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Liquid-like pseudoelasticity of sub-10-nm
crystalline silver particles
Jun Sun1†, Longbing He1†, Yu-Chieh Lo2,3,4†, Tao Xu1, Hengchang Bi1, Litao Sun1*, Ze Zhang5*,
Scott X. Mao6 and Ju Li2,3*
In nanotechnology, small-volume metals with large surface
areaareusedaselectrodes, catalysts, interconnectsandanten-
nae1–4. Their shape stability at room temperature has, however,
been questioned. Using in situ high-resolution transmission
electron microscopy, we find that Ag nanoparticles can be
deformed like a liquid droplet but remain highly crystalline
in the interior, with no sign of dislocation activity during
deformation5,6. Surface-di�usion-mediated pseudoelastic de-
formation is evident at room temperature, which can be driven
by either an external force or capillary-energy minimization.
Atomistic simulations confirm that such highly unusual Coble
pseudoelasticity can indeed happen for sub-10-nm Ag par-
ticles at room temperature and at timescales from seconds
to months.

Nanotechnology requires precise shape control of components.
Once a certain shape is made, it is often hoped that it stays
unchanged over a long period of time. Nanoelectronic
devices with 14 nm feature sizes are commercially available
at present, and we may soon enter the sub-10-nm regime. It
is therefore essential to examine the shape change and shape
stability of sub-10-nm material components, especially close to
room temperature.

Although both plastic and pseudoelastic deformations are
used for shaping, and both incur energy dissipation, the essential
difference is that, when unloaded to zero stress, a pseudoelastic
component always recovers to a single ‘rest shape’ regardless of
previous deformation history, whereas a component deformed by
plasticity has no memory of a single rest shape and will stay in the
deformed shape(s) at zero stress (see Supplementary Part 15 for an
illustration of this difference). In this paperwewill showusing in situ
high-resolution transmission electron microscopy that sub-10-nm
single crystals ofAgdeformpseudoelastically, rather thanplastically,
at room temperature. This victory of pseudoelasticity over plasticity
at the small extremes of size-dependent mechanical behaviour of
metals5–9 can have three profound practical consequences: there
is no longer ‘plastic freedom’ at the small extremes—that is, the
availability of a large number of arbitrary, stress-free shapes; one
can still gain access to an infinite number of shapes, but different
finite loads must be imposed via external constraints, similar to
inflating a rubbery balloon; omni-directional, reconfigurable
and damage-tolerant contact is suddenly possible at this
extreme scale.

Liquid-like deformation of silver nanocrystals
Figure 1 shows a typical cycle of compression and stretching of a
silver (Ag) nanocrystal (NC) with a base diameter of 9.8 nm and
partially bonded on the surface of a W tip. The NC height is 4.6 nm
and the shape is stable under electron-beam irradiation during
normal imaging (the beam intensity of 3.8 A cm−2 is much weaker
than in normal practice)10,11 (Methods and Supplementary Part 1).
This shape probably possesses the minimum free energy. The facet
shown in Fig. 1a corresponds to the (111) crystal plane of Ag
(Supplementary Part 2). As the NC-decoratedW tip approaches the
crystalline ZrO2 above (Fig. 1b), the top of the Ag NC snaps slightly
onto the ZrO2 surface, as a result of van der Waals attraction12.
The upper part of the Ag NC is then deformed, as can be seen
in Fig. 1c. As the W tip further approaches the ZrO2, compressive
stress is spread onto the entire Ag NC. In Fig. 1d–f, the Ag
NC undergoes drastic deformation, resulting eventually in a flat
pancake-like shape. During the process, the outer morphology of
the Ag NC changes similarly to a liquid drop (Supplementary
Movies 1–3). However, high-resolution images taken during the
process prove that the deforming Ag nanoparticle remains single
crystalline (Fig. 1k,l) inside. When the W tip is detached from
the ZrO2 (Fig. 1f–i), the Ag NC surprisingly starts to recover its
original shape and the base diameter decreases from 14.3 to 9.5 nm
in the first stage, and then to 9.2 nm. The height of the Ag NC
recovered quickly and a thin sharp Ag tip meniscus (Fig. 1i) is
formed. When the tip is finally detached, the shape of the Ag
NC changes rapidly from an elongated spire to a stable geometry
with facets similar to its initial ones (Fig. 1j). Such a reversible
change in shape (except for missing atoms induced by effects such
as tip scratching and electron bombardment, which break the ideal
behaviour) is infinitely repeatable (Fig. 1m,n and Supplementary
Movies 1 and 2) just like the deformation of a water droplet, also for
lateral squeezing (Supplementary Part 16) and for smaller Ag NCs
(Supplementary Movie 4). Thus, the videotaped deformations are
pseudoelastic rather than plastic; the memory of a single rest shape
can be explained by capillary-energyminimization—that is, the rest
shape is the result of the balance between Ag surface energy and
Ag–W interfacial energy.

