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Atomic Scale Engines. Carsand Wheels
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We introduce a new approach to build microscopic engines on the atomic scale that move translation-
aly or rotationally and can perform useful functions such as the pulling of a cargo. Characteristic of
these engines is the possibility to determine dynamically the directionality of the motion. The approach
is based on the transformation of the fed energy to directed motion through a dynamical competition
between the intrinsic lengths of the moving object and the supporting carrier.

PACS numbers: 66.90.+r, 45.40.Ln, 87.16.Nn

The handling of single atoms and molecules has become
widespread in science [1], but the challenge still remains
to further “tame” them and make single molecules per-
form useful functions. Nanoscale technology has been
predicted almost 40 years ago [2], but in spite of a grow-
ing interest in atomic scale engines, such as biological
motors [3,4], ratchet systems [3,5—7], molecular rotors
[8-11], and molecular machinery in genera [12], a real
breakthrough concerning the construction of a man-made
nanoscale counterpart of the “steam engine” has not oc-
curred yet. This has mainly been due to the fact that we
gtill miss the crucial link of how to transform energy to
directed motion on this scale.

In this Letter we propose possible basic principles of
such an engine. The main advantages of this novel ap-
proach are (a) the same concept applies for both trans-
lational and rotational motions, (b) the directionality of
motion is determined dynamically and does not require
spatial asymmetry of the moving object or of the support-
ing carrier, (c) the velocity obtained can be varied over
a wide range, independent of the direction, and (d) the
engine is powerful enough to allow for the transportation
of a cargo.

The proposed engine consists in general of two parts:
the supporting carrier and the moving object. Achieving
motion of the engine is based on dynamical competition
between the two intrinsic lengths of the carrier and the ob-
ject. This competition is used to transform initialy fed
energy to directed motion. To exemplify the concept, we
use below a simple model system of a chain in a periodic
potential, namely, a Frenkel-Kontorova-type model [13].
But we would like to emphasize that this choice as an ex-
ample is solely motivated by the simplicity of the model
rather than by experimental requirements. In particular, the
particles are not meant to be single atoms and the springs
are not meant to be single chemical bonds. The sole pur-
pose of the model system is to address in a ssmple man-
ner the following questions. (a) What is the minimal size
of the engine? (b) How are the direction and velocity of
the motion determined? (c) How powerful is the engine?
The important questions of possible physical realizations
will be addressed towards the end of this Letter.
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In the model system, as already mentioned, the support-
ing carrier istaken as an isotropic surface, and the moving
object as a chain of N identical particles on the surface.
Each particle i has a mass m and is located at coordinate
x;. For simplicity, we restrict the first part of the discus-
sion to tranglational motion in one dimension; Fig. 1(a)
displays a sketch of the model geometry for N = 3. The
N equations of motion read as

P (x;) 4 Z oW (x; — Xivs,) _

Xi 5;

mi; + nx; + 0;

0Xi+s,
i=1,...N. (O

The second term in Eq. (1) describes the dissipative inter-
action (friction) between the particlesand the surfaceand is
proportional to their relative velocities with proportional -
ity constant n. The static interaction between the particles
and the surface is represented by the periodic potentia
®d(x) = —dycos(27x/b) with periodicity 5. Concerning
theinterparticleinteraction, wetake anearest neighbor har-
monicinteraction W (x; — x;45,) = (k/2)[Ix; — xi+s,] —
a;i+s, (1) with free equilibrium rest lengths a; ;5 (¢)
(i + 6; = i = 1 denotesthe nearest neighbors of particle
i). The N — 1 rest lengths depend both on the bond's
position specified by the indices i,i + &; and on time ¢.
We demonstrate that if energy is pumped into the system
in a specific manner that provides spatially and tempo-
rally correlated changes of the lengths a; ;- s,(2), the dy-
namical local competition between the periodicity » and
the rest lengths a; ;+5,(¢) can induce a directed motion of
the chain.

Without specifying the dependence of the rest lengths
ai;i+s,(t) on the bond’s position and time, the above ap-
proach describes a whole family of atomic scale engines.
In the following we restrict ourselves to a certain choice
for a;;+s,(r) that results in an engine having a minimum
size of assmall asN = 3 particles. The position and time
dependent rest lengths a; ; + 5,(¢) arechosen as a; ; + 5,(1) =
all + a(gxi;+s, + wt)], resulting in a certain fixed spa-
tial and temporal correlation between the lengths of dif-
ferent bonds. Here, x;;+; = ib and x; ;-1 = x;—; are
the relative positions of the bonds between particles i and
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FIG. 1. (a) Sketch of the geometry of the example engine
showing the surface potential ®(x) and the chain with N = 3
particles. (b) Motion of the chain sketched in (a); the position
x; of the particles as a function of time 7 is shown. The large
disks indicate the particles' position in relation to the surface
potential in the ten numbered snapshots in time intervals

of (5b/2m)\/m/®,. The time (25b/m)\/m/P, of a full
oscillation of a;;+5,(z) and hence of a single step of length b
to the right is shown. The parameters are the misfit between
the minimum rest length of the interparticle potential and
the potential period a/b = 11/10, the dissipation constant
n = (1677 /10b) \/Dm, the interparticle potential strength k =
[(27)/bT®y, the driving frequency w = (7 /25b)/®y/m, the
wave vector g = 1/5b, the amplitude ¢ = 7/10, and the peak
width so = 4/10.

