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We recently reported the discovery of a novel pseudoelastic behaviour resulting
from a reversible phase transformation from wurtzite (P63mc) to a novel graphite-
like hexagonal (P63/mmc) structure in ½01�10�-oriented ZnO nanowires under
uniaxial loading [Phys. Rev. Lett. 97 105502 (2006)]. This previously unknown
phenomenon is observed in nanowires and has not been reported for bulk ZnO.
In this paper, molecular dynamics simulations are carried out to characterize the
tensile behaviour dominated by this transformation of nanowires with lateral
dimensions of 18–41 Å over the temperature range of 100–700K. Significant size
and temperature effects on the behaviour are observed. Specifically, the critical
stress for the initiation of the phase transformation, the recoverable strains
associated with the pseudoelasticity and the hysteretic energy dissipation are
found to be both size and temperature dependent and can vary by as much as
59%, 32% and 57%, respectively. The large recoverable strains of 10–16% are
unusual for the normally rather brittle ZnO ceramic and are due to both elastic
stretch and the phase transformation in the slender one-dimensional nanowires.
The hysteretic energy dissipation is in the range 0.05–0.14GJm�3 per cycle and
such low levels are attributed to the relatively low energy barrier for the
transformation. Unlike the pseudoelasticity in fcc metal nanowires of Cu, Ni and
Au, which leads to a novel shape memory effect, the pseudoelasticity quantified
here does not result in a shape memory of ZnO nanowires. The primary reason is
the absence of an energy barrier for the phase transformation at zero stress.

1. Introduction

Pseudoelasticity and the shape memory effect (SME) are traditionally associated
with shape memory alloys and elastomers [1]. Such effects have recently been
discovered in single crystalline metal nanowires as a consequence of their nanoscale
dimensionality [2–5]. We have recently reported a novel pseudoelastic behaviour in
½01�10�-oriented ZnO nanowires which arises from a reversible phase transformation
from a tetrahedrally coordinated wurtzite (herein denoted as WZ, P63mc space
group) phase to a newly discovered graphite-like phase (herein denoted as HX,
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P63/mmc space group) [6]. This previously unknown five-fold coordinated
polymorph of ZnO can result from either tensile loading along the ½01�10� direction
or compressive loading along the [0001] direction. For ½01�10� nanowires in tension,
recoverable strains, which comprise of the elastic stretching of the WZ and HX
phases and a contribution from the transformation, can be up to 16%. This is quite
extraordinary since ionic compound semiconductors such as ZnO, GaN, InN and
BN are known to be brittle under tensile loading. While the ability to undergo a
phase transformation is the primary reason for the unusual pseudoelastic behaviour,
the nearly defect-free nature of these nanowires and the large surface-to-volume
ratios, which enhance atomic mobility, also contribute to the wires’ ability to
undergo deformation without fracture. The high strengths, large recoverable strains
and property variations associated with transformation make these nanowires ideal
candidates for nanocomponents in a variety of nano-electromechanical systems
(NEMS), such as sensors, actuators and switches. Since this pseudoelastic behaviour
has just been discovered in ZnO nanowires that have only been synthesized recently,
a fundamental understanding of the overall constitutive behaviour, the nature of the
phase transformation and the characteristics of the transformed phase is needed in
order to unleash the potential of these nanowires.

In this paper, the pseudoelastic responses of ½01�10� ZnO nanowires with lateral
dimensions of 21.22� 18.95, 31.02� 29.42 and 40.81� 39.89 Å2 under quasistatic
tensile loading are characterized. The characterization accounts for temperatures
between 100 and 700K. The analysis focuses on the formation of the new HX
crystalline structure and the transformation path from WZ to HX under uniaxial
tensile loading. In particular, the atomic motions or lattice distortion resulting in the
formation of the HX structure are quantified through the gradient of a continuum
deformation map. The analysis lends itself to the quantification of the recoverable
strains associated with the pseudoelastic behaviour of the nanowires, including
contributions from the elastic stretching of the WZ and the HX phases and lattice
size change due to the phase transformation. The size and temperature dependence
of important parameters, including the critical stress for the initiation of phase
transformation, maximum recoverable strain and hysteretic dissipation, are also
quantified.

