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ABSTRACT

Understanding the mechanical properties of nanowires made of semiconducting materials is central to their application in nano devices. This
work presents an experimental and computational approach to unambiguously quantify size effects on the Young’s modulus, E, of ZnO
nanowires and interpret the origin of the scaling. A micromechanical system (MEMS) based nanoscale material testing system is used in situ
a transmission electron microscope to measure the Young’s modulus of [0001] oriented ZnO nanowires as a function of wire diameter. It is
found that E increases from ∼140 to 160 GPa as the nanowire diameter decreases from 80 to 20 nm. For larger wires, a Young’s modulus of
∼140 GPa, consistent with the modulus of bulk ZnO, is observed. Molecular dynamics simulations are carried out to model ZnO nanowires
of diameters up to 20 nm. The computational results demonstrate similar size dependence, complementing the experimental findings, and
reveal that the observed size effect is an outcome of surface reconstruction together with long-range ionic interactions.

The semiconductive, piezoelectric, and biocompatible prop-
erties of zinc oxide (ZnO) nanostructures have attracted the
attention of many scientists and engineers, eager to imple-
ment this novel material into high-power optoelectronic
devices,1 logic circuits,2 piezoelectric devices,3 nanoresona-
tors, and electromechanically coupled nanocantilever sen-
sors.4 At the nanoscale, the dependence of material properties
on size and shape becomes a crucial factor in designing such
devices with predictable and reproducible operation. The
small dimensions of the nanostructures, however, raise
serious challenges for the experimental investigation of
properties relevant to the applications of the device.

A variety of experimental techniques have been developed
to measure the mechanical properties of individual ZnO
nanostructures. However, the elastic modulus of [0001]
oriented ZnO nanowires (NWs) reported so far ranges from
20 to 250 GPa with no consensus on the value for a particular
wire diameter. This is in particular troublesome but not
unexpected given the challenges in identifying nanoscale
mechanical properties. The discrepancies appear to be due
to differences in the experimental protocols and errors
associated with each technique. To provide needed back-
ground, we next summarize some of the previously employed
testing techniques, their results, and limitations. A popular
nanomechanical testing technique is based on the analysis
of the dynamic response of a NW cantilever when subjected

to an alternating electrostatic field of known frequency inside
a transmission electron microscope (TEM). The Young’s
modulus of the NW is calculated from the amplitude and
phase of the dynamic response caused by the applied field.5-7

The effective Young’s modulus found using this technique
increased from 140 to 220 GPa as the wire diameter
decreased from 120 to 17 nm.7 This technique provides direct
visualization of the experiment and avoids the need for
specimen manipulation, but the deformation is essentially
gradient-dominated which has a more pronounced surface
elasticity effect than axial monotonic deformation.7 Other
techniques based on atomic force microscopy (AFM) have
also been employed. A size independent Young’s modulus
of (38.2 ( 1.8) GPa was measured by a three-point bending
AFM test8 for ZnO nanobelts in the thickness range of
50-140 nm. In single clamped NW bending experiments,9

using an AFM, a value of (29 ( 8) GPa was identified. By
contrast, using a contact resonance AFM technique, values
of 104-198 GPa were measured for wires ranging from 25.5
to 134.4 nm in diameter.10 The reader should note that several
of the reported measurements fall below the modulus
measured in bulk single crystals, which is ∼140 GPa in the
[0001] direction.11 Therefore, one wonders if this is a physical
effect or the result of experimental artifacts.

AFM-based techniques have adequate force and displace-
ment resolution, but lack in situ real time imaging capabilities
and, therefore, are prone to uncertainties in data interpreta-
tion. For example, it is difficult to precisely measure the
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contact area between AFM tip and the NW in contact
resonance tests as adhesion forces become significant at such
scales. Also the AFM-based nanoindentation technique is
sensitive to substrate effects for small diameter nanowires.10