i = 1. The length «, the wave vector ¢, and the driving
frequency w are parameters. The function a(s) has a
periodicity of 1 such that a(s + 1) = a(s) for al s,
and is chosen as a(s) = csin(mws/sg) for 0 < s < 59
and a(s) =0 for so =s =1, with 5o and ¢ being
parameters. Shown in Fig. 1(b) are ten snapshots of the
motion for a complete step of length b to the right for the
engine sketched in Fig. 1(a) (note that the 10th snapshot
is equivalent to the 1st as the chain moved by a length b
to the right). The direction of the motion is dynamically
determined and solely given by the bond whose rest
length increases first, starting when the particles are in the
minima of the surface potential [the right onein Fig. 1(b);
cf. [14]]. Therefore, the motion can be easily controlled;
in particular, the direction can be chosen independent of
velocity, and the motion can be stopped and restarted. The
latter can be achieved with the same or with the opposite
direction. Such a control of motion is not possible with

other engines such as the ratchet systems. For the above
choice of a; ;+5,(¢) and for not too high frequencies up to
a maximum frequency wms = (7 /25b)+/®/m (keeping
the other parameters fixed), the engine's velocity v is
proportional the driving frequency « through v = bw,
so that the maximum velocity is approximately given by
Umax = (7/25)/®/m. For higher driving frequencies
the motion gets first irregular and finally diffusive, losing
its directionality. The wave vector g determines the
correlation between the different rest lengths. A choice
of g = 1/5b turns out to yield alarge maximum velocity
and a “powerful” engine for N = 3. A measure for how
powerful this engine is, is determined by a simple proce-
dure [15], where the chain moves against a constant force
applied at each particle. The chain with the parameters
shown in Fig. 1 is able to move against a constant force
of up to Frax = Po/b, maintaining the velocity bw. For
higher forces, the chain first remainsin itsinitial location,
and finally moveswith theforce. It isimportant to note that
the maximum possible force depends sensitively on the
parameters, in particular, on the constant ¢ and the wave
vector g. Another possible way to measure how powerful
the engine is, is to let the chain transport a cargo of N’
additional inactive particles attached at its end with the
same interparticle potential W(x; — x;+5,), but with a
constant rest length a. It turns out that, depending on
the choice of parameters, a chain of N particles is able
to transport up to a maximum of N/, = N/2 additional
inactive particles and hence up to about half its own
weight on an isotropic surface.

So far, our discussion has been restricted to a linear
one-dimensional system. However, one of the main
advantages of the above concept is that it can easily be
applied to other types of motion and generalized to higher
dimensionality. Let us first discuss the case of higher
dimensionality, and consider a chain moving on a two-
dimensiona surface by replacing in Eq. (1): (a) the 1D
coordinates.x; by 2D ones X;, (b) the 1D partial derivations
d/dx; by 2D gradients V;,, (c) the 1D surface potential
®(x) by a 2D counterpart ®(¥) = —Pycog 7 (xV —
@) /b]lcodw (XM + ¥@)/b] (¥ denotes the ith com-
ponent of the vector x), and (d) the 1D interparticle
potential W(x; — x;+5,) by the 2D counterpart W (x; —
Xive) = (k/2)[IX; — Xivs,] — aiivs,()]* [I-] denotes
vector length]. Using the same form for a; ;45.(7) asin the
case of 1D, the chain can be moved along the 2D surface.
This raises the striking possibility of building a complex
atomic scale “car” by connecting, for example, six chains
in such a way that they constitute an array of 3 X 3
particles with 12 bonds; see Fig. 2(a) for a sketch of the
geometry. By exciting three parallel chains coherently,
this car can be moved both forward and backward as well
as |eft and right [using the six vertical or the six horizontal
bonds in Fig. 2(a)], so that it can be driven freely over
the surface. As an example, shown in Fig. 2(b) are ten
snapshots of the motion for a complete step of length
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FIG. 2 (color). (&) Sketch of the 2D atomic scale “car” built by six chains arranged in an array of 3 X 3 particles. The surface
potential ®(x) is shown using the color code at the right. (b) Motion of the 2D atomic scale car sketched in (a); the black disks
indicate the particles’ position in relation to the surface potential in the ten numbered snapshotsin time intervals of (56 /27)+/m/®y.
The time (256 /x) +/m/®, of afull oscillation of the respective a; ;+5,(r) and hence of asingle step of length & to the right is shown.

