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ABSTRACT: Ultrathin chemically grown Au nanowires 
undergo irremediable structural modification under external 
stimuli. Thanks to dynamic high-angle annular dark field 
imaging, electron beam induced damaging was followed, 
revealing the formation of linear gold atom chains as long as 
reactive clusters on the side, opening fascinating perspectives 
for both catalysis and electronic transport applications.  

Metallic nanowires represent ideal objects for fundamental 
studies as long as potential applications in sensing,1 catalysis 
and electronic contacts.2,3 Quantized conductance scaling 
with 2e2/h was observed in atomic wires obtained by me-
chanical deformation of point contact,4,5,6 breaking junction,7 
electrochemical approaches.8 Recently, ultrathin gold nan-
owires exhibiting a diameter of 1.7 nm and a micrometric 
length were synthesized by reduction of gold chloride salt in 
presence of oleylamine.9,10,11,12 These highly crystalline wires, 
grown along the <111> direction of the fcc structure, opens 
great perspective for electronic transport studies.13,14 Their 
small diameter leads to quantized phenomena while their 
extreme aspect ratio render physical contact by lithography 
feasible.14,15 However, thin metal nanowires are prone to 
fragment into chain of spheres at high temperature, as de-
scribed by the Plateau-Rayleigh instability.16,17 The critical 
temperature at which this phenomenon occurs is strongly 
dependent on the wire surface energy and thus on the crys-
talline surface exposed and on the ligands adsorbed.18 Other 
perturbation such as electron beam can also induce such 
instability.19 Radiolysis, due to plasmon losses, and knock-on 
damage, resulting from high energy scattering, are the two 
most common types of primary damage that occur in irradi-
ated samples,20 depending on their electronic state.21,22 We 
report here for the first time a dynamic study of the Au wire 
breaking by HAADF-STEM. Sub atomic resolution obtained 
with the aberration corrected microscope combined with the 
high diffusion of Au enabled to follow the trajectory of indi-
vidual atoms, evidencing the formation of atom chains prior 
to the breaking and free clusters aside.  

1.7 nm ultrathin Au nanowires were obtained in liquid 
phase following previously reported synthesis (Figure 1a).23 
Briefly, a 10 mM HAuCl4 solution was reduced by triiso-
propylsilane in presence of oleylamine at 40°C for 1h30. The 
reducing agent and surfactant excess was removed by purifi-
cation prior to the deposition of Au wires on the carbon 
coated Cu grid. Electron-beam shower, during 20-25 min, 
was performed in-situ to prevent contamination during 
STEM experiments. HAADF-STEM study was performed with 
an aberration corrected microscope working at 80 - 300 kV. 
The aberration-free probe is taken to have a 25 mrad con-
verge semi-angle, providing a resolution of ~1.3 Å (80 kV) 
and ~0.8 Å (300 kV). The inner and outer collection angles 
used in recording the HAADF images were 60 and 200 mrad, 
respectively. Low electron doses of 0.0145 e- A-2s-1 (80 kV) and 
1.1 e- Å-2 s-1 (300 kV) were employed.   

 

Figure 1. a) TEM and b) HAADF-STEM images of Au nan-
owires. 



 

The Z-contrast nature of HAADF-STEM imaging makes this 
technique an ideal method for identifying heavy atoms (as 
gold, Z=79) on light supports (carbon, Z=6, in the present 
case) as evidenced in Figure 1b. Surprisingly, at 80 kV and 
under very low dose (0.0145 e- A-2s-1), the degradation of Au 
NWs was extremely fast (Video S1-S2). However, at 300 kV, 
the electron beam damaging could be dynamically followed 
using a 1.6 frame.s-1 scanning (Video S3-S9). It is well estab-
lished that higher accelerating voltage reduces radiolysis 
damage due to lower inelastic scattering probability. Howev-
er, opposite happens for knock-on damage, the threshold for 
gold clusters and particles being above 200 and 400 kV re-
spectively.24,25 As a consequence, though gold is a good con-
ductor, the evolution of these Au NW seems to be governed 
by radiolysis at low voltage. 

