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Whereas the possible existence of a liquid-water ocean on Europa
is plausible, the opposite is true for Callisto. Callisto consists of
roughly equal amounts of rock and ice. It is not tidally heated, there
is no geological evidence for significant endogenic modification of
its surface, and gravity measurements by the Galileo spacecraft show
only partial separation of the ice and rock in its interior®. These
observations are consistent with little modification of Callisto since
its accretion. We note that thermal models of Callisto give no hint of
a subsurface liquid-water ocean'. Accretional and radiogenic heat-
ing are marginally able to separate the ice and rock inside Callisto,
but the present gravitational evidence shows that unlike
Ganymede® separation has been incomplete: Callisto has not
been heated enough to have melted all its ice.

Is it possible for some of the ice in the outer part of Callisto to
have melted, and could a near-surface liquid-water layer be pre-
vented from freezing? Because accretional heating is largest when a
planet is near maximum size, we consider that it is possible for the
ice to have melted in the outer layers of Callisto. More problematic is
keeping such a layer from freezing; tidal heating is necessary for the
maintenance of a liquid ocean on Europa, and there is no tidal
heating on Callisto. The presence of ‘antifreeze’ (salts or ammonia)
would help. The layer needs to have substantial thickness, and for
this reason an ocean separating two solid convecting regions is most
plausible. The possibility of a liquid-water ocean in Callisto is
startling, but we have no other explanation for the near-surface
highly electrically conducting layer required by the observed induc-
tion signal. Of the two icy galilean satellites, it would be more
plausible for Ganymede to have a subsurface liquid-water ocean.
Ganymede is completely differentiated; extensive endogenic mod-
ification of its surface and the existence of an intrinsic magnetic
field’ imply a dynamic interior in the past, and possibly also in the
present”. Perhaps Ganymede also has an internal liquid-water
ocean if Callisto has one, but Ganymede’s intrinsic magnetic field
obscures any induction signal.

One possible source of heat not yet considered is ohmic heating
by the eddy currents in the moons. The dissipated power can be
estimated from the expression’ power/area = SwB*/4u,, which is
the ohmic loss from a propagating electromagnetic wave in a
conducting waveguide (here p, is the permeability of vacuum).
Multiplication by the surface area of the moon and substitution of
varying field amplitudes of 220 nT (Europa) and 40nT (Callisto)
gives 5 X 10°(S/100km) W for Europa and 4 X 10° (5/100 km) W
for Callisto; nominal values for S are of the order of 100 km. More
rigorous estimates would not change the conclusion that the heat
input from this source is negligible.

We conclude from an analysis of the magnetic field observations
that it is very likely that both Europa and Callisto possess internal
salty liquid-water oceans. In the case of Europa, this conclusion is
supported by indirect geological evidence. O
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As the scale of microelectronic engineering continues to shrink,
interest has focused on the nature of electron transport through
essentially one-dimensional nanometre-scale channels such as
quantum wires' and carbon nanotubes®’. Quantum point contacts
(QPCs) are structures (generally metallic) in which a ‘neck’ of
atoms just a few atomic diameters wide (that is, comparable to the
conduction electrons’ Fermi wavelength) bridges two electrical
contacts. They can be prepared by contacting a metal surface
with a scanning tunnelling microscope (STM)*”’ and by other
methods* ", and typically display a conductance quantized in
steps of 2e*/h(~13kQ ~")'>", where e is the electron charge and h
is Planck’s constant. Here we report conductance measurements
on metal QPCs prepared with an STM that we can simultaneously
image using an ultrahigh-vacuum electron microscope, which
allows direct observation of the relation between electron trans-
port and structure. We observe strands of gold atoms that are
about one nanometre long and one single chain of gold atoms
suspended between the electrodes. We can thus verify that the
conductance of a single strand of atoms is 2¢’/h and that the
conductance of a double strand is twice as large, showing that
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equipartition holds for electron transport in these quantum
systems.

Our miniaturized STM was placed at the specimen position of an
ultrahigh-vacuum (UHYV), high-resolution transmission electron
microscope (TEM) which was equipped with a field emission
gun operated at 200kV. Operating this UHV TEM at 10™°Pa
allowed the clean fabrication of gold tips and samples in situ,
thereby eliminating any effects of contamination on the structures
and conductances.