The compounded error introduced by these effects may
explain why the elastic modulus of a 250 nm × 450 nm
nanobelt was calculated to be 100 GPa, which is significantly
lower than the modulus measured in bulk crystals of 140
GPa.11 In addition to these AFM-based techniques, tensile
tests with a microfabricated test stage12 or a piezoelectric
nanomanipulator13 have also been used for the mechanical
characterization of a ZnO NWs. These techniques enable
uniaxial in situ experiments inside a scanning electron
microscope (SEM) but require that the test stage be ac-
curately calibrated and the specimen properly manipulated
and fixed. Desai et al. measured a very low Young’s modulus
of 21.1 GPa for a ZnO NW 287 nm in diameter, probably
due to errors introduced by loading a compliant SiO2 grid
with the NW attached to it instead of loading the NW
directly.12 Another possible source of error arises from the
limited strength of the welds at the specimen ends. Hoffmann
et al. claimed that carbon deposition is strong enough to make
a firm bond between NW and nanomanipulator.12 However,
we found that carbon deposition results in weld slippage,
when loading NWs with diameters larger than 200 nm (see
Supporting Information for details). From a thorough study
of the literature, we concluded that the procedures used in
mounting and fixing the specimens to the loading stage may
adversely affect the interpretation and accuracy of the results.

Apart from the inconsistency in reported values for
Young’s modulus, there is also an ambiguity about the size
dependence. Some of the studies discussed above report a
size dependence in ZnO NWs with diameters smaller than
1507 or 80 nm,10 while others report no specific size
dependence.8,9,12 To explain the size-dependence in their
studies, Chen et al.7 proposed a core-shell model, where
the NW is treated as a composite with a shell and a core
structure. This model is based on fitting the experimental
data and assumes a core with bulk’s Young’s modulus and
a shell with higher modulus. The limitation of this model
comes from the limited size range studied in the experiments.
From data fitting, the shell thickness turns out to be the radius
of the smallest NW in the experimentally studied regime and
the shell modulus is the modulus of this smallest NW.10 This
highlights the need for atomistic studies to assess the validity
and accuracy of the core-shell model. Computationally,
nanobelts of various axial orientations have been studied
using MD simulations,14 although the biggest size modeled
was ∼4.5 nm. Size dependence was observed for [0001]
oriented nanobelts, but convergence to the bulk Young’s
modulus was reported for a nanobelt with lateral dimension
of 4.5 nm. This is in direct conflict with experimental
measurements as size effect has been reported to exist well
beyond 4.5 nm and up to ∼100 nm. In a recent paper,15 the
same researchers rectified their conclusions and reported that
the size effect exists beyond a critical dimension of 4.5 nm;
however, the largest wire studied was still smaller than 5.0
nm.

In summary, a detailed review of the literature reveals lack
of agreement in experimentally measured mechanical proper-
ties and modeling predictions. The discrepancy is directly
related to uncertainties in (i) NW diameter or cross-sectional
area, (ii) boundary and loading conditions, (iii) calibration
of the instruments, and (iv) the way samples are mounted
and fixed. From a computational standpoint, the sizes
modeled were too small, and therefore a big gap exists
between computationally and experimentally studied nanow-
ires. Furthermore, to the best of our knowledge, there is no
fundamental explanation for the observed size dependence
other than the generally invoked surface to volume ratio.

The conflicting reports on Young’s modulus and its
dependence on wire diameter motivated the development of
an accurate testing technique and a thorough atomistic study
of the elastic properties of ZnO NWs. In this paper, we
present a quantitative in situ TEM tensile testing technique
to measure the mechanical properties of ZnO NWs with
lateral dimensions in the range of 20-400 nm. The nanoscale
material testing system (n-MTS) consists of a miniaturized
testing stage based on MEMS technology.16-18 Molecular
dynamics (MD) simulations for NWs with diameters between
5 and 20 nm are also carried out to complement the
experimental findings. This combined experimental and
computational approach resolves the existing controversy and
provides a fundamental understanding of the observed
elasticity size effect.

In the MEMS-based n-MTS system,16-19 load is applied
using a thermal actuator on one side of the testing stage,
and displacement is measured using a differential capacitive
sensor on the other side20 (see Figure 1a). The force-
displacement response of individual ZnO NW was measured
electronically with simultaneous observation of their atomic
structure in real time during the loading process. One of the
key advantages of this technique is the uniaxial state of
loading, which eliminates many sources of experimental
error, simplifies the analysis of results, and makes experi-
ments more amenable to modeling with minimal assump-
tions. The ZnO NW samples used for these experiments were
obtained from NanoLab, Inc. The NWs were high quality
single crystals having a [0001] oriented wurtzite structure
with lattice constants a ) 3.25 Å and c ) 5.20 Å 21 and
typical lengths between 5 and 10 µm. Twelve NWs with
diameters ranging from 20.4 to 412.9 nm were tested and
their Young’s modulus experimentally measured.

