an identical core
diameter of 100/

√
3 nm. The color gradient depicts the variation of εzz analogously to Fig. S2.

In (a), we show ZB-[111] nanowires with the stressor shell deposited along the (left) [112̄] and
(right) [1̄10] directions. In (b), the corresponding WZ-[0001] nanowires are displayed with the
stressor shell deposited along the (left) [1̄100] and (right) [112̄0] directions. The red dashed
line represents the bending plane for each of the four different cases. In three of these cases,
the nanowire stays exactly in the bending plane. However, for ZB-[111] nanowires with the
shell applied in the [1̄10] direction, the nanowires is laterally displaced and exhibits a torsion
visualized by the blue dotted line.
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Figure S4: (a) Polarization field for a ZB-[111] nanowire bending in the [112̄] direction [see
Fig. 1(a)]. (b) Polarization field for a WZ-[0001] nanowire bending in the [1̄100] direction [see
Fig. 1(b)]. (c) Polarization field for a ZB-[111] nanowire bending in the [1̄10] direction [see
Fig. 1(c)]. (d) Polarization field for a WZ-[0001] nanowire bending in the [112̄0] direction [see
Fig. 1(d)].

D Material parameters

Table S1 shows the material parameters used throughout this study. Since there is no complete
set of parameters available for the WZ materials, particularly for InAs and AlAs, we use the
quasi-cubic approximation to obtain these parameters from those of the corresponding ZB
materials.

References
[1] Abali, B. E., W. H. Müller, and F. dell’Isola, Theory and computation of higher gradient

elasticity theories based on action principles, Archive of Applied Mechanics, 87(9), 1495–
1510, 2017.

[2] Adams, A. R., Strained-Layer Quantum-Well Lasers, IEEE Journal of Selected Topics in
Quantum Electronics, 17(5), 1364–1373, 2011.

[3] Askes, H., and E. C. Aifantis, Gradient elasticity in statics and dynamics: An overview of
formulations, length scale identification procedures, finite element implementations and
new results, International Journal of Solids and Structures, 48(13), 1962–1990, 2011.

[4] Bernardini, F., V. Fiorentini, and D. Vanderbilt, Spontaneous polarization and piezoelec-
tric constants of III-V nitrides, Physical Review B, 56, R10,024, 1997.

[5] Beya-Wakata, A., P.-Y. Prodhomme, and G. Bester, First- and second-order piezoelec-
tricity in III-V semiconductors, Physical Review B, 84(19), 195,207, 2011.

[6] Boxberg, F., N. Søndergaard, and H. Q. Xu, Elastic and Piezoelectric Properties of
Zincblende and Wurtzite Crystalline Nanowire Heterostructures, Advanced Materials,
24(34), 4692–4706, 2012.

DOI 10.20347/WIAS.PREPRINT.3141 Berlin 2024



Y. Hadjimichael, O. Brandt, C. Merdon, C. Manganelli, P. Farrell 14

Parameter (unit)
GaAs InAs AlAs

ZB-[111] WZ-[0001] ZB-[111] WZ-[0001] ZB-[111] WZ-[0001]

a, b (Å) 3.997a 3.994b 4.284a 4.311b 4.003a 4.002b

c (Å) 6.5278a 6.586b 6.996a 7.093b 6.537a 6.582

C11 (GPa) 149.35a 103.87a 143.4a

C12 (GPa) 47.52a 38.40a 47.27a

C13 (GPa) 38.43a 31.54a 41.13a

C15 (GPa) 12.85a 0 9.70a 0 8.67a 0

C33 (GPa) 158.43a 110.72a 149.53a

C44 (GPa) 41.83a 25.87a 41.93a

C66 (GPa) 50.92a 32.73a 48.07a

e11 (C/m2) 0.194c 0 0.094c 0 0.039c 0

e12 (C/m2) −0.194c 0 −0.094c 0 −0.039c 0

e15 (C/m2) 0.137c 0.066c 0.028c

e31 (C/m2) 0.137c 0.066c 0.028c

e33 (C/m2) −0.274c −0.133c −0.055c

a Ref. [42].
b Ref. [21].
c Quasi-cubic approximation (see [4]) using the value of eZB

14 in the natural coordinate
system (〈001〉) of the ZB crystal, taken from [5] (e11 = −

√
2
3e

ZB
14, e12 = −e11,

e15 = − 1√
3e

ZB
14, e31 = e15, e33 = 2√

3e
ZB
14). The eZB

14 values for {GaAs, InAs, AlAs} are
{−0.238,−0.115,−0.048} C/m2, respectively.