A mechanically sharpened gold tip was positioned close to a gold
island that had been deposited on a thin copper wire (the electrical
connections are shown in Fig. 1). This gold tip could be displaced
in three dimensions using a shear-type piezoelectric transducer.
The gold tip was dipped into the gold island and slowly withdrawn
at constant speed under computer control. Structural changes
were observed continuously during withdrawal by means of a
video monitor, and video images were recorded at 33-ms intervals;
conductance was measured simultaneously. Stepped changes in
conductance, corresponding to changes in the thickness of
the gold bridge, were observed during withdrawal that were
similar to those reported for STM experiments*”’, a mechanically
controllable break technique®, pin-plate experiments’ and switching
electrodes'®™"%,

Figure 2a—f shows electron microscope images of a gold bridge
formed between the substrate and tip during withdrawal of the tip.
The tip and substrate are oriented in the [110] direction and 0.2-nm
spacings of the (200) lattice planes can be seen. The dark lines in the
gold bridges represent rows of gold atoms spanning the distance
from the substrate to the tip. The bridge thins in Fig. 2a—e and has
broken in Fig. 2f; it appears to have reorganized itself into stable
structures during withdrawal, with lines disappearing one-by-one,
so that each bridge maintains a regular and uniform thickness. The
structure of these thin gold bridges and their relation to conduc-
tance is a subject for future study. At this point, it should simply be
noted that the lattice in Fig. 2a has a dislocation and that the gap
between the dark lines of Fig. 2d is greatly enlarged relative to the
(200) lattice spacings (0.2 nm) of the tip and substrate. The enlarged
gap between the two rows is not an imaging artefact. We confirmed
from the image simulation that TEM images reproduce the same
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Figure 1 Scanning tunnelling microscope (STM) configuration built at the
specimen stage of a UHV electron microscope. The conductance, G = /,/V/,,, was
obtained by measuring V,,, = — R¢/, for a constant bias voltage V}, where Rg is
the feedback resistor for current sensing, and/; is the current passing through the
contact between the tip and the sample. For most experiments, V, = 13mV and
R: = 100kQ. The imaging electron beam entered from top and typically had a
current density of 0.45 fAnm™ at the contact between the tip and the substrate.
Bridges of gold atoms formed at the contact were imaged at x10” magnification
on a video monitor and simultaneously recorded with the current at intervals of
33ms.
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gap distance as the model structure with two separate atomic rows
(lattice planes).

More than 300 experiments provided clear evidence that linear
strands of gold atoms make up the bridges and that the strands have
a unit conductance of 2¢*/h. Figure 3a shows the change in
conductance during the withdrawal of an STM tip. The conduc-
tance was sampled at 33-ms intervals in order to coincide with the
video frames. The conductance changed stepwise, with a step height
corresponding to the unit conductance G, = 2¢’/h. TEM images
corresponding to steps A and B in Fig. 3a are shown in the left and
right panels of Fig. 3b, respectively. Both images show only a single
dark line spanning the gap between the tip and the substrate. The
fact that the conductance of step A was twice that of step B was
explained by analysing the intensity profiles perpendicular to the
bridges. As shown by the intensity profiles in Fig. 3¢, the profile peak
(hatched area) of the left bridge is twice the height of the right
bridge. According to electron microscopy imaging theory", the
peak height corresponds to the number of atoms stacked in the
depth direction. We conclude that the right bridge in Fig. 3b is a
single row of atoms having a unit conductance of 2¢*/h and that the
left bridge contains two rows with a conductance equal to twice the
unit conductance (corresponding models are shown in Fig. 3d).

We next investigated the structure of a bridge of atoms and of
individual gold atoms arrayed in a linear strand (the electron
microscope images the positions of the nuclei of the atoms). A
very thin gold film was set in the specimen stage of the UHV electron
microscope and bombarded with a very strong (~100Acm ?)
electron beam in order to bore holes in the film. A free-standing
nanobridge of gold was formed in vacuum by further thinning the
material between adjacent holes. A nanobridge of 10 nm long and
with four atomic rows (or planes) in its diameter was formed in the
[110] direction of the (001) film'’. From the (110) films, a single
strand in the [001] direction frequently formed. This strand of
atoms was often observed continuously for two minutes or more
before breaking (a photograph of one such strand is shown in Fig.
4). Between the coloured edges of the gold film, four coloured dots
corresponding to four gold atoms of the strand can be recognized.
The gold atoms are spaced at 0.35-0.40 nm intervals which are
much larger than the nearest-neighbour spacing (0.288 nm) of gold