The ZnO NWs were first dispersed in isopropyl alcohol,
by ultrasonication for 1 min, and then poured on a copper
TEM grid, letting the alcohol to evaporate leaving behind
the NWs on the grid. A NW was then chosen, based on its
diameter and length, and transported to the testing stage using
a piezoelectric nanomanipulator built by Klocke Nanotech-
nik.22 The mounting process was performed inside a FEI
NOVA600 SEM and the NW was attached to the testing
stage by e-beam induced deposition of Pt at both ends.17,18

Figure 1b shows a NW mounted on the device. The testing
stage22 with a NW mounted on it was placed on a specially
designed TEM holder.23 The specimen was then loaded
incrementally until failure was detected by significant

Nano Lett., Vol. 8, No. 11, 2008 3669



decrease in load and/or by visual identification of fracture.
TEM images and selective area diffraction (SAD) patterns
were taken during the loading at different strain levels. Figure
2 shows TEM images of the specimen taken during a tensile
loading experiment: (a) prior to loading; (b) at ∼2.5% strain
and (c) after failure. In the insets of Figure 2a-c, the
corresponding SAD patterns are shown. In order to calculate
Young’s modulus, strains and corresponding stresses were
calculated as described next.

Strains were calculated in two independent ways to verify
absence of slippage at the fixed ends of the NW: (i) average
strains based on the overall length of the NW; (ii) local
atomic strains from SAD patterns. For the average strain,
the NW elongation, ∆L, was assumed to be the same as the
increase of the gap size of the testing stage and extracted
from the TEM images. The average strain was then computed
as ∆L/L0, where L0 is the initial gap at 0% strain. For local
atomic strains, intensity profiles along the c-axis in the SAD
patterns were analyzed. In Figure 3a, intensity profiles
obtained from the SAD patterns (Figure 2a and Figure 2b,
respectively) are plotted. The three peaks in the profile
correspond to the (0002j), (0000), and (0002) planes. The
change in plane spacing is then calculated by ∆c )
δc2/(2 - δc) where δ is the peak shift (shown in Figure 3a)

and c is the lattice spacing at 0% strain. The local atomic
strain was then computed as ∆c/c. For calculation of stresses,
forces were obtained from the calibration of the load sensor17

with an uncertainty of 2% and cross-sectional areas were
determined by analyzing the fractured surface of the NWs.
After the test, the fractured NWs were again attached to the
nanomanipulator tungsten tip and placed inside a field
emission SEM so as to image the cross-section (inset of
Figure 3b). The cross-section of the NWs was observed to
be hexagonal, although not with all sides equal. Note that
the hexagonal geometry of the cross-section is contrary to
the circular one reported by Stan et al.10 With all the
necessary quantities measured (strains, forces, and cross-
sectional areas), stress-strain signatures were computed for
each of the tested NWs.

Figure 3b shows the stress-strain response of one of the
specimens. For this case, the initial length (L0), was measured
to be 2.63 ( 0.002 µm. Using the two methods of calculating
strain, the Young’s modulus was found to be 136.5 and 140.8
GPa, respectively. The small (<4%) difference between the
two methods confirms that there was no slippage between
the NW and the testing stage when fixed via Pt deposition.
Measured values of Young’s modulus values, as a function
of wire diameters, are plotted in Figure 4a. The experimental

Figure 1. (a) SEM micrograph of microelectromechanical system used to test nanowires in situ a transmission electron microscope. (b)
NW specimen suspended between thermal actuator and load sensor. Specimen ends were welded to the testing system by electron beam
induced deposition of platinum.

Figure 2. TEM images of a ZnO nanowire at various stages in the tensile testing: (a) before loading, (b) at ∼2.5% strain, (c) after failure.
The insets are selected area diffraction patterns taken at each loading state.
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data reveals that a significant size dependence of the Young’s
modulus for [0001] oriented ZnO NWs exists when the wire
diameter is smaller than ∼100 nm. For larger diameters, the
Young’s modulus is found to be approximately the bulk value
of 140 GPa.11 To gain a fundamental understanding of the
size dependence observed in the experiments, we simulated
atomistically the tensile behavior of ZnO nanowires with
diameters ranging from 5 to 20 nm.

