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A Single-Molecule Engine

Marc W. Bockrath

usually flows from the large to the small

in the form of dissipation into the ran-
dom thermal motion of the molecules and
atoms in the system. In biology, many nat-
ural systems have evolved to reverse this
trend, enabling the flow of energy from the
small to the large, with examples including
photosynthesis (/) or motor protein motion
(2). The desire to recreate this ability in arti-
ficial systems motivates a search for strat-
egies and concepts that enable energy har-
vesting from very small subsystems. On
page 779 of this issue, Lotze ef al. (3) now
show how the motion of a macroscopic can-
tilever beam can be excited using the driven
motion of only a single molecule. In this
case, a single hydrogen molecule is trapped
between a copper surface and a scanning
tunneling microscopy tip mounted on a flex-
ible springlike cantilever. The authors find
that when a particular bias voltage between
the tip and copper is applied, the electric
current causes the hydrogen to switch sto-
chastically between two different positional
states and the cantilever begins to oscillate
spontaneously.

Because the hydrogen molecule and
the cantilever are coupled by the molecu-
lar forces between the tip and hydrogen,
which act like a spring attached to the tip,
the observed oscillation results from a trans-
fer of energy between the driven motion of
the hydrogen molecule and the cantilever.
Although the precise nature of the two dif-
ferent hydrogen positional states is not yet
known, in the two states (see the figure, states
1 and 2) the effective force of the hydrogen
on the cantilever differs. The electric current
flowing between the tip and the substrate
randomly knocks the hydrogen between the
two states, producing a fluctuating force on
the cantilever. To extract energy from this
random motion and to transfer it to the oscil-
lator, a vital ingredient is force hysteresis—
the forces when the cantilever is approach-
ing or receding from the surface must differ.
The trick to obtaining this hysteretic force
is to couple the probabilities and transition
rates between the two hydrogen states to

In physical systems, mechanical energy
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A single hydrogen molecule can be used to
drive the tip motion of a scanning tunneling
microscope.

In the driver’s seat. A simplified picture of the typical energy transfer cycle, showing the tip position above
the copper surface z versus time t, plotted as the black curve. The red regions correspond to the trapped
hydrogen molecule being in positional state 1, and the blue regions correspond to the hydrogen molecule
being in positional state 2. In state 1, the attractive force between the hydrogen and the tip is stronger than
in state 2. The horizontal dashed line marks the spatial location where the hydrogen molecule acquires a
transitional lifetime between the two states, with 1 being the most probable state above the line and blue
the most probable state below it. Once the threshold is crossed, a typical waiting time At on the order of the
inverse transition rate I is required until the actual transitions occur, events marked by the filled (1 — 2) and
open (2 — 1) circles. Because the force in the two hydrogen states differs, on average there is a net energy

transfer to the cantilever during each cycle.

the cantilever position and motion, exploit-
ing a phenomenon known as stochastic res-
onance (4). Lotze et al. accomplish this by
using their finding that although the elec-
tric current randomly switches the hydrogen
between the two states, the bias voltage can
be tuned to a specific value so that the hydro-
gen positional fluctuations become highly
correlated with the tip motion.

The hysteresis is then provided by the sto-
chastic nature of the transition between the
hydrogen states itself (see the figure). The
tip position z is plotted as a function of time ¢
by the sinusoidal curve. Here, starting at the
arrow, the hydrogen molecule is in state 1,
and when the tip crosses the spatial thresh-
old shown by the horizontal dashed line, the
probability of transition to state 2 turns on
in the form of a nonzero transition rate I'" to
state 2 and corresponding finite lifetime Ar ~
1/ T for state 1. The transition typically must
wait for this lifetime to happen; the event
is plotted as the filled circle. The hydrogen
molecule is then in state 2, corresponding
to the blue region under the curve. Mean-
while, the cantilever continues its descent,
finally reaching its minimum and turning

around and moving upward. When the canti-
lever crosses the threshold again, state 2 now
has a finite lifetime and again the transition
takes on the order of this lifetime to occur.
The hydrogen molecule makes its transi-
tion back to state 1 at the open circle. Mean-
while, the cantilever continues its upward
motion, eventually turning around and con-
tinuing the cycle, corresponding to the red
shaded region. In this way, although the
hydrogen motion is probabilistic, on average
a hysteretic force is applied to the cantilever.
If it can be arranged for the force in state 2
to be less than that in state 1—as it is in the
reported experiment—on average, with each
cycle of motion the hydrogen will deliver a
net downward impulse to the oscillator.