Figure 2 Electron microscope images of a contact while withdrawing the tip.
A gold bridge formed between the gold tip (top) and gold substrate (bottom),
thinned from a to e and ruptured atf, with observation times of 0, 0.47,1.23,1.33,1.80
and 217, respectively. Dark lines indicated by arrowheads are rows of gold
atoms. The faint fringe outside each bridge and remaining in f is a ghost due to
interference of the imaging electrons. The conductance of the contactis 0 atf and
~2 X (13kQ)" ' ate.V, = —10mV and R = 10kQ.
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Figure 3 Quantized conductance of a single and a double strand of gold atoms.
a, Conductance change of a contact while withdrawing the tip. Conductance is
showninunits of G, = 2e2h~(13kQ) ~'.V/, = +13mVandR = 100kQ. b, Electron
microscope images of gold bridges obtained simultaneously with the conduc-
tance measurements in a. Left, bridge at step A; right, bridge at step B. ¢, Intensity
profiles of the left and right bridges shown in b. The shaded area is the intensity
from the bridge after subtraction of the background noise. d, Models of the left
and right bridges. The bridge at step A has two rows of atoms; the bridge at step B
has only one row of atoms. The distance from P to Q (see b) is about 0.89 nm, wide
enough to have two gold atoms in a bridge if the gold atoms have the nearest-
neighbour spacing of the bulk crystal (0.288 nm).

atoms in the crystal.

The study of electron transport through point contacts in metals
dates back to Maxwell’s studies of the diffusive transport regime'’
and to Sharvin’s proposal for the ballistic transport regime'®.
Quantization of conductance in the quantum mechanical ballistic
regime was demonstrated experimentally for point contacts of two-
dimensional GaAs—AlGaAs heterostructures''* and for metal
QPCs in the STM*” and other geometries* %, and was explained
by Landauer’s formula" and Kubo’s work™. Our result proves
quantization of conductance for a linear strand of gold atoms.
When a linear strand connects two reservoirs biased by dE(= eV,)
to produce a current dI(= I,), then dI/dE = 2e/h. There are two
foundations for this. First, electrons that move in a linear chain of
gold atoms, with a momentum in the range (p, p + dp), can only
carry a current of dI = 2e(dE/dp)(dp/h) = (2e/h)dE, where 0E/dp is
the velocity of the electron at the Fermilevel and dp/h is the number
of electrons, irrespective of the internal structure of the chain.
Second, the number of allowable conduction channels, determined
by the electron motion normal to the strand axis, is one for a single
strand. The double strand, then, has twice the unit conductance if
the interaction between the two individual rows is not strong.

The current atom bridges appear to differ from the QPCs in STM
configurations*™”. For the QPCs, it is claimed that only narrow,
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Figure 4 Electron microscope image of a linear strand of gold atoms (four
coloured dots) forming a bridge between two gold films (coloured areas). The
spacings of the four gold atoms are 0.35-0.40 nm. The strand is oriented along the
[001] direction of the gold (110) film. This image was processed to highlight the
linear strand, where the lattice fringes of the gold film in the original electron
microscope image were filtered out by Fourier transform.

nanometre-wide necks form between tip and substrate. Molecular
dynamics simulations>**"** predict a narrow neck, but we did not
find this here. A recent molecular dynamics simulation® reports
elongated gold [110] and [001] wire structures in relation with the
quantized conductance: the gold [110] wire (Fig. 8c of ref. 23)
becomes permanently disordered, however; the [001] wire in Fig. 7¢
of ref. 23 is similar to the single atomic strand shown in our Fig. 4.
This strand, however, has much larger atom spacings than those
indicated by the molecular dynamics simulation. Regardless of the
differences, some interesting issues remain to be investigated: the
relation between the number of atomic rows in the strand and the
number of channels for conducting electrons, quantum fluctuations
of conductances that have been reported for metallic QPCs’ and
were also observed in the experiments described here following
breakage of the strands, and the elementary excitation of conduc-
tion electrons in the strands.

