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Real-time imaging of atomistic process in one-atom-thick metal junctions
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We present arn situ and time resolved high-resolution transmission electron microscopy study of the
atomistic process during the last elongation stages of gold nanojunctions. In particular, we concentrate on
suspended chains of atoms, which have shown to be remarkably stable, although they present rather long bonds
(3.0—3.6 A. One-atom-thick junctions are robust, but their attachment points move rather easily on the metal
surface, allowing the accommodation of apex movements or rotations.
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The understanding of the mechanical properties of nanoments of a strand formed by single atoms, which represents a
metric junctions has enormous interest in many different sciquite stringent observation from the point of view of electron
entific and technological domains such as nanoelectronicghicroscopy methods. We anticipate that these results will be
wear, adhesion, friction, efcRecently, the quantized electri- Very important in understanding the atomistic mechanism in-
cal conductance properties of nanowfras sparked an in- volved in the elongation and rupture of atom size junctions,

tense research activity on the elongation of metallic contact&"® ?I?.O to (;I]evgalolp novel the(_)retlcalhdegcrlptloqﬁ ck:)a[t)table of
because the stretching and further rupture of nanojunction 'u”r]:ca INg physical microscopic mechanisms with better ac-
(NJ9 represents the basic experiment to generate atom size Go)I/o.I NJ's were generated situin a HRTEM (JEM 3010
conduciors. _ _ . UHR 300 kV LaB gun, 0.17 nm resolution, LME/LNLS
The NJ elongation shows alternating stages of elastic décampinas, Brazjifollowing the procedure proposed by the
formation and yieldind;® and in order to understand the \york of Takayanagi's groui” Neighboring holes are per-

structural evolution, it is necessary to analyze the underlyingorated in a polycrystalline gold thin film using a focused
mechanisms and their kinetics. Most of the available infor-gjectron beanfcurrent density 100 A/cAy, further irradia-
mation on this topic has been obtained from large scale Majon induces the diameter of the holes to grow until a nano-
lecular dynamics simulatioris;’~**which have the advan- metric bridge is formed. At this point, the electron-beam
tage of being able to look at the atomic positions and seeurrent density is reduced to more usual val(xe80 A/cnt)
how they change in situations that may be extremely difficulfor image recording. The generated metal necks showed a
to obtain experimentally. However, any atomistic simulationtendency to elongate, become thinner, and finally br&ak
is actually a function of the atomic interactiqior inter-  process usually took 5-30 minThis stretching process is
atomic potentigl and the accuracy of the predictions is often attributed to a general deformation of the whole thin film that
tricky to estimate because of the difficulty of performing a generates clearly noticeable relative displacement of the NJ
comparison with experimental data. apexes® The sample temperature during observations could
Because experimental information on NJ structure evolunot be monitored, but it can be roughly estimated to be
tion is rather limited-*~'°> dynamic experiments involving around room temperatuté. HRTEM micrographs were ac-
the real-time observation of a microscopic process attraauired using a digital camergGatan MSC794, acquisition
enormous interest, and are fundamental to developing a netime ~1 s) and real-time evolution was recorded using a
understanding of the physical phenomena. In this sensdigh sensitivity TV cameraGatan 622SC, 30 frame/asso-
high-resolution transmission electron microscgp\RTEM) ciated with a conventional video recorder. The subsequent
is a very powerful technique because it allows the combinadigitization of the video tape limited the time resolution to
tion of atomic resolution with real-time image acquisition ~0.085 s per frame. Most of the images shown in this work
[time resolution is usually limited to televisiofTV) rate  have been obtained by adding 5-6 digitized frames to im-
1/30 9. Using a TEM sample holder including a simplified prove the signal-to-noise ratio. It must be emphasized that
scanning tunnel microscop€STM), Ohnishi et al!® have the intense electron irradiation, necessary to make holes in
provided direct evidence of the generation of linear goldthe film, is also helpful to get clean gold nanostructures,
atom chains(ATC) for NJ under tensile stred41® These because it transforms amorphous-C contaminatigh
authors also generated ATC by elongating nanobridges gempresent into spherical multishell fullerenes
erated from a continuous gold filkd,and were able to mea- (bucky-onion.'°
sure unexpected interatomic bond lengths as long as 3.6 Figure 1 shows some snapshots of a whole NJ rupture
A 1516 process; the first shows an elongated rodlike morphology and
In this paper, we present a time-resolved HRTEM studysome (200 gold planes @,o;=2.05A) can be seen on the
of the elongation of gold NJs, in particular, we analyze bothlower apex. Some instants later, a one-atom-thick junction is
the atomic structure and also the dynamic processes involvegeneratedFig. 1(b) ATC length ~10 A] where the atomic
in the formation and evolution of one-atom-thick junctions. positions (black dot$ can be easily identifiedinteratomic
We must keep in mind that we will be imaging the move- distance 3.2:0.2 A); note the important clockwise rotation
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FIG. 2. Sequence of images showing the movements of a gold
atomic chain subjected to a slow mechanical stretchiad s, (b)
10 s,(c) 64 s,(d) 66 s,(e) 75 s, and(f) 85 s, respectively. Atomic
positions appear as dark lines or dots. Note that this ATC display a
remarkable long lifetimg> 1 min) and moves on the apex sur-

faces.
), — <+ ficulty is the fact that these structures are rather motate
P 4 least for the time resolution in our experimenthe sticking
2.8 <-— 3.3 position on the apex surface changes frequently during elon-
3.7 gation. This behavior is displayed in Fig. 2, where we show
3.2 . the atom chain elongation dynamics, and in particular, its
M <— 3.1 movements(the chain is indicated by white arrows on the
apexes. Initially, the junction has a biconical shape, and the
e "@m 2.8 minimal constriction is about 10 A in diametg¥ig. 2@)]. In

