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Large anelasticity and associated energy
dissipation in single-crystalline nanowires
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Elizabeth C. Dickey4, Huajian Gao2* and Yong Zhu1,4*
Anelastic materials exhibit gradual full recovery of deformation
once a load is removed, leading to dissipation of internal
mechanical energy1. As a consequence, anelastic materials
are being investigated for mechanical damping applications.
At the macroscopic scale, however, anelasticity is usually very
small or negligible, especially in single-crystalline materials2,3.
Here, we show that single-crystalline ZnO and p-doped Si
nanowires can exhibit anelastic behaviour that is up to four
orders of magnitude larger than the largest anelasticity
observed in bulk materials, with a timescale on the order of
minutes. In situ scanning electron microscope tests of
individual nanowires showed that, on removal of the bending
load and instantaneous recovery of the elastic strain, a
substantial portion of the total strain gradually recovers with
time. We attribute this large anelasticity to stress-gradientinduced migration of point defects, as supported by electron
energy loss spectroscopy measurements and also by the fact
that no anelastic behaviour could be observed under tension.
We model this behaviour through a theoretical framework by
point defect diffusion under a high strain gradient and short
diffusion distance, expanding the classic Gorsky theory.
Finally, we show that ZnO single-crystalline nanowires exhibit
a high damping merit index, suggesting that crystalline
nanowires with point defects are promising materials for
energy damping applications.
Nanowires exhibit a host of novel properties that are being
exploited for many applications, including energy harvesting and
storage4,5, ﬂexible/stretchable electronics6,7, sensing8 and nanoelectromechanical systems9. The vast majority of research on the mechanical properties of nanowires has focused on the size-dependent
elastic modulus and strength10–14, with very few studies on timedependent responses15,16. Our single-crystalline nanowires exhibit
an unexpectedly large anelastic relaxation and energy dissipation
under bending.
Bending tests were performed at room temperature using a
microelectromechanical system (MEMS)-based nanomechanical
testing stage inside a scanning electron microscope (SEM;
Fig. 1a)17,18. After holding the nanowire in a bent conﬁguration
for a certain time (the ‘holding time’), the MEMS actuator was
retracted and the shape of the nanowire was monitored in real
time (Fig. 1b and Supplementary Movie 1). A large portion of the
bending strain was observed to recover instantaneously, with the
rest recovering gradually over time.
Figure 2a shows the evolution of the anelastic strain of a ZnO
nanowire (54 nm in diameter) for an initial (total) bending
strain of 1.94% with six different durations of holding time.