2. Computational framework

Molecular dynamics (MD) simulations using the Buckingham potential with charge
interactions [7, 8] are carried out. The nanowires considered are single-crystalline and
wurtzite-structured, with lattice constants a¼ 3.249 Å and c¼ 5.206 Å and a growth
direction along the ½01�10� axis [9–11]. The wire structure is generated by repeating a
wurtzite unit cell along the ½2�1�10�, [0001] and ½01�10� directions (figure 1). Three
different cross-sectional sizes (21.22� 18.95, 31.02� 29.42 and 40.81� 39.89 Å2) are
considered. The smallest cross-sectional size (21.22� 18.95 Å2) is chosen such that
the short-range cut-off distance in the Buckingham potential [7, 8] is smaller than the
smallest wire dimension and long-range interactions are properly considered [12].
Periodic boundary conditions are specified in the axial direction. Calculations with

2118 A. J. Kulkarni et al.
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different computational cell sizes show that any length greater than 100 Å,
irrespective of the cross-section size, is sufficient to avoid image effects [13, 14].
Here, a periodic computational cell length of 150.83 Å is used for all the cross-
sections analyzed.

Since the crystallographically constructed nanowires may not be in equilibrium,
preloading relaxations are carried out to obtain the wires’ free-standing configura-
tions. The relaxations occur at desired temperatures without external loading, until
thermodynamic quantities (such as energy, stress, and temperature) indicate that
statistical steady states have been reached. A relaxation time of 3 ps is found to be
adequate for achieving equilibrium states for the ranges of wire size and temperature
considered. During the relaxations, minimization of the wires’ energy occurs through
surface reconstruction and adjustment of the lattice spacing in the wire core. The
surface reconstruction manifests in the forms of decreases in the interlayer spacing
between outer surface layers and in-plane contractions of the surfaces [13].
Such morphological changes on surfaces and in the wires’ cores are also monitored.
This is especially important for nanostructures since their surface-to-volume ratios
are high and extensive surface, and in some cases, core reconstructions may occur.
For example, [100] oriented fcc metal nanowires are known to reconstruct into [110]
orientations as a consequence of surface energy minimization [2, 4, 15, 16].

Following the initial relaxations, a quasistatic loading scheme is employed to
effect tensile deformation and to obtain the mechanical response of the nanowires.
Approximate quasistatic tensile loading in each deformation increment is achieved
though successive loading and equilibration steps using a combination of algorithms
for NPT and NVE ensembles [17]. Specifically in each deformation increment,
stretching at a specified rate of 0.005 ps�1 is first carried out for 0.5 ps using
a modified version of the NPT algorithm of Melchionna et al. [18, 19]. Subsequently,
with the strain maintained constant, the nanowire is relaxed for 3 ps via an algorithm
for NVE ensemble [17] at the specified temperature. This equilibration duration is
chosen such that a statistically steady state is reached and no further structural

Figure 1. Configuration of a ½01�10� nanowire with lateral dimensions of 21.22� 18.95 Å2

after geometric construction and before initial relaxation.

Characterization of novel pseudoelastic behaviour of zinc oxide nanowires 2119
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changes occur. It is possible that the magnitude of the strain increment in each step
may affect the calculated stress-strain response. To minimize this error, calculations
using series of strain increments between 0.35% and 0.1% were carried out. Based on
the results, a strain increment of 0.25% and an equilibration period of 3 ps per
loading step are found to minimize fluctuations in the calculated response and are
used in the analysis reported. Since the loading proceeds in a series of equilibration
steps, this process essentially simulates quasistatic loading of the specimen.
Unloading is implemented in a similar manner with a reduction in strain for each
unloading step. The virial formula is used to calculate the stress [20].