 

Figure 2. Snapshots extracted from video S3 of E-beam in-
duced wire breaking which proceeds through the decrease of 
the channel diameter from a) 3 atoms to b) single atom. c) 
resulting 7 nm rods surrounded by Au atoms and dimers. As 
insets, schematic 3D views of a) MATC, b) SATC and c) di-
mer and isolated atoms. Scale bar : 1 nm. White arrows indi-
cate twin planes 

At 300 kV, atomic columns as long as individual atoms on 
the side of the wire could be detected as evidenced in Figure 

1b. The wire breaking occurred through a continual structur-
al reorganization, with multiple twin boundaries, as long as a 
thickening of the initial diameter, leading to rough surfaces, 
as evidenced in Figure 2 and supplementary videos S1.  

Contrarily to the theoretical model of Plateau Rayleigh insta-
bility,26 the breakdown involves first an asymetric modifica-
tion of the apexes. Moreover, prior to disruption, two types 
of chains were observed exhibiting 3-4 atoms (Video S3-S6 
and Figure S1) or single-atom thickness (Video S3, S7-S8, 
Figure 2a-b and S2). The single-atom chains (SAC) results 
from the downsizing of the channel from 3-4 atoms down to 
a single one as evidenced by the successive snapshots in 
Figure 2a-b extracted from video S3. On the contrary, some 
multi-atom chains (MAC) exhibit a different behavior and 
break very suddenly (Figure S3). These two types were previ-
ously reported on gold nanowires obtained by HRTEM irra-
diation of a Au polycrystalline thin film.27 Rodrigues et al. 
invoked the difference of crystalline orientation of the atom 
chains obtained, [110] versus [111] or [100] respectively, to 
explain such discrepancy. Starting from single-crystalline Au 
nanowires grown along <111> direction, we did not expect 
such variety.  

Due to the constant rotation of the wire under the electron 
beam, the atomic positions could not always be resolved. We 
followed two cases of single atom chain (SAC) and multi 
atom chain (MAC) breaking, for which the wire stays in zone 
axis.  In the case of SAC formation (Figure S4), the wire re-
mained highly crystalline along the <111> direction, with a 
continuity of the dense plane across the junction. If twin 
planes are mobile, as previously reported,28,29 the apexes only 
rotates of few degrees (~2°) respectively to each other (Figure 
S4). SAC exhibit an important flexibility as evidenced by the 
drastic modification of its inclination, likely due to the mo-
bility of the anchoring atoms.30 The interatomic distance 
within atom chains was found in the range 0.23 – 0.31 nm, 
with a median at 0.29 ± 0.10 nm, in agreement with the near-
est-neighbor distance in gold (0.29 nm).30 The larger intera-
tomic distance of 0.31 nm, may result from the carbon con-
tamination as previously reported.31 In the case of MAC (Fig-
ure S5), important recrystallization occurred. Contrarily to 
SAC, the dense planes are highly tilted, resulting in apex 
direction rotated of 23° respectively to the <111> direction. 
The position of atoms in the MAC, was analyzed and re-
vealed unambiguously a portion of dense plane (60° angles) 
with slight positional disorder (Figure S5). The interatomic 
distance was found in the range 0.24 – 0.29. Contrarily to the 
previous reports, the observed MAC is only one atom thick 
and do not exhibit helical multi-shell structure.32  

Concomitantly to the chain formation, individual Au atoms 
were steadily ejected and migrate from the shrinking chan-
nel. The trajectory of each atom could be followed, evidenc-
ing the formation of small clusters such as dimers or trimers. 
These clusters were fairly unstable and could dissociate after 
few seconds to yield isolated atoms. Such metallic clusters 
have been reported as highly reactive for catalysis, and in the 
case of gold, towards CO oxidation.33,34 Combined with the 
presence of the highly twinned and rough Au wires,35 en-
hanced catalytic activities are expected.  

Formation of quantized atomic channel along the wire 
length is clearly evidenced during the fragmentation process. 



 

These intermediate states were stable enough to be imaged 
at 300 kV for few seconds. Modification of the wire surface 
energy, through ligands exchange process, could enable to 
further stabilize the single-atom thick chains,8,36 and thus 
open great perspective for the easy-made parallel quantized 
wires. Appearance of small and highly reactive clusters 
strengthens the potentiality of ultrathin Au nanowire for 
catalysis. Though studied under electron beam irradiation, 
similar breaking mechanism, involving channel shrinking 
and ejection of reactive atoms may occur under any external 
stimuli such as current flow or temperature rising, common-
ly used for Rayleigh instability studies. 
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