Surface-di�usion-dominated Coble pseudoelasticity
Next we demonstrate that the atomic mechanism behind the
shape evolution is surface diffusion. There is prior evidence in the
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Figure 1 | Reversible pseudoelastic deformation of the Ag NC. a, Initial geometry of the Ag NC. The diameter of the base is 9.8 nm and the height is
4.6 nm. b–i, Dynamic shape evolution of the Ag NC during compression and stretching. The base part retained its size in the first stages of compression,
and later turned to a pancake-like structure. During stretching, the base almost recovered its initial size, with a slight decrease from 9.8 nm to 9.2 nm.
j, Final geometry of the Ag NC. k,l, A snapshot of the Ag NC during deformation. The lattice fringes indicate that the NC is crystalline. The crystal
orientation is maintained during deformation (blue arrows). The orange arrows indicate the movement direction of the W tip. m,n, Repetitive compression
of the Ag NC to the same (m) and di�erent (n) heights for eight cycles. The NC height in each cycle was measured during (blue columns) and after (red
columns) compression. All scale bars, 5 nm.

literature5,6 of the dislocation-free diffusional deformation of gold.
Here, the imposed stress could be relieved by atom plating/ablation
from Ag surfaces to Ag–W or Ag–ZrO2 interfaces, as in diffusive
Coble creep13, rather than by displacive dislocation slip, which is
normally expected at room temperature14. This is evidenced by the
direct high-resolution observation of another Ag NC. As shown in
Fig. 2, a triangularly shaped Ag NC is compressed gently. Initially,
the Ag NC presents a nearly stable geometry during imaging, apart
from some flickering sites on the surface steps (Supplementary
Movie 5), indicating that the atoms on those sites must be more
active diffusively. When the W tip reaches the Ag NC, a fresh
atomic layer is instantly formed, as marked by the black arrow
in Fig. 2b. The new atomic layer grows along the surface when
more compression is applied by the W tip (Fig. 2c,d), which
clearly cannot be induced by a dislocation slip that would have
caused a Burgers-vector-oriented surface step. When the W tip
moves further, the whole Ag NC deforms, exhibiting a liquid-like
change in morphology (Supplementary Movie 6), with continuous
rather than discrete changes of morphology14. Simulation of this
compression process (Fig. 2e) shows that the diffusion of atoms
on free surfaces quickly reconstructs the geometry of the Ag NC,
although the electron beam may accelerate this process slightly15.
We define such deformation behaviour as ‘Coble pseudoelasticity’,
meaning a liquid-like recoverable shape change while the atomic
structure inside remains single crystalline. Coble pseudoelasticity
has a similar physical origin to Coble creep, which can contribute
to the room-temperature plasticity of nanocrystalline metals16.
However, creep strain is expected to be fully plastic, whereas
pseudoelastic strain is expected to be fully recoverable as the
applied load returns to zero. Coble pseudoelasticity also differs from
conventional pseudoelasticity in that it is not driven by martensitic
transformations, but by surface diffusion.