The current linear strands persist for as long as two minutes. The
gold strands in these experiments were stable, regular and uniform
to an extent previously unrealized. The stability, regularity and
uniformity of these strands of gold atoms are thought to be inherent
to their natural, self-ordering phenomena, and may allow applica-
tions in devices as digitized units of electron conductors. U
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The continuing miniaturization of microelectronics raises the
prospect of nanometre-scale devices with mechanical and elec-
trical properties that are qualitatively different from those at
larger dimensions. The investigation of these properties, and
particularly the increasing influence of quantum effects on elec-
tron transport, has therefore attracted much interest. Quantum
properties of the conductance can be observed when ‘breaking’ a
metallic contact: as two metal electrodes in contact with each
other are slowly retracted, the contact area undergoes structural
rearrangements until it consists in its final stages of only a few
bridging atoms' . Just before the abrupt transition to tunnelling
occurs, the electrical conductance through a monovalent metal
contact is always close to a value of 2¢4/h (=12.9kQ7"), where e is
the charge on an electron and h is Planck’s constant*™*. This value
corresponds to one quantum unit of conductance, thus indicating
that the ‘neck’ of the contact consists of a single atom’. In contrast
to previous observations of only single-atom necks, here we
describe the breaking of atomic-scale gold contacts, which leads
to the formation of gold chains one atom thick and at least four
atoms long. Once we start to pull out a chain, the conductance
never exceeds 2¢*/h, confirming that it acts as a one-dimensional
quantized nanowire. Given their high stability and the ability to
support ballistic electron transport, these structures seem well
suited for the investigation of atomic-scale electronics.

The experimental techniques used for studies on metallic con-
tacts of atomic dimensions are all based on piezoelectric transducers
which allow fine positioning of two metal electrodes with respect to
each other. Scanning tunnelling microscopy (STM), in which the tip
is driven into contact with a metal surface and the conductance is
measured during subsequent retraction, has been widely used for
this purpose*>®’. The other commonly used technique employs a
mechanically controllable break-junction (MCB). In this case, one
starts with a macroscopic notched wire'’, or a nanofabricated metal
bridge'’ mounted on a flexible substrate. The wire (or bridge) is
broken at low temperatures in vacuum, and contact is re-established
between the fracture surfaces by piezoelectric control of substrate
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bending. Here we have used both MCB and a very stable STM at
liquid-helium temperatures to produce and study chains of single
gold atoms. In each case, high-purity (>99.99%) gold was used.
Conductance was measured at a 10mV d.c. voltage bias with 1%
accuracy.

An example of a conductance curve obtained while stretching a
gold nanocontact in an MCB is presented in Fig. 1. The curve
reflects the evolution of some particular atomic configuration,
during which the conductance decreases in a series of sharp
vertically descending steps, with a gradual slope on the plateaux
in between. These steps have been shown to be the result of atomic
structural rearrangements®'’. The curves for successive rupture
sequences do not repeat in detail, as they depend on the exact
atomic positions in the contact. However, many curves have one
striking feature in common: the remarkable length of the last
conductance plateau just before rupture, at the value of about one
conductance quantum, G, = 2¢’/h. Previous experiments have
shown that the conductance at the last plateau for monovalent
metals is usually close to 1 G, (refs 4—6), and it has been argued that
these plateaux correspond to a contact with a single atom at the
narrowest cross-section’. Examples have been found previously of
exceptionally long stretched last plateaux, in particular for gold (see,
for example, ref. 20), but this has not received due attention. The
interest becomes clear when we recognize that the conductance of a
point contact is determined predominantly by the size of its
narrowest cross-section and that, during contact elongation, all
structural transformations are localized to the neck region*>'"
Figure 1 shows that during the last stage of elongation the con-
ductance stays in a limited range of values corresponding to one
atom in cross-section, while the contact is being stretched over
distances up to 20 A. This suggests the possibility that the contact
stretches to form a chain of single atoms. As we cannot image the
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Figure 1 Conductance as a function of the displacement of the two gold
electrodes with respect to each other in an MCB experiment at 4.2K. The trace
starts atthe upper left, coming from higher conductance values (open squares). A
long plateau with a conductance near 1Gy is observed and, after a jump to
tunnelling, the electrode needs to return by a little more than the length of the long
plateau to come back into contact (open circles). Inset, the average of the return
distance as a function of the length of the long plateau (recorded with an STM at
4.2K). The relation is approximately 1:1, with an offset of 5Awhich s probably due
to the elasticity of the atomic structure.
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