The parameters are identical to those in Fig. 1.

b to the right (note that the 10th snapshot is equivalent to
the 1st as the car moved by alength b to the right).
Concerning the application to other types of motion, an
engine that performs rotational motion can be achieved
by treating the coordinates x; as angular coordinates
x; € [0,€) onacircle of circumference of length ¢ = nb
with n integer, and periodic boundary conditions; see
Fig. 3(a) for a sketch of aring of N = 3 particles and
€ =4b. This “whedl” can rotate either clockwise or
counterclockwise. As an example, shown in Fig. 3(b)
are ten snapshots of the rotation for a complete step of
length b counterclockwise (note that the 10th snapshot is

1 ] 2 &
4 * § 4
(@ “a

equivalent to the 1st as the wheel is rotated by a length
b counterclockwise; for the fourfold symmetry of the
example, this is equivalent to a rotation with an angle
7 /2 counterclockwise).

To demonstrate the robustness of our example engines
and the concept in general, we should stress a few im-
portant points. First, it is clear that the motion of the
chain is not affected by the integer part of the free rest
lengths a; ;+5,(t)/b between the particles or “feet” that
touch the surface. In the above examples in Figs. 1 and
2, we have chosen the rest lengths a;;+s,(t) to oscil-
late between 115/10 and 1875/100 (a relative change
Va
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FIG. 3 (color).

@\

(a) Sketch of the atomic scale “wheel,” showing the angular surface potential ®(x) and the ring of N = 3 particles

on a circle of circumference of length € = 4b. (b) Motion of the atomic scale wheel. The colored disks indicate the particles
position in relation to the angular surface potential in the ten numbered snapshots in time intervals of (56 /27)+/m/®,, where the

arrows indicate the displacement relative to the first snapshot. The time (25b/ ) /m/®, of afull oscillation of a; ;+5,(z) and hence
of arotational step of length & counterclockwise is shown (for the fourfold symmetry of the example this is equivalent to an angle
7/2). Except ¢ = 1/3 and ¢ = 3/10, the parameters are identical to those in Figs. 1 and 2.
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by 187/110), but the same motion occurs for a; ;4. (1) 0s-
cillating between 215 /10 and 2875 /100 (arelative change
by 287/210), between 315/10 and 387b/10 (a relative
change by 387/310), and so on. Hence, the relative change
can be made arbitrarily small. A second possibility to re-
duce the required stretching of the bond needed to cause a
directed motionisto dividethe N — 1 bondsinto g groups
(N bonds in the case of rotational motion), each contain-
ing (N — 1)/g bonds (N /g bonds in the case of rotational
motion), by setting x; ;+1 = int(i/g)b [int(x) denotes the
largest integer n with n =< x]. For instance, for the pa
rameters used for Figs. 1 and 2, but with N = 10 par-
ticles (i.e.,, 9 bonds) and ¢ = 3 groups, each containing
3 bonds, it is sufficient that the free rest lengths a; ;+ s,(¢)
oscillate between b and 1425 /100 (instead of 115/10 and
1875 /100) to cause a directed trandational motion with
the same velocity bw.

One important question is that of the influence of the
shape of the “excitation” «(s), which is sinusoidal in our
case. As long as the excitation is approximately trape-
zoidal, a proper choice of driving frequency «» and wave
vector ¢ results in a directed motion. Since Eq. (1) is de-
terministic, another important question is that of the influ-
ence of noise. Aslong as the thermal energy kg7 is much
smaller than the energy scale @, the engine's motion is
hardly influenced by noise. If the fluctuations become
larger, the motion gets erratic. Finaly, for kgT > @,
the motion loses completely its directionality and becomes
diffusive.

In comparison with other existing approaches to transla-
tional atomic scale engines, e.g., the ratchet systems men-
tioned earlier, or other models that use a spring with atime
dependent length in combination with static/dynamic fric-
tion [16] or with a spatia asymmetric potential [17], the
current approach has a number of advantages. In particu-
lar, our atomic scale engines can operate as microscopic
“shuttles’ or “trucks’ that transport a cargo, a property that
is absent in all other proposed schemes. In addition, the
engines proposed here are not bound to a one-dimensional
track and can be applied to different geometries and higher
dimensionality.

As a conclusion, we would like to emphasize that the
choice of a chain on a surface as the example engine has
been motivated solely by the simplicity of the model rather
than by experimental requirements. One important feature
of the concept introduced here is that it does not impose
any specific length or time scale. This means that it is
applicable not only for an engine on an atomic scale, but
also for mesoscopic or even macroscopic sizes. Hence, the
basic concept of competing lengths is more general than
presented here and might be applicable in a wide range of
situations. A possible realization on an atomic or meso-
scopic scale is by building the moving object using nano-
size clusters (the “ particles”) and photochromic molecules
(the “bonds’). The time dependence of the rest lengths,

which is a crucia part of the model, can be provided by
individually controlling the bonds by light induced con-
formational changes of the chromophores. Using differ-
ent chromophores which respond to different wavelengths
should allow one to specifically excite bonds at chosen lo-
cations at given times. In this proposed realization the sur-
face corrugation can be prepared by nanolithography. We
believe therefore that the current concept is simple and ro-
bust enough so that it can be realized in actual experiments
using already existing techniques. Such an atomic scale
engine, when realized experimentally, will be a break-
through in the field of nanotechnology in providing new
ways to manipulate molecules and clusters.
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