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Dynamic Observation of an Atom-Sized Gold Wire by Phase Electron Microscopy
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A single-atom-sized gold wire was successfully observed in real time by a newly developed defocus-
image modulation processing electron microscope. Because of phase retrieval processing with spherical
aberration correction, the single-atom strand wire was observed with high contrast and without contrast
blurring. By carefully looking at the atomic distance, the contrast, and the dynamic behavior of the wire,
we recognized that there are two stages of the wire. In the first stage the wire maintained the atomic
distance in the bulk crystal, but in the second stage the wire showed the atomic distance of the nearest-
neighbor atoms with weaker contrast. The gold wire was rather stable for a few seconds under strong
electron beam illumination.
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Atom-sized wires have recently received a great deal
of attention as an ideal one-dimensional material having
quantized conductance in steps of 2e2�h, where e is the
electron charge and h is Planck’s constant. In terms of
theoretical physics and electronic applications using quan-
tum effects, it is very important to examine the detailed
relationship between an electronic property and its atomic
structure. Ohnishi et al. [1] attempted to confirm such a
relationship on an atomic scale by constructing a scan-
ning tunneling microscope (STM) in an ultrahigh vacuum
transmission electron microscope (TEM). In their experi-
ments, they made an atom-sized gold wire by drawing a
gold STM tip from a gold substrate, then confirmed quan-
tized conductance in steps of 2e2�h while using the TEM
to observe the wire on an atomic scale. In the TEM im-
age, they found an unusually long atomic spacing of about
0.4 nm in the atom-sized gold wire that is elongated along
the [001] direction. The electronic property of a gold wire
with an abnormal atomic spacing is very interesting in
terms of quantum electronics. Although many researchers
have been trying to explain this abnormal atomic spacing
using approaches based on computational physics, none
have succeeded. In their images, extra interference fringes,
caused by the influence of the lack of focus and the remain-
ing spherical aberration, appear outside the crystal region.
Such fringes prevent the precise observation of the atomic
structure of the wire.

Because spherical aberration-free phase imaging has a
high potential for providing direct determination of local-
ized atomic structures, many methods have been proposed
thus far by hardware and software techniques [2–5]. As
one of the most promising approaches, we propose the use
of defocus-image modulation processing (DIMP) [6–9].
In this process, integration of defocus images multiplied
by specific weights is performed to produce a spherical
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aberration-free phase image, as is described in detail
elsewhere [10]. To develop this real-time processing,
a research project called the “Development of a Next-
Generation Super Electron Microscope” was started in
1996 under the support of the Japan Society for Promotion
of Science (JSPS). In our most recent papers [11–13], we
reported that a real-time defocus-image modulation pro-
cessing electron microscope (DIMP-EM) was successfully
developed as one of the next-generation electron micro-
scopes, using a 200 kV field emission TEM (HF-2000F)
as a platform apparatus. This microscope enabled the ob-
servation of spherical aberration-free phase images with a
time resolution of 4�30ths of a second. In the real-time
DIMP-EM, focus is controlled by modulating the acceler-
ating voltage using a custom-designed, floating-type, high-
voltage generation system to achieve rapid and precise
control of focusing. The integration of weighted images,
which is an indispensable procedure for DIMP operation,
is performed in an image recording camera by controlling
the focus every 8 ms within the period of a single video
frame (1�30th of a second) [12]. Because both spherical
aberration correction and phase retrieval processing occur
simultaneously, superhigh-resolution phase electron mi-
croscopy is achieved. As an application of the real-time
DIMP-EM, the movement of surface atoms on a recon-
structed Au (011) surface was reported in a previous paper
[13]. In the present paper, the real-time DIMP-EM is fur-
ther applied to the observation of an atom-sized gold wire.

Figure 1 is a series of images of a gold wire observed by
the real-time DIMP-EM. These images were reproduced
from video images that are processed at a time resolution
of 4�30ths of a second. In a conventional high-resolution
TEM image of such a crystal edge area, some extra lattice
fringes usually appear outside the crystal region. However,
no such fringes appear in these phase electron microscope
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FIG. 1. Dynamic observation of spherical aberration-free phase image of gold wire: (a) 0.00 s, (b) 0.80 s, (c) 0.93 s, (d) 3.20 s,
(e) 7.20 s, and (f) 7.73 s.
images because of the spherical aberration correction. The
surface atoms on the crystal edge can be clearly observed
in a profile image mode by the real-time DIMP-EM. In
the phase image, a high-contrast white dot appears even in
very thin regions. Conversely, the contrast becomes rather
low in thick regions. This is because the phase information
is lost due to the effect of dynamic electron diffraction in
thick areas.

The series of images show how the wire becomes thin-
ner and thinner under intense electron beam irradiation of
100 A�cm2 on the sample during observation. The origi-
nal wire was fabricated in TEM by making two adjacent
holes on a (110) gold single-crystal film using a converged
electron beam. The base pressure of the microscope was
1 3 1026 Pa. The gold thin film is supported on a con-
ventional holly carbon microgrid, and the fabricated gold
wire is self-supported in the vacuum without overlapping
by the supported carbon film. The sample thickness seems
to be almost the same with the wire width.