Changes in lattice structures are characterized using the average lattice constants
and the radial distribution function (RDF) [21]. The average lattice constants are
calculated at each strain increment by averaging local lattice constants over the bulk
volume of the wire. Surface layers (figure 2) are not included in this calculation and
the local lattice parameters are computed from coordinates of atoms in the wire core.
The RDF describes how atoms in a system are radially packed around each other.
It measures the density of atoms in a spherical shell of radius r and thickness dr
surrounding an atom in the structure, i.e.

g rð Þ ¼
nðr, rþ drÞ=VS

N=V
, ð1Þ

where g(r) is the RDF, n(r, rþ dr) is the number of atoms in the spherical shell,
VS¼ 4�r2dr is the volume of the spherical shell, N is the total number of atoms in the
system and V is the volume of the structure. The RDFs are generated at the end

Nanowire Surface layer Core

Figure 2. Decomposition of a nanowire into surface atoms and interior atoms using the
coordination number (CN); the surface atoms have CNs below 4 and the core atoms have CNs
equal to 4.

2120 A. J. Kulkarni et al.
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of the equilibration stage of a relevant strain increment when a steady state has been
achieved. In particular, the RDFs for the WZ structure after initial relaxation and
for the HX structure after transformation completion are studied to characterize the
structural changes associated with the phase transformation.

3. Results and discussion

3.1. Loading response

Figure 3a shows the tensile stress–strain curve of a 40.81� 39.89 Å2 wire during
loading and unloading at 100K. The configurations of this wire at four different
stages (three of which are during loading) of deformation along the curve are shown
in figure 3b, with the atoms coloured by their coordination numbers. In the wurtzite
structure [initial configuration, (i) in figure 3b], each atom has a coordination
number of 4, typical for tetrahedral structures. Atoms on surfaces and edges have
coordination numbers of 3 or less. In the HX phase [(ii) and (iii) in figure 3b], on the
other hand, each atom has a coordination number of 5 due to an additional Zn–O
bond along the [0001] axis as compared to the WZ phase. This five-fold coordination
will be discussed later.

The loading response (figure 3a) consists of initial elastic stretching of the WZ
wire (A!B), structural transformation from WZ to HX (B!D) and elastic
stretching of the HX wire (D!E), culminating in the eventual failure at E. The
stress–strain relation in the elastic regime between A and B is essentially linear.
Deformation beyond the elastic regime results in a stress drop from 11.31 to
10.45GPa (B!C). This relaxation event indicates the initiation of a phase
transformation [22]. The HX phase nucleates near the wire’s surface at a strain of
0.065 (figure 3a). As the deformation progresses, the transformed region sweeps
through the whole specimen [C!D and configuration (ii) in figure 3b] and the
transformation is completed at a strain of 0.108 and a stress of 10.58GPa (point D
in figure 3a). Continued loading beyond point D causes elastic stretching of the
transformed structure [D!E in figure 3a and configuration (iii) in figure 3b] and
the eventual failure at a strain of 0.162 and a stress of 12.28GPa through cleavage
along ð�12�10Þ type planes.

3.2. Crystallographic change

Figure 4 outlines the crystallographic characteristics of the initial WZ phase and
the transformed HX phase. Following Limpijumnong and co-workers [23, 24],
a common set of lattice parameters (a, b, c, uc and vb) for these two structures is used
and illustrated in figure 4a. Additionally, two layers of atoms perpendicular to the
½01�10� direction and two layers perpendicular to the ½2�1�10� direction are shown in
figures 4b and c, respectively, to delineate the atomic motions associated with the
transformation. The figure shows that, as a result of the transformation, the (0001)
Zn and O basal planes become coplanar and the HX structure acquires a new
symmetry (mirror plane perpendicular to the [0001] axis). Consequently, an

Characterization of novel pseudoelastic behaviour of zinc oxide nanowires 2121
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additional Zn–O bond is formed along the [0001] axis (figures 4b and c), giving the
HX phase a five-fold coordination. Table 1 lists the lattice parameters for the WZ
and HX structures at several stress levels for the 40.81� 39.89 Å2 wire. During the
deformation, u¼ uc/c changes from its initial value of 0.4 for WZ to a value of 0.5 for
HX, implying the flattening of buckled wurtzite basal planes. A similar unbuckled
structure has been observed in GaN, MgO and ZnO thin films as a result of extensive
surface reconstructions to suppress surface polarity [25–28].