We want to demonstrate that capillary energy plays a critical
role in the memory and recall of the single rest shape in Coble
pseudoelasticity. Thermodynamically, the surface energy is always
there, as used in the Wulff construction (now also balanced by
the interfacial energy). But to show that, kinetically, the surface
energy is sufficient to drive the shape change of a sub-10-nm Ag
NC at room temperature and timescales of seconds to months,
a thin Ag nanowire is stretched to failure, forming a so-called
mechanical break junction17 such as that frequently used in
molecular-electronics devices. We then observe the subsequent
shape recovery at room temperature. As shown in Fig. 3, the
diameter of the broken Ag tip is just a few nanometres. The initial
size of the monitored area, as marked by the black stripes, is 10 nm
in Fig. 3a. Immediately after the wire is fractured and the break
junction forms, it shrinks rapidly in the first few seconds, as shown
in Fig. 3a–d. The structure of the base part of the Ag tip remains
unchanged, and dislocation activity is not observed5,6. However, the
free surfaces on the upper part of the Ag tip undergo a continuous
(not discrete) shape change, without any external stress, revealing
significant capillary action at room temperature. The recession rate
of the Ag tip is estimated to be ∼1 nm s−1 initially (Fig. 3a–c) and
then decreases markedly (Supplementary Movie 7), agreeing with
the theoretical prediction that the shrinking rate should scale as
ḣ∝R−n, where R is the radius of curvature and n is a large exponent.
According to classical curvature-driven surface diffusion theory,
n= 3 (Supplementary Part 10). But kinetic Monte Carlo (kMC)
simulations have revealed n to be as large as 15 at temperatures
below the surface roughening transition18, owing to facet nucleation
controlled kinetics18,19 not accounted for by continuous-curvature-
driven surface-diffusion theory. Also, one can show that, when
deforming under external mechanical stress σ , for fixed strain rate
ε̇ and temperature, the behaviour is σ ∝Rn, so ‘smaller is very much
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Figure 2 | Atomic layer growth during compression. a, Flickering atoms on free surface of the Ag NC (black arrowheads). See also Supplementary Movie 5.
b, Initial geometry of a nanometre-sized Ag NC. c,d, Growth of a fresh atomic layer after gently applying a compressive load. See also Supplementary
Movie 6. e, Simulated compression process of a Ag NC. The orange arrows indicate the movement direction of the tip. All scale bars, 5 nm.

weaker’ in the Coble deformation regime. The crossover from the
Hall–Petch-like ‘smaller is stronger’ trend σ ∝ R−α (α is usually
between 0.5 and 1) when displacive plasticity is active to the ‘smaller
is very much weaker’ diffusive Coble deformation regime σ ∝Rn

should be sharp and sudden as R is reduced, owing to the large
positive exponent n. Put simply, we expect the strength to drop
precipitously with reducing size in the very small extremes.

Coble pseudoelasticity confirmed by atomistic calculations
Inevitably, the imaging electron beam has some effects on
the sample20. Although we do not expect it to alter the
rest shape, electron-beam activation may accelerate surface
diffusion (Supplementary Part 14). To ascertain whether Coble
pseudoelasticity requires an electron beam to be feasible at
room temperature, we perform atomistic calculations to
simulate the shape relaxation of a Ag NC break junction
(Supplementary Movies 8–10). Because of the limited accessible

timescale of MD simulations, one strategy is to perform MD at
higher temperatures, and then appropriately extrapolate to room
temperature. The shape changes of MD simulations at 800K
for tMD

800K = 0.1 µs are found to be similar in magnitude and form
(Fig. 3e–g) to the TEM observations. Detailed analysis of the
atomic trajectories in the 800K MD simulations (Supplementary
Movie 8) show that: the shape evolution was dominated by single
adatom movements, rather than chain or island processes; the
shape change was indeed accomplished by atom ablation of
the surface layers with greater curvature and by growth of the
surface layers with smaller curvature, while atoms two monolayers
below the surface always remained highly crystalline; the shape
change is rate-controlled by atomic processes on non-(111)
facets of the NC, as processes on (111) facets occurred much
faster. These findings corroborate a database of activation-
energy barriers (summarized in Supplementary Table 1) for FCC
metal surface diffusion21,22. The ranking of the activation energy
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Figure 3 | Surface-energy-driven shape change. a, Initial geometry of the Ag tip after fracture. b–d, Shrinkage process of the Ag tip towards the base part
after fracture. e–g, MD simulations showing that the shrinkage process of the Ag nanoparticle tip is consistent with the experiments in a–c. h, When the
radius of curvature of the particle increased, the shrinkage process became slower. All scale bars, 5 nm.