Modeling of [0001] oriented ZnO NWs was carried out
with LAMMPS (large-scale atomic/molecular massively
parallel simulator),24,25 developed at Sandia National Labo-
ratories. The atomic interactions were modeled with a
Buckingham type potential of the following form:

Etotal(rij)) Σ
i)1

N
Σ
j*i

A exp(- rij

F )- C

rij
6
+Elong(rij) (1)

where rij is the distance between two atoms in a cell, A, C,
and F are parameters defining the short-range interactions
and Elong(rij) represents the long-range electrostatic interac-
tions based on the ionic charge. The Buckingham potential
has been used successfully to predict crystal properties such
as lattice energies and lattice spacing26 for selected values
of A, C, and F. The constants identified by Binks26 were used
in the calculations. Short-range interactions between atoms
more than 8.5 Å apart were ignored.26 In this study, the

long-range interactions were calculated based on the sum-
mation proposed by Wolf et al.27
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where qi and qj are the ionic charges. In the above formula,
Rc is a quasi-cutoff radius proportional to computational time,
and R is a damping coefficient. On the basis of convergence
studies detailed in Supporting Information, Rc ) 7 Å and R
) 0.4. The Wolf summation for calculating long-range
interactions is computationally more efficient and does not
require periodic boundary conditions to be imposed on the
cell, as it is the case in the traditionally used Ewald
summation.27 We note that the computational efficiency of
the Wolf summation and its ability to model free surfaces
allowed the simulation of wires with diameters approaching
those experimentally tested. As a result, a link between theory
and experiments was achieved.

Hexagonal cross-sectional wires were modeled with lateral
dimensions ranging from 5 to 20 nm. Periodic boundary
conditions were imposed in the axial ([0001]) direction
effectively extending the wire to infinity in that direction.
An aspect ratio of ∼3:1 was maintained for all simulated

Figure 3. (a) Intensity profiles of SAD patterns for a NW prior to loading (solid line) and at ∼2.5% strain (dashed line). (b) Stress-strain
curves computed from average displacements and lattice spacing in reciprocal space obtained from SAD images. The inset shows the
cross-section of the NW as imaged by scanning electron microscopy.

Figure 4. (a) Variation of Young’s modulus with wire diameter (the dashed line shows the experimentally reported bulk value of ∼140
GPa). (b) Computational results showing the variation of Elastic modulus with wire size at 0 K and 300 K. The individual contribution
from the outermost shell atoms and rest of the core atoms is also shown at 0 K.
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NWs. Figure 5a shows the atomic model for a 7.5 nm wire
prior to annealing. An annealing process was simulated to
mimic the manufacturing process, where O2- infuses into
zinc powder in a furnace at approximately 1100 K.28 The
temperature of the NWs was raised to 1200 K within 30 ps
and then equilibrated for 30 ps. The wires were then cooled
down to 300 K (room temperature) in 30 ps and equilibrated
for another 30 ps. NPT conditions using the Nose-Hoover
thermostat were imposed in these processes.24 A time frame
of 30 ps was found to be long enough for the energy and
pressure of the NWs to stabilize at the specified temperature.
Following the annealing process, a quasi-static loading
scheme was employed to simulate the room temperature
loading process. This happened in two steps: (1) the structure
was deformed in 0.5% strain steps over a period of 1 ps
under NVT conditions, and (2) the structure was allowed to
relax at each strain level under NPT conditions for 30 ps.
An average over 2 ps at the end of the relaxation process is
used to obtain the atomic coordinates at various strain levels.
The virial stresses24 were calculated for each level of strain
and the Young’s modulus was found from the slope of the
elastic region of the stress-strain curve.

A size dependence following the same trend as the one
identified experimentally was found. The Young’s modulus
increased from 169 to 194 GPa as wire diameter decreased
from 20 to 5 nm. The computational and experimental

findings are summarized together in Table 1 and the Young’s
modulus as a function of NW diameter is plotted in Figure
4a. As expected, no convergence to the bulk value was
observed in the computationally studied range. For the largest
modeled NW, corresponding to the smallest tested wire, a
Young’s modulus of 169 GPa was computed, which is in
general good agreement with the modulus of 160.9 GPa
experimentally measured for a 20.4 nm wire. The difference
can in part be attributed to the fact that the MD force field
overestimates the bulk Young’s modulus with a value of 157
GPa, as opposed to the experimentally measured 140 GPa.11

To analyze the origin of the size dependence, the atomic
rearrangement due to surface effects was examined. The
lattice spacing and intrinsic strains of different sized wires
were analyzed after initial minimization at 0 K, to remove
the affect of thermal vibrations of atoms at room temperature.
It was observed that the wire surfaces were initially under
compression along the wire axis. After minimization, an
equilibrium configuration was attained with the compressive
surface stresses being balanced by tensile stresses in the
center of the wire. Overall, the nanowires expanded in the
axial direction and the axial strain at equilibrium decayed
with increasing wire size approaching zero strain for large
wire diameters. Due to Poisson’s effect, a corresponding
radial contraction of the wire was also observed. Figure 5b
shows the axial and radial strains in the minimized states
for wires of different sizes.