Figure 5 shows the RDF profiles before loading is applied (point A, �¼ 0GPa)
and upon completion of the WZ!HX transformation (point D, �¼ 8.58GPa) for
the nanowire in figure 3. The profile for the initial wire (WZ structure) has its first

Figure 3. Tensile behaviour of a 40.81� 39.89 Å2 nanowire: (a) stress–strain curve under
loading and unloading; (b) deformed configurations at different stages of loading and
unloading.

2122 A. J. Kulkarni et al.
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Table 1. Lattice parameters for WZ, HX and RS under different loading conditions for
a 40.81� 39.89 Å2 nanowire.

WZ HX

�¼ 0GPa �¼ 0GPa �¼ 11.39GPa �¼ 8.58GPa �¼ 12.29GPa
Parameter "¼ 0a "¼ 0 "¼ 0.065 "¼ 0.108 "¼ 0.162

(Å) 3.25 3.26 3.23 3.38 3.40
b (Å) 5.63 5.62 6.05 6.22 6.62
v 0.33 0.32 0.29 0.31 0.29
c (Å) 5.21 5.18 4.92 4.30 4.15
u 0.38 0.41 0.46 0.50 0.49
b/a 1.73 1.74 1.87 1.84 1.95
c/a 1.60 1.57 1.53 1.27 1.22

aExperiment [29].

Figure 4. Illustrations of the WZ and HX structures involved in the phase transformation:
(a) lattice structures of the WZ and HX phases; (b) atomic arrangement on ½01�10� plane;
(c) atomic arrangement on ½2�1�10� plane.

Characterization of novel pseudoelastic behaviour of zinc oxide nanowires 2123
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peak at a radial distance of 1.93 Å, indicating a Zn–O bond distance consistent with
the experimental value of 1.95 Å [29]. Upon completion of the WZ!HX
transformation at point D, this peak has split into two peaks with the primary
peak at 1.98 Å and the secondary peak at 2.20 Å. The primary peak corresponds to
Zn–O bonds in the basal ({0001}) plane of the HX structure, while the secondary
peak is associated with the additional bonds formed along the [0001] axis (see
figure 4). Also seen in figure 5 are peaks corresponding to lattice constants a, b and c.
Initially in the WZ phase, the ‘a’ peak is at 3.26 Å and the ‘c’ peak is at 5.18 Å.
The transformation to HX results in the shift of the ‘a’ peak to 3.38 Å and the shift
of the ‘c’ peak to 4.30 Å. These shifts indicate that the transformation to the HX
structure involves both an expansion of the basal planes (increase in ‘a’) to
accommodate the flattening of the buckled plane and a contraction in ‘c’ which
results in the formation of the Zn–O bond along the [0001] axis. The transformation
is also associated with a shift of the ‘b’ peak from 5.60 Å for WZ to 6.22 Å for HX,
consistent with the nature of the applied tensile loading. The values reported in
table 1 also show a progressive increase in the lattice parameter b toward 6.22 Å as
the stress is increased towards the level of 8.58GPa at the completion of the
transformation. Further load increases are accompanied by increases in b with the
associated RDF peak shifting toward a higher value (not shown).

3.3. Characterization of the deformation

The deformation can be quantified in a continuum sense through the deformation
gradients Fi (i¼ 1, 2, and 3) associated with the three stages of deformation, with
i¼ 1 denoting the first stage (elastic stretching of WZ, A!B in figure 3a), i¼ 2
denoting the second stage (transformation from WZ to HX, B!D in figure 3a) and
i¼ 3 denoting the third stage (elastic stretching of HX, D!E in figure 3a). In such

Figure 5. Radial distribution function profiles for a 40.81� 39.89 Å2 nanowire before
loading (point A in figure 3a] and upon completion of phase transformation (point D in
figure 3a).

2124 A. J. Kulkarni et al.
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an analysis, the deformation of a representative volume of � ¼ �a� �b� �c (figure 6) is

used, with dimensions �a, �b and �c being the average values of lattice constants a, b and

c, respectively. Since the average values of the lattice parameters are used here,

the deformed wire is regarded as a repetition of this representative volume.