Here, the initial or total strain is the sum of the anelastic strain
and elastic strain, just before the load is removed. It can be seen
that the recovery of the anelastic strain depends on the holding
time—the shorter the holding time, the faster the recovery.
Figure 2b shows the evolution of the anelastic strain for a
holding time of 15 min under ﬁve different initial strains. A
larger initial strain led to a larger anelastic strain. The anelastic
strain recovered almost fully with time (see Supplementary
Fig. 2a for an example with a holding time of 15 min and a recovery time of up to 40 min). The anelastic strain was as large as
0.64% (in the case of 4.1% total strain).
Five ZnO nanowires were tested, and all exhibited the same anelastic behaviour (Fig. 2c and Supplementary Fig. 2b,c). Figure 2d
shows the maximum anelastic strain (immediately after removal
of the load) as a function of initial strain for all tested ZnO nanowires. In general, the maximum anelastic strain scales nonlinearly
with the initial strain, but for small initial strain, a linear
approximation holds.
A number of anelastic mechanisms could be present in singlecrystalline materials, including thermoelastic relaxation, piezoelectric coupling and relaxations involving point defect motion1–3. To
elucidate the underlying mechanism(s), additional experiments
were carried out with ZnO nanowires subjected to uniaxial
tension and compression. Under tension, they exhibited a linear
elastic behaviour without observable hysteresis (Fig. 2e)19, but,
under compression, they buckled and exhibited a strong hysteresis
(Fig. 2f ). The tension and compression tests were conducted
using the same set-up, with the same mechanical/electrical boundary conditions and at loading rates comparable to the inverse timescale associated with the aforementioned relaxation under bending.
Hence, relaxation occurs only under an inhomogeneous strain ﬁeld
(for example, bending or compression/buckling), rather than under
a homogeneous strain ﬁeld (for example, tension). Previously
observed anelastic behaviour in GaAs nanowires was attributed to
the amorphous/crystalline interface at the nanowire surface15, but
this could not account for the observed differences between
bending and tension in our present study.
Two types of relaxation, thermoelastic and Gorsky relaxation, are
known to operate under an inhomogeneous strain ﬁeld1. Under
thermoelastic relaxation, both the relaxation strength (amplitude)
and relaxation time are much smaller than those observed in ZnO
nanowires (Supplementary Section 3)20. It is therefore Gorsky relaxation, which arises from the motion of point defects in an inhomogeneous stress ﬁeld21,22, that is identiﬁed as a likely operating
mechanism here. When a beam that contains volume-sensitive
point defects (for example, interstitials or vacancies) is subject to
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Figure 1 | In situ SEM bending test of an individual ZnO nanowire. a, Experimental set-up showing an individual ZnO nanowire bent between a MEMS
stage (right) and a nanomanipulator tip (left). Scale bar, 100 μm. b, A sequence of SEM images showing the recovery process for a ZnO nanowire after
removing the bending load. Scale bar, 2 μm.