Table S1: Material parameters of GaAs, InAs, and AlAs for the ZB-[111] and WZ-[0001] crystal
structures. The parameters for the InxAl1−xAs shell are determined by a convex combination
between the values of InAs and AlAs.

DOI 10.20347/WIAS.PREPRINT.3141 Berlin 2024



Strain distribution in zincblende and wurtzite nanowires 15

[7] Ciarlet, P. G., Mathematical Elasticity: Three-Dimensional Elasticity, Society for Industrial
and Applied Mathematics, Philadelphia, PA, doi:10.1137/1.9781611976786, 2021.

[8] Cowin, S. C., Elastic Symmetry Restrictions from Structural Gradients, in Rational Con-
tinua, Classical and New, edited by P. Podio-Guidugli and M. Brocato, pp. 51–66, Springer
Milan, Milano, doi:10.1007/978-88-470-2231-7_5, 2003.

[9] Cowin, S. C., Continuum Mechanics of Anisotropic Materials, Springer New York, New
York, NY, doi:10.1007/978-1-4614-5025-2, 2013.

[10] Dai, Z., L. Liu, and Z. Zhang, Strain Engineering of 2D Materials: Issues and Opportunities
at the Interface, Advanced Materials, 31(45), 1805,417, 2019.

[11] Davtyan, A., D. Kriegner, V. Holý, A. AlHassan, R. B. Lewis, S. McDermott, L. Geelhaar,
D. Bahrami, T. Anjum, Z. Ren, C. Richter, D. Novikov, J. Müller, B. Butz, and U. Pietsch,
X-ray diffraction reveals the amount of strain and homogeneity of extremely bent single
nanowires, Journal of Applied Crystallography, 53(5), 1310–1320, 2020.

[12] Dietrich, C. P., M. Lange, F. J. Klüpfel, H. Von Wenckstern, R. Schmidt-Grund, and
M. Grundmann, Strain distribution in bent ZnO microwires, Applied Physics Letters,
98(3), 031,105, 2011.

[13] Du, D., J. Hu, and J. K. Kawasaki, Strain and strain gradient engineering in membranes
of quantum materials, Applied Physics Letters, 122(17), 170,501, 2023.

[14] Fraldi, M., and S. Cowin, Chirality in the Torsion of Cylinders with Trigonal Symmetry,
Journal of Elasticity, 69(1/3), 121–148, 2002.

[15] Fu, X., G. Jacopin, M. Shahmohammadi, R. Liu, M. Benameur, J.-D. Ganière, J. Feng,
W. Guo, Z.-M. Liao, B. Deveaud, and D. Yu, Exciton Drift in Semiconductors under
Uniform Strain Gradients: Application to Bent ZnO Microwires, ACS Nano, 8(4), 3412–
3420, 2014.

[16] Fu, X., C. Su, Q. Fu, X. Zhu, R. Zhu, C. Liu, Z. Liao, J. Xu, W. Guo, J. Feng, J. Li,
and D. Yu, Tailoring Exciton Dynamics by Elastic Strain-Gradient in Semiconductors,
Advanced Materials, 26(16), 2572–2579, 2014.

[17] Gao, Y., and Z. L. Wang, Electrostatic Potential in a Bent Piezoelectric Nanowire. The
Fundamental Theory of Nanogenerator and Nanopiezotronics, Nano Letters, 7(8), 2499–
2505, 2007.

[18] Gao, Y., and Z. L. Wang, Equilibrium Potential of Free Charge Carriers in a Bent Piezo-
electric Semiconductive Nanowire, Nano Letters, 9(3), 1103–1110, 2009.