The deformation gradient for each stage can then be expressed as

Fi ¼

�ai
�ai�1

0 0

0
�ci
�ci�1

0

0 0
�bi
�bi�1

0
BBBBBBBB@

1
CCCCCCCCA
, i ¼ 1, 2, 3: ð2Þ

In the above expressions, �ai�1, �bi�1, and �ci�1 are the average lattice constants at the

beginning of stage i and �ai, �bi, and �ci are the average lattice constants at the end of

stage i. Note that �a0, �b0, and �c0 are the constants for the initial (undeformed, WZ)

wire. The relative volume change associated with stage i is

�i

�i�1
¼ det Fið Þ, ð3Þ

where � is the volume of the wire at the beginning and end of stage i, respectively.
For a 40.81� 39.89 Å2 wire at 100K, the deformation gradient for the first stage

(A!B in figure 3a) is

F1 ¼

0:991 0 0

0 0:960 0

0 0 1:065

0
BB@

1
CCA: ð4Þ

The associated volume increase is 1.27% and the longitudinal (elastic) strain

"33 ¼ F33
1 � 1 ¼ 0:065 consistent with that seen from the stress-strain curve in

figure 3.

Figure 6. Representative volume defined in a unit cell of the wurtzite lattice for the purpose
of deformation analysis.

Characterization of novel pseudoelastic behaviour of zinc oxide nanowires 2125
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During the second stage of deformation (phase transformation B!D in
figure 3a), �a increases and �c decreases. The corresponding deformation gradient is

F2 ¼

1:047 0 0
0 0:876 0
0 0 1:043

0
@

1
A: ð5Þ

The volume ratio associated with the transformation is �2/�1¼ 0.957, indicating
a slight decrease in volume of 4.3%. This decrease in volume under tensile loading is
counterintuitive. It is a direct consequence of the discrete lattice structure and the
structural transformation. Specifically, the uniaxial tensile stress in the ½01�10� or ‘b’
direction causes the interatomic distances in the [0001] Zn and O basal planes (a) to
increase, causing the two types of basal planes to become coplanar and, therefore,
the volume decrease.

The deformation gradient for the elastic deformation of the HX phase in the
third stage (D!E in figure 3a) is

F3 ¼

1:008 0 0
0 0:962 0
0 0 1:05

0
@

1
A: ð6Þ

Although the ‘a’ and ‘b’ directions are perpendicular to each other, a increases
slightly (with a corresponding strain of "11¼ 0.008) under the tensile loading along
the ‘b’ direction. This gives rise to a negative phenomenological Poisson’s ratio of

�13 ¼ �
"11
"33

¼ �0:16: ð7Þ

The total elastic strain of the wire beyond the completion of the phase trans-
formation and before fracture (between D and F in figure 3a) is "33 ¼ F33

3 � 1 ¼ 0:05.
Here, the reference state of this strain is the length of the wire at the completion of
transformation (point D). The corresponding volume increase is 1.68%.

Overall, the total strain of the wire between points A and E is " ¼
F33
1 F33

2 F33
3 � 1 ¼ 0:162. Here, the reference length is the original length of the wire.

3.4. Unloading response

Unloading of an HX structured wire from any strain prior to wire fracture activates
a novel pseudoelastic behaviour. Take the wire in figure 3 for example; unloading
from a strain of 14.5% (point F) initially results in the recovery of the elastic
straining of the HX structure embodied in F3 and goes beyond the end point of the
WZ!HX transformation during loading (point D). This elastic unloading within
the HX structure continues until point G where a reverse transformation from HX to
WZ initiates at a strain of 0.087 and a stress of 7.38GPa. Further unloading results
in the complete reversal of the HX!WZ transformation at H (with a strain of 0.039
and a stress of 7.04GPa). Unloading between H and A follows the elastic trend of
the WZ phase and the hysteresis loop is completed.