bending, the stress gradient across the sample creates a gradient in
chemical potential along which the point defects migrate. For
example, long-range diffusion of interstitials goes from the compressed side to the dilated side, while vacancies migrate in the opposite direction. However, the classic Gorsky relaxation predicts a
linear relationship between the maximum anelastic strain and the
initial strain, and has only been observed in a few bulk materials
with very small relaxation amplitude21,22.
A theoretical model was therefore developed to understand the
relationship between the diffusion of point defects and the measured
anelastic behaviour. The governing equation for the time-dependent
evolution of defect concentrations was derived (see Methods).
Finite-element simulations were performed to simulate the
bending and relaxation processes under the same conditions as in
the experiments. A number of defect types with corresponding diffusivities and initial concentrations were considered. The evolution
of the anelastic strain was calculated as functions of the initial strain
and holding time and compared to the experimental results (Fig. 2).
For a nanowire with a diameter of 54 nm, the best ﬁtting identiﬁed
two types of point defects with diffusivities of 1.9 × 10−14 and
1.5 × 10−15 cm2 s−1, at initial defect concentrations of 1.26 × 1020
and 3.67 × 1020 cm−3, respectively. Note that the ﬁtting is not
trivial, yet robust, as the model predictions using the same
parameters were able to ﬁt a wide range of experimental results
with different durations of holding time and different initial
strains (Fig. 2a,b). The model predicts that a faster species of
point defects dominates the rapid relaxation in the beginning, and
a slower species of point defects governs relaxation, with a larger
time constant (Supplementary Fig. 4). Interestingly, it has been
reported that two dominant types of point defects exist in ZnO,
oxygen vacancy and zinc interstitial23, which is consistent with
our results. During relaxation, oxygen vacancies could diffuse
from the tensile to the compressive side, while zinc interstitials
diffuse in the opposite direction. Note that the diffusivities identiﬁed
above are larger than those for bulk ZnO at room temperature.
Possible reasons for this deviation include (1) surface-mediated
bulk diffusion (in nanowires, a substantial fraction of atoms lie
near free surfaces, with an atomic structure considerably different
from that in the bulk)10,24 and (2) reduced activation energy
under ultrahigh stress (on the order of GPa)25. It is worth noting
that the current knowledge on room-temperature diffusion of
point defects in bulk ZnO, and more so in ZnO nanowires, is
very limited26. The present experimental approach can be a useful
way to investigate transport and equilibrium properties of point
defects in nanomaterials.
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To corroborate the conclusion that the anelastic behaviour
results from the diffusion of point defects, a further investigation
of the defect structures in ZnO nanowires was carried out. The
transmission electron microscopy (TEM) image in Fig. 3a shows
that the ZnO nanowires are uniform in diameter. The corresponding selected area electron diffraction (SAED) pattern (Fig. 3a, inset)
indicates that the nanowires are single-crystalline wurtzite, with a
growth direction along the 〈0001〉 axis, and the high-resolution
TEM image in Fig. 3b shows no extended structural defects (for
example, stacking faults or dislocations).
Aberration-corrected scanning transmission electron microscopy/
electron energy loss spectroscopy (STEM/EELS) was used to investigate the stoichiometry of ZnO nanowires under bending. The diffusion of point defects across the diameter would lead to a difference
in stoichiometry at the two sides of a bent wire (termed the ‘inner
side’ and ‘outer side’ in the following). Here, an individual nanowire
protruding from a TEM grid was bent into a loop. Five positions with
different bending strains were chosen along the axial direction
(Fig. 3c,d). The quantitative EELS results show that the atomic percentage of oxygen (that is, stoichiometry) is different at the inner
and outer sides, with the outer side always richer in oxygen than
the inner side. By contrast, in undeformed (straight) regions the
inner side and outer side have nearly the same stoichiometry, as
expected (Supplementary Section 6). The same phenomenon was
observed in three additional nanowires with a similar bending geometry. The differences in oxygen atomic percentage between inner and
outer sides for the selected points are shown in Fig. 3e. The largest
difference in oxygen atomic percentage is at position 3 (∼4.2 at%),
which corresponds to the largest local bending strain (∼2.9%).
Figure 3f shows a nearly linear relationship between the difference
in oxygen concentration and the bending strain and anelastic strain
(following Fig. 2d). The EELS results suggest that, during relaxation,
more oxygen vacancies diffuse from the tensile (outer) to the compressive (inner) side than zinc interstitials in the opposite direction,
leading to a higher oxygen percentage in the outer side.
Two conditions are usually necessary for Gorsky relaxation:
(1) the point defects must cause lattice distortion, which changes
the volume of the host lattice; (2) they must have relatively high
mobility. So far, Gorsky relaxation has only been observed in bulk
samples with hydrogen (or its isotope) as the most mobile interstitial species21,22, with anelastic strain less than 10−6. The observed
anelasticity in the present study is four orders of magnitude
higher than the largest observed value at the macroscopic scale.
How can Gorsky relaxation lead to the observed large anelasticity
in ZnO nanowires? Nanostructures can typically withstand
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Figure 2 | Recovery and damping behaviours of a ZnO nanowire. a, Anelastic strain as a function of recovery time for six different durations of holding time
for a nanowire with a diameter of 54 nm and an initial bending strain of 1.94%. b, Anelastic strain as a function of recovery time for ﬁve different initial
bending strains. The holding time was 15 min in all cases. Solid lines in both a and b represent the ﬁtting data from the theoretical analysis. Error bars for
strain measurement in a and b are ∼5.4%. c, Normalized anelastic strain (anelastic strain divided by elastic strain) as a function of recovery time for ﬁve
ZnO nanowires with diameters of 38, 50, 54, 56 and 65 nm with the same holding time of 15 min. d, Maximum anelastic strain as a function of initial strain
for the ﬁve ZnO nanowires. The holding time was 15 min in all cases. Note how, for larger initial strains, the relationship becomes nonlinear. e, Stress–strain
curve for a ZnO nanowire under tension. f, Force–displacement curve for a ZnO nanowire under compression (buckling).