In Fig. 1(a), a short wire consisting of five rows of atoms
is seen very clearly in the center of the figure, where a stak-
ing fault is formed between the atomic planes indicated by
the arrows. In Fig. 1(b), the number of rows of atoms con-
stituting the wire decreases to four due to the surface mi-
gration of the gold atoms under electron beam irradiation.
A large amount of stress is produced by the relative shift
between both side crystals, as is clearly seen by a bend-
ing of the horizontal (111) atomic planes at the bridging
part. At 4�30ths of a second after the time of Fig. 1(b), the
stress is suddenly relaxed in Fig. 1(c) by the slipping of the
two (111) atomic planes indicated by the arrows, resulting
in twin formation with four layers of atoms at the bridging
part. Crystal deformation followed by the movement of the
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stacking faults, which is caused by the stress between the
two crystal regions, was also observed between Figs. 1(d)
and 1(e). Finally, we observed an atom-sized gold wire, as
shown in Fig. 1(f). It should be noted that the contrast of
the wire image is rather strong and that the signal-to-noise
ratio of the image is relatively good even when the wire
consists of a very small number of atoms.

Figure 2 shows the dynamic movement of the atom-
sized wire that is continuously observed in the spherical
aberration-free phase imaging mode. In the images of
Figs. 2(a) and 2(c), the right-hand connecting position of
the wire moves down by a distance of 1�2�110� as the two
crystals on both sides gradually change their relative posi-
tions. The central white dot of the wire shifts to the right
in Fig. 2(d) and shifts to the left in Fig. 2(e), indicating
that the center atom is maintaining a normal atomic dis-
tance in the bulk crystal when the two crystals gradually
separate. Therefore, the atom-sized gold wire observed in
Fig. 2 might form a crystal slab consisting of a few atoms
in depth, because the wire still has the characteristics of
bulk gold crystal.

By carefully looking at the contrast of the atom-sized
gold wire, we recognized that there are two stages of the
single-strand gold wire, as shown in Fig. 3. These images
are averaged for 32�30 seconds; therefore, the signal-to-
noise ratio is better than that in Fig. 2. In Fig. 3(a), the dis-
tance between the white dots of the wire is almost the same
as that of the crystal region. The size of the central white
dot of the wire is slightly larger than that of the others.
This is because the central atom vibrates more frequently
with higher amplitude due to a weaker holding force than
that of the side atoms attached to the bulk crystals, judging
from the dynamic movement of the wire. In Fig. 3(b), the
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FIG. 2. Movement of atom-sized gold wire: (a) 0.00 s, (b) 0.27 s, (c) 0.40 s, (d) 0.67 s, and (e) 0.80 s.
contrast of the white dot of the wire becomes rather faint
and the distance between the white dots becomes almost
equal to that between the nearest-neighbor atoms. The wire
in Fig. 3(b) always appeared as if it consisted of a single
3

row of atoms with the atomic distance of its nearest neigh-
bor, even when the wire moved. It should also be pointed
out that the single-atom-sized wire was rather stable for
several seconds under strong electron beam illumination,
FIG. 3. Spherical aberration-free phase image of atom-sized gold wire in two stages: (a),(c) Image and intensity profile of stage I.
(b),(d) Image and intensity profile of stage II.
106105-3



VOLUME 87, NUMBER 10 P H Y S I C A L R E V I E W L E T T E R S 3 SEPTEMBER 2001
though the wire was broken when the atomic distance be-
came greater than that of the nearest-neighbor atoms.

Figures 3(c) and 3(d) show image intensity profiles
crossing the center atom of the wire longitudinally in
Figs. 3(a) and 3(b), respectively. As shown in Figs. 3(c)
and 3(d), the contrast of the center atom reduced by about
1�2 within 1 s. Judging comprehensively from these ex-
perimental results, such as the observed atomic distances,
the dynamic behavior of the wire, and the difference in
contrast, we may conclude that the first stage of the wire
in Fig. 3(a) consists of two atoms in depth and that the
second stage in Fig. 3(b) is a chain of single gold atoms.
The quantification of atom image contrast, size, and dis-
tances between atoms should be done very carefully even
if the spherical aberration-free phase electron microscopy
is achieved. However, the potential to discuss atom image
contrast and determine atom positions is much improved
in the proposed spherical aberration-free phase electron
microscopy [14], because the phase contrast transfer
function becomes flat from 1 to 7 nm21 (� 1.4 Å) with
no oscillation in the present experiment. Furthermore,
dynamic observation at an atomic level by the proposed
method can give us useful evidence for understanding
physical phenomena. We are now confirming, by image
simulations combined with a dynamical electron diffrac-
tion theory, how precisely the phase information can be
retrieved by the proposed processing.

According to the observations by Ohnishi et al., the gold
atoms showed a much greater atomic distance (0.4 nm) in
the elongated wire along [001] direction than the nearest-
neighbor atomic distance of gold crystal (0.288 nm). Al-
though we were not able to observe the wire along the
same direction, but along the [110] direction, our experi-
ment did not show such a large atomic distance. It did
show the projected atomic distance in the bulk crystal of
0.25 nm in Fig. 3(a) and the nearest-neighbor atom dis-
tance of 0.29 nm in Fig. 3(b).

High-resolution phase electron microscopy is a key
means for studying atomic-scale dynamic phenomena that
occur on surfaces and interfaces. A real-time DIMP-EM
with a floating-type high-voltage generating system en-
abled us to observe phase images in real time without any
spherical aberration. Dynamic observation of a single-
atom-sized wire was successfully performed with high
contrast at a time resolution of 4�30ths of a second.
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The application of DIMP to real-time processing is very
effective in enabling dynamic observation of surfaces and
interfaces on an atomic scale, and might lead to a method
of investigating chemical phenomena on an atomic scale.
The real-time DIMP-EM may also be effective in applica-
tions requiring high-resolution observation of biological
specimens. This is because spherical aberration-free phase
images provide high contrast within the period of a few
video frames without the need for staining, minimizing
the total electron bombardment of the specimen.
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