For the wire in figure 3, the total recoverable strain is �16% which is significant
since ZnO is a ceramic. The hysteretic energy dissipation in one loading and

2126 A. J. Kulkarni et al.
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unloading cycle is �0.14GJm�3. This dissipation level is significantly lower than
that observed for wurtzite to rock salt (WZ!RS) transformations in bulk ZnO
(�1.38GJm�3 per cycle), therefore, limiting heat generation and heat-related
damage and making the nanowires ideal for applications involving cyclic loading and
unloading [30]. The low level of dissipation can be attributed to the fact that (i) the
crystallographic transition between the WZ and HX structures, which does not
require the formation of defects such as dislocations or twin boundaries, is smooth
and (ii) the energy barrier for the transformation between the WZ and the HX
structures is relatively low [6].

3.5. Effects of size and temperature

Temperature and lateral dimensions have significant effects on the pseudoelastic
behaviour of the wires. Figures 7a–c show the loading part of the stress–strain curves
over 100–700K for the 21.22� 18.95, 31.02� 29.42 and 40.81� 39.89 Å2 nanowires,
respectively. The critical stress for the nucleation of the HX phase (�c) is marked by
open circles in these figures. Figure 7d shows the variation of this critical stress as a
function of size and temperature. Overall, the critical stress decreases as the wire size

Figure 7. Stress–strain curves of (a) a 21.22� 18.95 Å2 wire, (b) a 31.02� 29.42 Å2 wire and
(c) a 40.81� 39.89 Å2 wire at different temperatures. (d) The critical stress for the initiation of
phase transform (�c) as a function of lateral dimensions and temperature.

Characterization of novel pseudoelastic behaviour of zinc oxide nanowires 2127
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is reduced. The critical stress also decreases as temperature is increased. Over the
temperature range analyzed, �c for the 31.02� 29.42 Å2 wire is up to 42% higher
than that for the 21.22� 18.95 Å2 wire, whereas the values for the 40.81� 39.89 Å2

wire are approximately 11–15% higher than those for the 31.02� 29.42 Å2 wire. In
contrast to the well-established trend that the stiffness of nanowires increases as wire
size is reduced [13], �c decreases as the wire size is reduced. The higher surface-to-
volume ratios at smaller wire sizes cause both effects. Note that, as the wire size is
reduced from 50 Å to 10 Å, the surface-to-volume ratio increases by �35%. In
particular, for polar (0001) surfaces (figure 1), the imbalance of charges results in
extensive surface reconstruction.

Figure 8 shows the positions of atoms on layers perpendicular to the [0001]
direction before and after the initial relaxation. Obviously, relative to the ideal bulk
structure, the surface layers contract and the Zn and O basal planes become
essentially coplanar, resulting in a layered surface structure (LY) which is
crystallographically similar to the HX structure. This phenomenon has been
predicted by first-principle calculations and observed in experiments on ZnO
nanofilms [25, 26]. The reconstructed LY surfaces in the initial wire before loading
play an important role because they can act as nucleation sites for and lower the
energy barrier of the WZ!HX transformation due to the geometric similarities
between the LY and HX structures. The smaller wire cores at smaller wire sizes
facilitate the initiation of the phase transformation from the surfaces, resulting in the
lower �c values.

As the temperature increases from 100K to 700K, a 25.2% decrease in �c is
observed for the 40.81� 39.89 Å2 wire (figure 7d). This effect is attributed to thermal
softening and the ability of the nanowire to overcome the energy barrier for the
transformation at higher temperatures. Note that over the same range of
temperature, the elastic modulus of the nanowire decreases by 24% [13].
Temperature changes also significantly affect hysteretic dissipation. To illustrate
this effect, the stress-strain curves of the 40.81� 39.89 Å2 wire at 100K, 300K, 500K
and 700K are shown in figure 9.

The corresponding dissipation during the loading–unloading cycle, along with
those for the 21.22� 18.95 and 31.02� 29.42 Å2 wires at these temperatures, is given

Figure 8. Surface reconstruction of a 21.22� 18.95 Å2 nanowire at 100K relative to its
configuration in bulk ZnO, the images correspond to the states of the wire after (a) geometric
construction (before initial relaxation) and (b) after initial relaxation.

2128 A. J. Kulkarni et al.
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in figure 10. For the 40.81� 39.89 Å2 wire, the dissipation decreases by 39.6%
as temperature is increased from 100K to 700K. A similar trend is seen for the
21.22� 18.95 and 31.02� 29.42 Å2 wires which show decreases of 52.9% and 56.6%,
respectively, over the same temperature range.