Building upon the idea of the core-shell model proposed
earlier,7 we obtained from the simulations the Young’s
modulus of the different atomic layers in the cross section
of the NWs. We observed that the surface atoms exhibited
a Young’s modulus much higher than the bulk value and
that exhibited by the inner atoms, which is in overall
agreement with the core-shell model. Figure 4b shows the
contribution of the surface atoms and the remaining atoms
to the overall Young’s modulus of the NWs. Interestingly,
because of the overall wire expansion, one is at first puzzled
by such result. In fact, for a simple spring-mass model,29

where the spring force field is modeled as electrostatic

Figure 5. (a) Atomic model of [0001] oriented ZnO nanowire prior
to annealing along with the wurtzite crystal structure. (b) Equilib-
rium axial strain, observed at 0 K, after minimization for nanowires
of different diameters. (c) A schematic diagram showing the
calculation of effective interatomic distance based on axial and
transverse strains. (d) Young’s modulus normalized by the bulk
value in each atomic layer of the wire cross section. (e) Contour
of radial displacements, for nanowires of different diameters, upon
surface relaxation.

Table 1. Measured and Computed Young’s Modulus of
Nanowires with Different Diameters

method
outer diameter

(nm)
length
(mm)

Young’s
modulus

(GPa)

Computational 5 Periodic (0.015) 194.6
7.5 Periodic (0.022) 184.3

10 Periodic (0.030) 179.3
15 Periodic (0.045) 172.6
20 Periodic (0.052) 169.2

Experimental 20.4 1.34 160.3
32.2 1.53 155.2
54.9 1.01 152.7
77.5 1.45 146.3
88.2 2.63 140.8
96.7 4.32 144.5

111 2.01 135.4
125.9 2.98 137.3
188.5 3.57 134.8
212.6 2.55 140.4
303.2 3.01 138.2
412.9 3.11 141.6
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interaction, the dominant interaction in ionic compounds, it
is easy to show that the elastic modulus E is inversely
proportionally to the interatomic spacing d to the fourth
power; that is, E ∝ d-4. Hence, d for the surface atoms should
be smaller than the bulk interatomic spacing even in the
presence of an overall axial expansion of the NW as predicted
by energy minimization. The computational result depicted
in Figure 4 can be explained by examining the local
rearrangement of atoms and bond length from which
interatomic forces are computed, rather than the c-axis lattice
spacing in isolation. From the simulations, it was found that
surface reconstruction causes not only an increase in the
[0001] interatomic spacing but also a radial inward contrac-
tion. Figure 5c schematically shows how the effective bond
length is affected by both axial and radial strains. For
example, the effective interatomic spacing between Zn2+ ions
1 and 2 (as shown in Figure 5c) can be calculated using the
following equation:

d)�(c2(1+ ε)2

4 )+ (a2(1- νε)2

3 )
where c is the bulk lattice spacing along the c-axis, a is the
other lattice coordinate, ε is the local axial strain and ν is
the local Poisson’s ratio. For a strain free bulk crystal, ε )
0 and dbulk ) [(c2/4) + (a2/3)]1/2. For a NW at equilibrium
with tensile axial strain induced by surface relaxation (i.e.,
ε > 0), d is always greater than dbulk unless the local
Poisson’s ratio increases beyond a critical value (∼1.8 for
observed equilibrium strains in our simulations). Locally on
the surface of the wires, ν was found sufficiently high to
make the effective interatomic spacing of the surface atoms
smaller than that of bulk by ∼11%. A bond length contrac-
tion of 11% on the surface yields a Young’s modulus of
∼270 GPa for the outermost shell, which is higher than the
modulus of the bulk (∼167 GPa at 0 K), as predicted by the
Buckingham potential. This qualitatively explains that the
higher Young’s modulus associated with surface atoms is
due to local rearrangement of atoms leading to a decrease
in the effective interatomic spacing. Contribution of indi-
vidual layers of atoms of the NW to its overall Young’s
modulus is shown in Figure 5d in normalized coordinates.
It can be seen that the effect of surface reconstruction rapidly
decays beyond a certain number of atomic layers, and the
number of these atomic layers increases as the wires size
increases. Quantitatively, an effective shell thickness can be
defined as a region in which the elastic modulus is greater
than the bulk value. Using this definition, Figure 5d, the shell
thickness was found to be ∼15% of the wire diameter. Note
that the shell thickness is not constant for all wire sizes, in
contrast to the assumption made in the core-shell model.7,10