[19] Hadjimichael, Y., and C. Merdon, StrainedBandstructures.jl, 2024.

[20] Hadjimichael, Y., C. Merdon, M. Liero, and P. Farrell, An energy-based finite-strain model
for 3D heterostructured materials and its validation by curvature analysis, International
Journal for Numerical Methods in Engineering, p. e7508, 2024.

[21] Jain, A., S. P. Ong, G. Hautier, W. Chen, W. D. Richards, S. Dacek, S. Cholia, D. Gunter,
D. Skinner, G. Ceder, and K. A. Persson, Commentary: The Materials Project: A materials
genome approach to accelerating materials innovation, APL Materials, 1(1), 011,002,
2013.

DOI 10.20347/WIAS.PREPRINT.3141 Berlin 2024



Y. Hadjimichael, O. Brandt, C. Merdon, C. Manganelli, P. Farrell 16

[22] Kaiser, T., S. Forest, and A. Menzel, A finite element implementation of the stress
gradient theory, Meccanica, 56(5), 1109–1128, 2021.

[23] Lakes, R., Elastic and viscoelastic behavior of chiral materials, International Journal of
Mechanical Sciences, 43(7), 1579–1589, 2001.

[24] Lazar, M., E. Agiasofitou, and T. Böhlke, Mathematical modeling of the elastic properties
of cubic crystals at small scales based on the Toupin–Mindlin anisotropic first strain
gradient elasticity, Continuum Mechanics and Thermodynamics, 34(1), 107–136, 2022.

[25] Lewis, R. B., P. Corfdir, H. Küpers, T. Flissikowski, O. Brandt, and L. Geelhaar, Nanowires
bending over backward from strain partitioning in asymmetric core-shell heterostructures,
Nano Letters, 18(4), 2343–2350, 2018.

[26] Li, X.-F., B.-L. Wang, and K. Y. Lee, Size effects of the bending stiffness of nanowires,
Journal of Applied Physics, 105(7), 074,306, 2009.

[27] Liu, C., S. Hu, and S. Shen, Effect of flexoelectricity on electrostatic potential in a bent
piezoelectric nanowire, Smart Materials and Structures, 21(11), 115,024, 2012.

[28] Lurie, S., and Y. Solyaev, Revisiting bending theories of elastic gradient beams, Interna-
tional Journal of Engineering Science, 126, 1–21, 2018.

[29] Maiti, C. K., N. B. Chakrabarti, and S. K. Ray (Eds.), Strained Silicon Heterostruc-
tures: Materials and Devices, Institution of Engineering and Technology, doi:10.1049/
PBCS012E, 2001.

[30] Maity, S., L. Shao, Y.-I. Sohn, S. Meesala, B. Machielse, E. Bielejec, M. Markham,
and M. Lončar, Spectral Alignment of Single-Photon Emitters in Diamond using Strain
Gradient, Physical Review Applied, 10(2), 024,050, 2018.

[31] Martin, R. M., Relation between elastic tensors of wurtzite and zinc-blende structure
materials, Physical Review B, 6, 4546–4553, 1972.

[32] McDermott, S., and R. B. Lewis, Bending of GaAs–InP Core–Shell Nanowires by Asym-
metric Shell Deposition: Implications for Sensors, ACS Applied Nano Materials, 4(10),
10,164–10,172, 2021.

[33] McDermott, S., T. R. Smith, R. R. LaPierre, and R. B. Lewis, Phosphorus-Controlled Na-
noepitaxy of Asymmetric GaAs–InP Core–Shell Bent Nanowires: Implications for Bottom-
Up Nanowire Transistors and Sensors, ACS Applied Nano Materials, 7(1), 1257–1264,
2024.

[34] O’Reilly, E. P., Valence band engineering in strained-layer structures, Semiconductor Sci-
ence and Technology, 4(3), 121–137, 1989.

[35] O’Reilly, E. P., and A. R. Adams, Band-structure engineering in strained semiconductor
lasers, IEEE Journal of Quantum Electronics, 30(2), 366–379, 1994.