Fig. 2(b), the constriction is formed by a single gold atom
FIG. 1. Time sequence of atomic resolution images of the for-hanglng between the apexes; the suspended atom is located

mation, elongation and fracture of a suspended chain of gold atomgqu'd'Stant from t_he tipg.e., bond I_e_ngth of 3.1 02 A). I_n
(@ 0 s; (b) 0.64 s;(c) 1.12 s; and(d) 3.72 s. Atomic positions 19 Z¢), the chain shows an additional elongatiantertip
appear as dark lines or dots. A schematic representation of the chafiParation is 9:80.2A) but unfortunately the atomic posi-
structure is shown irfe) (distances are marked in A and the error tions cannot be resolved; the lower apex is sliding towards
bar is 0.1 A; the letters A and B indicate the apex position(@.  the right and the chain shows anl18° inclination angle.
Note that the chain is attached to the tips through a two atom strucSome instants lateFig. 2(d)], the lower ATC attachment
ture. The double arrows if@) and(b) have been drawn to indicate point has glided towards the left along the lower apekl]
the movementrotation of the lower apex. facet and recovered the vertical orientation. At this moment,
the junction is slightly longer (9:60.2 A) and the ATC is
(~8°) of the lower apex atomic planémarked with double formed by three atoms separated by 8®2 A. Subse-
arrows in Fig. 1. The apex rotation indicates that although quently, the chain stretches to attain 122 A, apparently
the atom chain is strong enough to hold the junction togetheihy the inclusion of an additional atom, but atomic positions
it absorbs bending efforts and allows apex movements. Theannot be resolvefFig. 2(e)]. On the left facet of the upper
apexes display sharp tips to which the chain seems to bapex, an atomic terrace is indicated by a black arrow in Fig.
strongly bound. An additionat9 A junction elongation in-  2(e), later, the upper ATC sticking point moves to this
duces the incorporation of more atoms into the chain thaatomic step[Fig. 2(f)]. The apex separation has become
becomes formed by three suspended atoms that are fixed 13.6-0.2 A and, the lower ATC extreme has become fixed
the apex tips through two atom connectigf$g. 1(c)]. We  to the sharp tip of a well-defined pyramidal apex. Finally, the
must note that the atom separation in the chain is bigger thachain breaks apartnot shown. The preceding image se-
that in the sticking sitegsee schematic drawing in Fig(€l]. quence shows both the chain elongation and also how the
Finally, the atomic chain breaks, and the apexes separate lapex movements are easily accommodated by a flexible
an additional~5 A. The apex rotation and the increase of chain attachment to the surface and through the chain diffu-
their separation during the rupture process confirm that theion on the apex surface. We must remark that the chain is
structural evolution can be mainly attributed to strain. strongly bound to the tips, inducing the formation of well-
In many atom chain images the atomic positions cannofaceted sharp pyramidsee Fig. 2e)] but the ATC extreme
always be resolved, the main factor responsible for this difseems to move rather easily on the metal surface. This be-
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Intensity

FIG. 4. Time sequence of the elongation of an ATC formed by
two atoms(atomic positions appear as dark dots) 0 s;(b) 3.2 s.
At the right, we show the intensity profiles along the ATQ@nand
(b) (profiles directions indicated with arroyysbond lengths be-
tween the suspended atoifistensity minima are indicated in A.

FIG. 3. HRTEM image of an atom chain formed by three gold hounced for gold and they induce that the surface and vol-
atoms(upper pait Atomic positions appear as dark dots. A sche-ume atoms can easily reorganize and minimize the total en-
matic representation is shown at the lower pétistances are ergy of a nanostructure. These facts explain the reported
marked in A. Note that the distances between the apexes and thapex morphology and nanowire structutesut the long in-
suspended atoms are shorter than inside the chain. teratomic bond length&>3 A) in gold ATC cannot be easily

understood. Actually, these long bonds represent a challenge
havior is analogous to gold atoms, for example, on compadior theoretical calculations performed using different
surfaces, which show a rather low diffusion barrier0.1  approache&>??~2*which predict that stable ATCs can only
eV)?° when compared to the cohesion energy for bulk atomse obtained with shorter interatomic distan¢@st—2.9 A.
(~3.8 e\) or surfaces atomé~1 eV).b Also, a dimerization of the chain atoms has been sugg@sted