ultrahigh stress (on the order of GPa) or strain (on the order of a few
per cent)25. In the present study, the bending strain in the ZnO
nanowires is as large as 5.6% with stress over 8 GPa (ref. 19). By
contrast, for hydrogen diffusion in bulk materials21,22, the bending
strain is usually less than 10−5. The ultrahigh bending stress
(strain) applied to the nanowire is responsible for the magnitude
of the large anelastic strain. According to equation (S8) in
Supplementary Section 4, the diffusional ﬂux of point defects
depends on the chemical potential gradient, which in turn

depends on the stress gradient. The small diffusion distance
(due to the small nanowire diameter), enormous stress gradient
and the high diffusivity therefore contribute to the short relaxation
(recovery) timescale (on the order of minutes).
It should be noted that our theoretical model is more general than
the classic Gorsky theory. The classic Gorsky theory predicts a linear
relationship between the initial strain and the anelastic strain, while
our model predicts a nonlinear relationship when the strain is
large. The relaxation phenomenon reported in the present study
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Figure 3 | Microstructure and relationship between oxygen difference and bending strain for a ZnO nanowire. a, Overview of an individual ZnO nanowire

with a diameter of 37 nm and a growth direction of 〈0001〉. Inset: corresponding SAED pattern at the zone axis of 〈1120〉.
Scale bar, 100 nm. b, HighresolutionTEM image showing a perfect atomic arrangement in the close-packed layers of {0001}. Inset: atomic model of a ZnO unit cell. Scale bar, 2 nm.
c, High-angle annular dark-ﬁeld (HAADF)-STEM image showing a bent nanowire for EELS analysis. Scale bar, 0.5 μm. d, Bending strain as a function of
position in the bent ZnO nanowire. e, EELS analysis showing the difference in oxygen concentration between outer and inner sides of the bent ZnO nanowire
at different positions. Position 0 was taken from a straight part with zero bending strain. Error bars are from the variation in stoichiometry (∼0.5 at%).
f, Linear relationship between the difference in oxygen concentration (between outer and inner sides) and the total bending strain and anelastic strain.
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Figure 4 | Mechanical behaviour of p-doped Si nanowires under bending and compression. a, Anelastic strain as a function of recovery time for six
different durations of holding time (initial strain 2.4%). b, Force–displacement curve of a p-doped Si nanowire under compression (buckling).

may therefore be referred to as a type of nonlinear Gorsky relaxation.
As discussed in Supplementary Section 5, the Gorsky model is a
special case of our theoretical model when there is only one type of
diffusion species and the applied strain gradient is small.
Anelasticity can lead to energy dissipation (or internal friction),
which is of great technological interest. Figure 2f shows the
hysteretic behaviour of a ZnO nanowire under compression.
Here, the energy dissipation can be characterized by the loss
factor η = ΔW/πWmax , where ΔW is the dissipated energy per
loading–unloading cycle and Wmax is the maximum stored energy
690

per unit volume over the cycle. A high loss factor of ∼0.08 is
calculated from Fig. 2f. High-damping materials typically have
low stiffness (Young’s modulus)27. In load-bearing applications,
however, both high stiffness√and
 high damping are often desired.
A merit index is given by Eη, where E is Young’s modulus28.
The merit index for the ZnO nanowire is remarkably high with a
value of 1.13, giving E = 200 GPa for a diameter of 20 nm
(ref. 19). For the purpose of comparison, among the bulk materials
traditionally used as high-damping materials, Cu–Mn alloys exhibit
the highest merit index of ∼0.5. Recently, nanopillars made of
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Cu–Al–Ni single-crystalline shape memory alloy were reported to
have a merit index of ∼0.9 (ref. 28). Clearly, the ZnO nanowires
exhibit promising potential for mechanical damping and might be
used as an efﬁcient damping material in a broad range
of applications.
To assess whether the observed anelasticity is present in other
single-crystalline nanowires with point defects, we tested p-doped
Si nanowires and observed similar anelastic relaxation. Figure 4a
shows that the relaxation in p-doped Si nanowires is slower than
that in ZnO nanowires for the same holding time, indicating
slower diffusion of boron dopants in the Si nanowires
(Supplementary Movie 2). Figure 4b plots the load–displacement
curve of a Si nanowire under buckling, illustrating a similar
hysteretic behaviour with a loss factor of ∼0.025 and a merit
index of 0.36. Preliminary tests on single-crystalline Ag nanowires
showed anelastic behaviour at sufﬁciently small strains, but, at
higher strains, dislocation activities induced plastic deformation,
resulting in incomplete strain recovery.
In summary, we have reported large anelastic behaviour in
single-crystalline nanowires governed by the stress-gradientinduced migration of point defects. The observed anelasticity was
attributed to a type of nonlinear Gorsky relaxation that involves
the diffusion of two types of point defect under an inhomogeneous
stress ﬁeld. The large anelasticity in ZnO nanowires resulted in high
mechanical damping with a merit index of 1.13. Similar anelastic
behaviour was found in p-doped Si nanowires. This effect is attributed to the high strain applied to the nanowires, while the small diffusion distance, enormous stress gradient and large diffusivity result
in the short relaxation (recovery) timescale. The large diffusivity in
nanowires is due to surface-mediated bulk diffusion and reduced
activation energy under ultrahigh stress. The present study also
suggests a useful experimental approach to study transport and
equilibrium properties of point defects at the nanoscale. Because
point defects have been reported to exist in many nanostructures29,
the reported anelasticity is expected to have broad impacts in nanotechnology. Thanks to the rapid progress in the large-scale synthesis
of nanowires30, we suggest that crystalline nanowires with point
defects could serve as highly efﬁcient damping materials for a
broad range of applications in the aerospace, automotive, energy
and biomedical industries.
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distributions of internal point defects as