Figure 9. Stress–strain responses of a 40.81� 39.89 Å2 wire during one loading–unloading
cycle at (a) 100K, (b) 300K, (c) 500K and (d) 700K.

Figure 10. Hysteretic dissipation in one loading–unloading cycle as a function of lateral
dimensions and temperature.

Characterization of novel pseudoelastic behaviour of zinc oxide nanowires 2129
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Table 2 lists the values of several key parameters quantifying the pseudoelastic
behaviour at various cross-sectional sizes and temperatures. In particular, note that
the maximum recoverable strain decreases significantly as temperature is increased,
while the strain at which the WZ!HX transformation completes is essentially
temperature-independent. The enhanced mobility of atoms at higher temperatures
promotes the formation of defects and may be a factor contributing to the failure at
lower strain levels.

3.6. Pseudoelasticity without shape memory

The pseudoelastic behaviour quantified here is reminiscent of a very similar
pseudoelastic behaviour (which leads to a novel shape memory effect) in fcc metal
nanowires discovered and analyzed by Liang et al. [3, 4]. This similarity in the
pseudoelastic behaviours between nanowires of the two classes of materials naturally
raises the question of whether a similar SME also exists in the ZnO nanowires
analyzed here. To answer this question, we first note that the pseudoelasticity and the
SME in the fcc metal nanowires are driven primarily by a surface-stress-induced
lattice reorientation process which requires the formation of intermediate transi-
tional structures involving partial dislocations. One attribute of that unique lattice
reorientation process is that an energy barrier exists between the phases even at very
low temperatures. Therefore, spontaneous relaxation occurs only at temperatures
above a critical value. It is this temperature dependence that gives rise to the SME in
the fcc metal wires.

To ascertain if a SME exists in the ZnO nanowires analyzed here, partially and
fully transformed wires were cooled to various final temperatures, the lowest being
10K. Subsequently, unloading is carried out at the low temperatures to determine if
the HX phase can be retained without external stress. For all wire sizes considered
and under all initial/final temperature combinations analyzed, the wires reverted

Table 2. Size and temperature dependence of the stress–strain response of the nanowires.

Cross-section
dimensions
(Å2)

Temperature
(K)

�c
(GPa) "c

Strain at
completion of
transformation

Maximum
recoverable

strain

Ultimate
tensile
strength
(GPa)

Hysteretic
dissipation
(GJm�3)

21.22� 18.95 100 10.02 0.051 0.100 0.165 15.56 0.155
300 8.59 0.045 0.096 0.155 14.50 0.171
500 6.29 0.033 0.097 0.148 13.56 0.088
700 4.15 0.027 0.091 0.127 12.34 0.073

31.02� 29.42 100 10.10 0.053 0.110 0.155 13.05 0.106
300 9.59 0.053 0.110 0.154 12.50 0.086
500 8.31 0.049 0.098 0.140 11.44 0.053
700 7.17 0.040 0.116 0.138 10.89 0.046

40.81� 39.89 100 11.32 0.065 0.108 0.159 12.30 0.139
300 10.40 0.063 0.109 0.162 11.68 0.104
500 9.31 0.060 0.114 0.143 10.60 0.089
700 8.47 0.051 0.086 0.108 9.21 0.084
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fully back to the WZ structure. This result shows that there is no critical temperature
below which either partially or fully HX-structured wires can exist without external
loading. The absence of such a critical temperature and the lack of an HX structure
at zero loading effectively rule out the possibility of a SME in the ZnO nanowires.
This finding can be explained by the enthalpy surface for ZnO at 0K and zero
external loading. Figure 11 shows the potential energy profile of one ZnO unit cell at
different structural configurations (when there is no external loading, the enthalpy is
equal to the potential energy). This profile is obtained through first principle
calculations, details of which are provided by Kulkarni et al. [6] and Limpijumnong
and Jungthawan [23]. Lattice structures corresponding to WZ, RS and HX are
labelled in this figure. Note that only two local minima (energy wells) exist, one at the
WZ structure and the other at the RS structure. A well is not seen at the HX
structure. Obviously, WZ is the stable phase and any sample with the HX structure
would spontaneously transform into the WZ structure. On the other hand, the RS
structure is a metastable phase which may exist if temperature and load histories are
carefully controlled. In contrast, it is not possible for HX to exist without loading
since no energy well is seen for it on the energy surface. Of course, the enthalpy
surface can be modified by appropriate external loading to include a local minimum
(well) at the HX structure. Tensile loading of sufficient magnitude along the
b-direction is such an example and has been shown to cause the WZ!HX phase
transformation [6]. Crystallographically, the two-way WZ$HX transformation
occurs through smooth lattice structure evolution without the formation of defects
or intermediate structures. In particular, the process can be illustrated by a look at
the buckling and unbuckling of the [0001] Zn and O basal planes.