Images presented in Figs. 1 and 2 were obtained by digiin contrast with the experimentally observed bond-length
tizing video recordings; but sometimes ATCs stayed statidistribution (Fig. 3). From a rather different perspective, a
on a fixed position for many seconds, allowing the acquisitotating zizzag ATC geometry has recently been proposed to
tion of high quality micrographs as shown in Fig. 3. We canexplain the long bond lengths observed in HRTEM imafes.
note that the inter-atomic distance is not regular along thédowever, our results do not support this model, because the
structure: the central atom is approximately equidistant fronrotation of a high atomic number atom, such as gold, would
the other two(3.4 and 3.6:0.1 A, while the tip-suspended generate ghost dots, which would be easily detected consid-
atom distances are smaller (2:8.1A). This bond-length ering the signal-to-noise ratio of our HRTEM images.
distribution is the usual pattern in our observatigsse also Regardless of the bond length, the strength of the atom
Figs. Xc), 2(d), and 4b)]. Additional important insights can size junction has been measured to be 10-20 times higher
be obtained by looking carefully at the evolution of ATC than macroscopic gofd® and this effect has been associated
bond lengths under a tensile deformation. Figure 4 shows theith the difficult generation of extended defects in these
effect of an interapex distance incredsel.5 A) on an ATC  small structure€® From the point of view of cohesion, sev-
formed by two atoms. The significant elongation of the bonderal calculations indicate that quantization of transverse elec-
between the suspended atoffrem 2.8 to 3.5-0.2A) indi-  tron motion induces the generation of subbafatsconduc-
cates that this region absorbs most of the linear deformatiortion channelsthat act as delocalized chemical borAdté’ In
while the sticking ATC bonds stay shorter. fact, the contribution of these electronic states to the binding

At this point, it is worthwhile to discuss the bonding of energy’ accounts for almost the total force fluctuation mea-
gold atoms in an ATC structure, which represents a subjeciured experimentally in atomic size N3 Surprisingly, a
still not fully resolved. For example, although the nearestsimilar conclusion was obtained for the proposed zigzag
neighbor distance in macroscopic gold~£.88 A, our re-  atomic wire, where the structure stabilization was attributed
sults, as well as prior experimenfst® point to rather long to delocalized electrons instead of chemical-bond
interatomic distance$3.4—3.6 A. Although these bonds directionality??
may seem to be rather long, the structure may last many In view of these facts, the remarkable stability of ATC
seconds, even in the harsh environment of a TEM. in the HRTEM must be carefully analyzed from other

Metallic bonding is generated by electron delocalization,points of view, as for example, possible charging effects
and it is mostly non-directional; this allows metal atoms todue to the interaction with the electron be&tThe existence
slide past each other more easily than in directional bondingf gold ATCs was revealed using a ultrahigh vacuum
types(such as covalent These effects are particularly pro- (~101° Torr) TEM equipped with a field-emission gun
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where the electron current was0.05 A/cnt.’® Two differ-  experiments(~nm/9.2%7?° The evolution of atom chains
entin situ HRTEM methods were used for the junction gen- displayed in this study was obtained with an average elonga-
eration by Ohnishit al,' the first one produced a NJ be- tion speed of0.1 nm/s, actually very close to the NJ force
tween a fixed electrode and a mobile STM tip, but theor conductance experiments, confirming the importance of
imaging of individual atoms composing the ATC was notreal-time HRTEM experiments to study microscopic mecha-
possible. In contrast, the second approach, also used in thigsms in NJs.

work, has allowed the measurement of the long interatomic |, summary, we have been able to experimentally observe
bond lengths, because NJs formamonol!thlc structure_wherﬁz]e atomistic process involved during the last elongation
apexes and the NJs were part of a continuous gold film. Iiitens of gold NJs and get direct real-space information on
addition, this structure guarantees the perfect grounding of¢omic positions, bond lengths, and also how they change
both apexedNJ lead$ considering that the electron beam qy,ring a rupture process. The suspended ATCs are remark-
homogeneously illuminated the whole area of interest. Iy stable and display extremely long interatomic distances
must be emphasized that our measurements were perform@_o_3_6 A, in agreement with a previous repdftOne-
using different experimental conditions, where the vacuulysom_thick NJs are robust, but their attachment points on a
quality is lower (~10" " Torr) and the current was about Six meta| surface are capable of moving rather easily. These are
hundred times higher. However, the results are indeed quitgngamental inputs for testing new theoretical to@isch as
similar, both concerning the interatomic distances and thetentials to be used in numerical simulations of atomistic
most frequently observed ATC lengtt®-4 atoms demon-  yrocesses in materials. The mobility of the ATC fixing points
strating the validity of the derived ATC structural param- may have important effects, for example, it may change the

eters. _ _ __ atomic wire-apex electronic coupliffjand generate small
We must remark that most of the information of atomistic,,yiations (substructures in the quantum conductance

process in a mechanically deformed NJ has been previoushésponséga

obtained by means of molecular dynamics simulations where

the typical elongation spedd few meters/s>’~13 is several We thank the LNLS, CNPgq, and FAPE$®@ontract Nos.
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