Synthesis of ZnO and Si nanowires. ZnO nanowires and Si nanowires were
synthesized on Si/SiO2 substrates using the vapour–liquid–solid (VLS) method, with
Au colloids as catalysts. More details on nanowire synthesis are reported
elsewhere12,19.
In situ SEM testing. A MEMS electrostatic actuator was used to bend an individual
nanowire, which was clamped onto a nanomanipulator tip inside a SEM. The MEMS
actuator, fabricated using a silicon-on-insulator process, was used for the bending
tests18. Electrostatic actuation allowed the target displacement to be controlled
precisely (on the order of 1 nm) and instantaneously (on the order of 1 μs), which is
essential to monitor the relaxation and recovery processes in the present study.
A nanomechanical testing system including a nanomanipulator (actuator) and an
atomic force microscope cantilever (load sensor) was used for the tension and
compression/buckling tests19.
TEM, high-resolution TEM and STEM/EELS experiments. TEM and highresolution TEM observations were performed for the ZnO nanowires on a JEOL
2010F operated at 200 kV. HAADF-STEM imaging and EELS quantitative analysis
were carried out on an aberration-corrected FEI Titan 80–300 S/TEM with a Gatan
EELS spectrometer operated at 200 kV. Details of the EELS analysis are provided in
Supplementary Section 6.
Theoretical model. The nanowire was modelled as a beam with a hexagonal crosssection of diameter 2h. The curvature κ of the nanowire can be related to the

16
κ = κe + √ 4
5 3h

∫∫

D

 1
Ω c y dx dy
3 i i

(1)

i=1,2···n

where subscripts i ≡ 1, 2 · · · n refer to all species of point defects, ci and Ωi
are the concentrations √
and
 partial molar volume of the ith type of point defect,
respectively, κe = (16/5 3h4 ) (Me /E) is the elastic curvature caused by the applied
external moment Me , and E is Young’s modulus. Considering diffusion of multiple
types of internal point defects driven by gradients in their chemical potential, we
derived the following governing equation:

∂ci 1 EΩi ci  1 ∂cj
Ωj
+
∂x 3 RT j=1,2···n 3 ∂x



 1 ∂cj
∂ ∂ci 1 EΩi ci
Ωj
−
κ−
+ Di
∂y ∂y 3 RT
3 ∂x
j=1,2···n

∂ci
∂
= Di
∂x
∂t



(2)

where Di is the diffusion coefﬁcient of the point defects, and R and T are the
universal gas constant and temperature, respectively. More details of the model can
be found in Supplementary Section 4.
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