The dependence of shell thickness on the wire size can be
attributed to long-range electrostatic interactions. Also the
atoms in the core region do not exhibit bulk properties as
assumed in the core-shell model (see Figure 5d). They
exhibit a softer behavior, which is more pronounced as the
wire diameter decreases. Figure 5e shows the radial displace-
ments of the atoms along the cross section for nanowires of
different sizes, as observed in the minimized configurations.
Blue atoms (closer to the surface of the NWs) represent the
region with high radial strains in which the effect of surface
relaxation is more pronounced. The larger blue zones suggest

a more distributed surface effect on radial strains, which
makes the surface atoms less stiff for a larger wire (see Figure
4b). The higher Young’s modulus of the surface atoms
together with increasing surface to volume ratios, results in
small size wires having a higher Young’s modulus. A similar
behavior is expected at 300 K, as we observe a similar trend
in Young’s modulus with increasing wire size. Temperature
shifts down the Young’s modulus versus diameter curve (as
shown in Figure 4b), which is consistent with the above
reasoning as higher temperature results in a thermal expan-
sion and therefore a larger interatomic spacing.

In this work, the size effect of Young’s modulus of ZnO
NWs was investigated experimentally as well as computa-
tionally. Experimentally, ZnO NWs with diameters ranging
from 20.4 to 412.9 nm were tested under a uniaxial tensile
load using a nanoscale materials testing system inside a TEM.
Uncertainties in measuring the cross-sectional area were
avoided by imaging the fractured cross-section with a high
resolution SEM. Computation of strains based on nanodif-
fraction (SAD) confirmed that platinum welds are strong
enough to prevent any wire slippage. The study proved
unambiguously that the Young’s modulus of ZnO NWs
monotonically decreases from 160 to 140 GPa as the NW
diameter increases from 20 to ∼80 nm. For NWs larger than
∼100 nm, no significant size effect was observed and the
elastic modulus converged to the bulk value of 140 GPa.
This result is consistent with the size effect reported in Chen
et al.7 Nonetheless, the measured values are slightly lower
than those reported in ref 7 most likely because of the
gradient-dominated field present in bending resonance tests.

Computationally, similar size dependence was predicted
with the Young’s modulus increasing from 169 to 194 GPa
as NW diameters decreased from 20 to 5 nm. This size effect
is attributed to surface reconstruction. Due to the long-range
ionic interactions, the effect of surface reconstruction in ZnO
NWs is quite different than the limited size effect observed
in metallic nanowires.30,31 In metals, the surfaces are usually
in a tensile state of stress leading to overall contraction of
the nanowire during relaxation. Hence, the effect of size on
elastic properties like Young’s modulus in metals is attributed
to the intrinsic compressive state of the nanowire at equi-
librium. Since a smaller metallic nanowire contracts more
due to high surface to volume ratio, it has higher compressive
strain at equilibrium and therefore a higher elastic modulus.32

In the case of ZnO nanowires, the atomistic simulations
predict the opposite behavior; that is, surfaces are initially
in compression leading to an overall expansion of the
nanowire upon relaxation. Surface atoms exhibit a much
higher elastic modulus compared to inner atoms due to a
smaller effective interatomic spacing caused by high radial
contraction of the surface. Moreover, the atoms in the core
of the wire do not exhibit bulk properties but rather a lower
Young’s modulus, depending on their radial position. The
long-range surface effect in the case of ZnO nanowires can
be attributed to long-range columbic interactions, which is
different than the predicted behavior for metallic nanowires,
where the surface effect dies out within ∼2 atomic layers.
In summary, the size effect observed in ZnO nanowires is
an outcome of surface relaxation together with long-range
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interactions present in ionic crystals, which result in surfaces
much stiffer than bulk. The high surface stiffness effect
decays with decreasing surface to volume ratio, resulting in
wires with diameter larger than ∼100 nm exhibiting bulk
behavior.
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