Figure 12 shows the evolution of the 3-D O–Zn–O bond angle (�) at various
stages of deformation. The strain values are associated with the loading process of

Figure 11. Potential energy map of ZnO with highlights of the WZ, RS and HX lattice
structures.
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the 40.81� 39.89 Å2 wire. The evolution of � during unloading is very similar except
that the corresponding wire strain values are slightly different. For a perfect,
undeformed WZ lattice, �� 108.2� (figure 12a). As deformation progresses,
� increases as loading is increased and the structure evolves (figures 12b and c).
Upon full WZ!HX transformation, the basal planes flatten out and � becomes
120� (figure 12d), at the same time, a new bond is formed along the [0001] axis
(figures 4b and c). During unloading, the reverse process is seen, with � decreasing as
the load is decreased. The lack of defect or intermediate structure formation in the
process makes ZnO nanowires different from FCC metal nanowires such that the
energy requirement for the nucleation of the WZ$HX transformation is very low.
Therefore, during the actual unloading of a HX wire, the barrier for the HX!WZ
transformation is primarily due to the breaking of the additional [0001] bond formed
during the forward transformation. This barrier is relatively small [6] and is easily
overcome by the strain energy stored in the HX structure. Consequently,
spontaneous HZ!WZ transformation occurs at all temperatures and no SME is
observed in the ZnO nanowires.

4. Conclusions

A novel pseudoelastic behaviour we discovered recently in ½01�10�-oriented ZnO
nanowires over the temperature range 100–700K has been characterized.

Figure 12. Increase in the O–Zn–O bond angle (�) between Zn and O atoms on [0001] basal
planes at various levels of strain during tensile loading along the ½01�10� wire axis.
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MD simulations of the uniaxial tensile loading and unloading of nanowires with
lateral dimensions between 18 and 41 Å show that this behaviour results from a
unique structural transformation from WZ to a previously unknown phase (herein
referred to as HX). Crystallographically, this newly discovered polymorph of ZnO
has a five-fold coordination, in contrast to the four-fold coordination of the initial
WZ structure, implying that the transformation proceeds towards higher ionicity.
The transformation is fully reversible upon unloading with recoverable strains up
to 16%. The hysteretic dissipation associated with a loading-unloading cycle is
0.05–0.14GJm�3 and this value is significantly lower then the value for the reversible
WZ–RS transformation in ZnO.

Significant temperature and size dependence of the pseudoelastic response is
observed. In particular, the critical stress for the nucleation of the HX phase and the
maximum recoverable strain decreases as temperature increases. In addition, the
critical stress is lower at smaller wire sizes. Extensive surface reconstructions that
minimize surface charge polarity and surface energy contribute to these temperature-
and size-effects.

Unlike the pseudoelasticity in fcc metal nanowires, which was discovered recently
by Liang et al. [2–4] and underlies a novel shape memory effect, the pseudoelasticity
in the ZnO nanowires analyzed here does not lead to a SME. The primary reason for
this lack of an SME is the absence of an energy barrier between the WZ and the HX
lattice structures when no external loading is applied. The absence of an energy
barrier between WZ and HX at zero stress can be regarded as a consequence of the
smooth and continuous nature of the crystallographic transition which does not
require the formation of defects such as dislocations and twin boundaries. The result
is that stretched HX ZnO nanowires can spontaneously revert back to the WZ state
at any temperature.
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