a b c d

Figure 4 | Simulated shape evolution of Ag NCs by surface di�usion. a, Island di�usion (red circle) was observed only on (111) surfaces. b,c, The potholed
surfaces were smoothed through a series of adatom migration and local reconstruction (yellow circles) on (001) facets. d, After a long time (0.1 µs), the
sharp tip became blunter and the evolution slowed. 0.1 µs in the MD model at 800 K was long enough to mimic the shape change caused by Coble creep on
the Ag NC at room temperature. The colour gradient represents the di�erence in potential energy per atom; dark blue represents lower energy and light
blue represents higher energy.

barriers of single adatom hopping on different surface facets is:
(110)out-channel>(001)> (110)in-channel>(111). Atom-chain diffusion
was also observed on (111) surfaces (Fig. 4a) and dispersed at
the edges with other planes: chain processes were not found on
the other facets21. The barriers against ascending adatoms are
higher than those against descending adatoms, and the barriers for
adatoms leaving a corner are higher than for those approaching
a corner22—thus, high-curvature regions tend to be flattened,
a manifestation of the Gibbs–Thomson effect on the chemical
potential, which drives the pseudoelasticity. When adatoms arrived
at uneven surfaces, they reordered the defective surface by a
series of hopping, exchange or pyramid-collapse atomic events, as
shown in Supplementary Movie 8 and Fig. 4d. The ‘pothole-free’
new surface then lowers the barriers for subsequent diffusing
atoms23–26 (Fig. 4b,c).

MD simulations also showed that the Ag NC surface mostly
consisted of (111) and (001) facets, as well as defective sites
near corners or terraces. Many adatoms and small clusters were
found on the surface of those facets at the particle tip (Fig. 4).
The crystallographic planes on the tip of 10 nm Ag nanoparticles

coincide with the Wulff construction for Ag/Au (refs 27,28). We
quantitatively estimated the timescale for room-temperature Coble
pseudoelasticity, τ , by applying two newly developed accelerated
MD simulation schemes29,30 on (001) surface diffusion, which
should be rate-controlling in the shape evolution. The distribution
of average transition times at different temperatures shows a
straight-line behaviour in the Arrhenius plot (Fig. 5). The timescale
of diffusion events between 300 and 800K shows only a small
difference on (111), but varies by 5∼6 decades for adatom diffusion
on the (001) surface, owing to the larger activation energy. The
enthalpy of a 10 nm Ag particle presents a linear relationship
between 300K and 800K (Supplementary Fig. 4), which suggests
no phase transformation in this temperature range. Therefore, most
diffusion processes occurring at 800K may be extrapolated to
300K directly in the Arrhenius fashion. According to the data in
Supplemetary Table II, we extrapolated the timescale of the shape
change at 300K by tMD

800K (MD simulation time at 800K) ×105∼6
(difference of timescale). Thus, we conclude that the shape evolution
or shape relaxation timescale at room temperature should be
τ=0.01∼0.1 s for the simulated geometry.

4 NATURE MATERIALS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturematerials
© 2014 Macmillan Publishers Limited. All rights reserved. 

 

http://www.nature.com/doifinder/10.1038/nmat4105
www.nature.com/naturematerials


NATUREMATERIALS DOI: 10.1038/NMAT4105 LETTERS

10 20 30 40
1/kBT (eV−1)

0

2

4

6

8

10
Lo

g 10
 (p

s)

(111) normal MD
(001) bond-boost MD
(001) strain-boost MD

Figure 5 | Arrhenius plots of the transition time for di�usion events on the
(001)/(111) surfaces of Ag NCs. Arrhenius plots of the transition time
presented as a function of temperature for adatom-di�usion events on
(001) and (111) surfaces. We used this Arrhenius relationship to extrapolate
the timescale for the Ag-tip shrinkage process at room temperature.