In reality, the spatial threshold for chang-
ing the transition probabilities between the
two states is not sharp in space but smooth.
Nevertheless, the detailed calculations by
Lotze et al. show that the results are similar
and account very well for their data. Another
important aspect is that the energy delivered
in each cycle is very small, ~10 meV. How-
ever, because it is delivered at the resonance
frequency, and the intrinsic frictional losses
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within the cantilever per cycle are smaller
than the energy of each energy transfer,
the energy from many cycles can build up
enough to produce appreciable motion of the
cantilever, limited ultimately by nonlineari-
ties present in the system.

Being able to direct energy from the small
to the large is an important ability if, for
example, one wants to harvest chemical or
other forms of energy toward powering func-

tional nanostructures. The work of Lotze et
al. is an intriguing demonstration of how this
can work in a synthetic structure. Although
the elegance and efficiency of biological sys-
tems in this regard may provide inspiration,
the initial step taken by this experiment pro-
vides a strong direction for further research,
toward controlling and directing large-scale
motion from nanoscale or even single-mole-
cule energy sources.
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CLIMATE CHANGE

Constraining Cloud Feedbacks

Karen M. Shell

espite decades of improvements in
D computer models of Earth’s climate,

estimates of the climate sensitiv-
ity—the change in global average surface air
temperature in response to a doubling of car-
bon dioxide concentration—remain uncer-
tain (/). Much of the uncertainty results
from radiative feedbacks that amplify or
dampen climate changes. Particular atten-
tion has been given to the cloud feedback.
Global warming is expected to change the
cloud cover, but these changes and their
effects on global temperature are very dif-
ficult to predict. On page 792 of this issue,
Fasullo and Trenberth (2) present an obser-
vational test of the cloud feedback based on
satellite measurements of relative humid-
ity (RH) in cloud-free subtropical regions.
The authors focus on environmental condi-
tions that are easier to observe than the cloud
properties themselves.

Clouds cool the climate by reflect-
ing incoming sunlight back to space, but
they also warm the climate by absorbing
upwelling terrestrial radiation from the sur-
face. Their net effect is to cool the planet,
but changes in clouds in response to global
warming may increase or reduce this cool-
ing. Climate models do not agree on the spa-
tial patterns of cloud changes or their net
radiative effects, and the cloud feedback is
responsible for most of the uncertainty in
climate sensitivity in model studies (3-35).
Observational data are needed to resolve
these issues.

Global, reliable satellite data are avail-
able for only a few decades, too short a time
to directly observe century-scale feedbacks.
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Thus, determining the climate sensitivity
from observations requires two nontriv-
ial steps. First, the relation between short-
term (seasonal, interannual, or decadal) and
long-term feedbacks needs to be determined

A simple diagnostic circumvents the need
for measuring cloud properties, helping
to improve climate sensitivity estimates.

using models. Second, modeled short-term
feedbacks must be compared to observa-
tions to test the models.

If similar processes control both short-
term and long-term feedbacks—for example,
cloud cover increases or
decreases in a predictable
manner in response to tem-
perature increases—then
these short-term observa-
tions can perhaps be used
as proxies for longer-term
changes. However, short-
term and long-term cloud
feedbacks do not appear to
be correlated in models (6).
Thus, the first step is not
only difficult but may even
be impossible, if short-term
observations are not a guide
to long-term changes.

Regarding the second
step, one reason for the

Linking relative humidity to
cloud feedbacks. Water vapor
(in cm) (A), cloud fraction (B),
and reflected solar radiation (in
W/m2) (C) for July 2012. Black
regions in the water vapor plot
indicate missing data, often due
to high cloud coverage. Regions
with high cloud fraction and
reflected solar radiation gener-
ally coincide with high amounts
of water vapor. Note in par-
ticular the subtropical regions
with low reflected solar radia-
tion. Fasullo and Trenbert use
the correlations of these three
fields to relate relative humid-
ity changes to reflected solar
radiation changes and, hence,
cloud feedbacks.
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