[36] Papanicolopulos, S.-A., Chirality in isotropic linear gradient elasticity, International Jour-
nal of Solids and Structures, 48(5), 745–752, 2011.

DOI 10.20347/WIAS.PREPRINT.3141 Berlin 2024



Strain distribution in zincblende and wurtzite nanowires 17

[37] Polizzotto, C., A unifying variational framework for stress gradient and strain gradient
elasticity theories, European Journal of Mechanics A-Solids, 49, 430–440, 2015.

[38] Schriever, C., C. Bohley, J. Schilling, and R. B. Wehrspohn, Strained Silicon Photonics,
Materials, 5(5), 889–908, 2012.

[39] Schulz, S., M. A. Caro, E. P. O’Reilly, and O. Marquardt, Symmetry-adapted calculations
of strain and polarization fields in (111)-oriented zinc-blende quantum dots, Physical
Review B, 84(12), 125,312, 2011.

[40] Stan, G., S. Krylyuk, A. V. Davydov, I. Levin, and R. F. Cook, Ultimate Bending Strength
of Si Nanowires, Nano Letters, 12(5), 2599–2604, 2012.

[41] Timoshenko, S., Analysis of Bi-Metal Thermostats, Journal of the Optical Society of
America, 11(3), 233, 1925.

[42] Vurgaftman, I., J. R. Meyer, and L. R. Ram-Mohan, Band parameters for iii–v compound
semiconductors and their alloys, Journal of Applied Physics, 89(11), 5815, 2001.

[43] Wang, B., Y. Gu, S. Zhang, and L.-Q. Chen, Flexoelectricity in solids: Progress, chal-
lenges, and perspectives, Progress in Materials Science, 106, 100,570, 2019.

[44] Wang, K. F., and B. L. Wang, Electrostatic potential in a bent piezoelectric nanowire
with consideration of size-dependent piezoelectricity and semiconducting characterization,
Nanotechnology, 29(25), 255,405, 2018.

[45] Wang, Z. L., Nanopiezotronics, Advanced Materials, 19(6), 889–892, 2007.

[46] Xia, Y., W. Qian, and Y. Yang, Advancements and Prospects of Flexoelectricity, ACS
Applied Materials & Interfaces, 16(8), 9597–9613, 2024.

[47] Xu, L., and S. Shen, Size-dependent piezoelectricity and elasticity due to the electric field-
strain gradient coupling and strain gradient elasticity, International Journal of Applied
Mechanics, 05(02), 1350,015, 2013.

[48] Xu, S., W. Guo, S. Du, M. M. T. Loy, and N. Wang, Piezotronic Effects on the Optical
Properties of ZnO Nanowires, Nano Letters, 12(11), 5802–5807, 2012.

[49] Yudin, P. V., and A. K. Tagantsev, Fundamentals of flexoelectricity in solids, Nanotech-
nology, 24(43), 432,001, 2013.

[50] Zhang, H., J. Tersoff, S. Xu, H. Chen, Q. Zhang, K. Zhang, Y. Yang, C.-S. Lee, K.-N. Tu,
J. Li, and Y. Lu, Approaching the ideal elastic strain limit in silicon nanowires, Science
Advances, 2(8), e1501,382, 2016.

[51] Zhang, Z., D. Geng, and X. Wang, Calculation of the piezoelectric and flexoelectric
effects in nanowires using a decoupled finite element analysis method, Journal of Applied
Physics, 119(15), 154,104, 2016.

[52] Zubko, P., G. Catalan, and A. K. Tagantsev, Flexoelectric Effect in Solids, Annual Review
of Materials Research, 43(1), 387–421, 2013.

DOI 10.20347/WIAS.PREPRINT.3141 Berlin 2024


	Introduction
	Finite-strain model
	Strain profiles in bent ZB/WZ nanowires
	Torsion
	Axial elastic strain and curvature
	Outlook: consequences for piezoelectricity
	Final remarks
	Nanowire bending
	Strain distribution and torsion
	Piezoelectricity
	Material parameters