Coble pseudoelasticity (rather than plasticity) is defined by a
shape-relaxation time τ falling below anthropological observation
timescales. Our MD and accelerated MD simulations indicate that,
even in the absence of an electron beam, Coble pseudoelasticity
should occur for sub-10-nm Ag crystals at room temperature. This
is corroborated by the following. kMC simulations performed on
a generic FCC noble metal showed that τ ∼100 s for a 1,728-atom
nanocrystal18 at T =300K (the parameters of the kMC simulation
are not specifically for Ag). In a separate experiment, a nanogap
was created between two∼20 nmAu tips, then left for four months,
after which it was found that ‘The nanogap has clearly expanded,
and the locations of greatest curvature have been smoothed out’31.
Given Tmelt (Au) = 1,337K > Tmelt (Ag) = 1,235K, sub-10-nm Ag
tips should have τ much smaller than 20 nm Au tips. Based on
power laws18 and experimental data31, one can then estimate an
upper-bound of τ <100 s for sub-10-nm Ag tips, corroborating the
basic conclusion of our simulations that τ falls near the convenient
timeframe of seconds without electron-beam effects. Thus, surface
diffusion indeed severely threatens the shape stability of sub-10-nm
scale metallic interconnects at room temperature, even for metals
with relatively high melting points such as Ag.

Conclusion
Wewant to emphasize that although the deformation behaviours are
pseudoelastic and ‘liquid-like’, the nanoparticles have not melted,
as the Ag NC remains highly crystalline, and both calculations
and previous experimental work5,6,32–36 have shown that the melting
points of Ag, Au, Al, Cu and other metals at a size scale of 5 nm are
still very much above room temperature. Thus, the phenomenon we
observe is new and distinct from the well-known size-dependent
melting point suppression effect32. What we see is deformation
kinetics, not thermodynamic behaviour of the nanoparticles, and
one can see this effect only when one tries to manipulate and follow
the nanoparticles in situ (Supplementary Part 13).

In summary, the shape change of sub-10-nm Ag nanoparticles
at room temperature is found to be dominated by surface
diffusion, making them deform like liquid drops but with a highly
crystalline core, which is fundamentally different from displacive
shear plasticity by dislocations14, and rather unexpected at such
a low homologous temperature (T/TM = 0.24). The triumph of

pseudoelasticity over plasticity at the small extremes of size-
dependent mechanical behaviour of metals can have profound
practical consequences on the precise shaping and life estimation of
nanometre-scale metallic contacts. It may also open a new avenue
for shape-controlling nanodevices with finite forces; for example,
the production of omni-directional, reconfigurable and damage-
tolerant electrical contacts at room temperature, operated using
relatively low forces.

Methods
Fabrication and characterization of Ag NCs. The Ag NCs were formed in situ
on a ZrO2 surface by electrically processing a microdevice with a
TEM-scanning-tunnelling-microscope W probe (see Supplementary Fig. 1). The
device had a sandwich-like micro-structure (ZrO2–Ag–ZrO2) and was prepared
by gas-phase deposition. The structural evolution was characterized by TECNAI
20 TEM and aberration-corrected TEM (Titan 80–300) with video recorded at 10
frames s−1. Compression and stretching cycles of the Ag NCs were conducted at a
speed of approximately 0.1 nm s−1. During forcible squeezing, the movement
speed was approximately 1 nm s−1.

MD and accelerated MD simulations. MD simulations were performed using
the LAMMPS program37. The embedded-atom method (EAM) potential38 was
applied to describe the interactions between Ag atoms. A flat (111) plane
indenter was used to compress and stretch the Ag particles. The interaction force
between the indenter and particles was a Lennard-Jones potential with
ε=0.18 eV and σ =3.49A. After stretching, the sharp-tipped Ag particle was
relaxed at 300, 800, 900, and 1,000K, respectively, for 0.1 µs to observe the shape
evolution. In the accelerated MD simulations, a six-layer slab with 72 atoms in
each layer was established, and an adatom was put on the top of (001) surface.
The two bottom layers were fixed and the others were mobile. Only the atoms in
top two layers (including the adatom) were tagged for boosting by the
strain-boost29 and bond-boost30 methods. The Nose–Hoover NVT ensemble was
applied to both MD and accelerated MD. The transition time obtained from
accelerated MD at each temperature was the average of ten samplings, which
include hopping, exchanging and multiple exchanging events. The parameters of
accelerated MD are 0.4 eV for the boost potential and 0.3 for the boost
threshold29. Both values are chosen very conservatively after many tests.
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