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We use computational Langevin dynamics simulations to show that the orientation of the dipolar rotors in a
one-dimensional chain can be controlled using a local field. Flipping the direction of the field initiates a
process in which each of the chain dipoles may switch its orientation. We define the conditions for which the
dipole chain remains in one of its two stable orientations. We observe the switching mechanism between
these two stable orientations using a local electric field generated by a fixed control dipole, and the effectiveness
of the switching process as a function of temperature, rotational friction coefficient, length of the array, and
magnitude of the control dipole. We show two examples of curved chains where this process is possible as
well. We model molecular dipolar rotors as point dipoles and show that we can transfer a signal along a
one-dimensional chain. The propagated signal is not a photon, phonon, or charge, but is rather mechanical.
One could argue that this is the smallest array of mechanical gears.

1. Introduction
Molecular rotors have been discussed extensively.1-3 Such
rotors vary in size from a few angstroms to tens of nanometers,
making them arguably the smallest rotors available today, and
some of them are designed to be used as gears in nanoscale
machines.4-6 Rotors containing a dipole form an important
subgroup, which is particularly interesting because the dipoledipole interactions and the interactions with an external electric
field can be used to control the orientation of the dipoles, and
with that electrooptic and dielectric functions of materials.7-9
Figure 1 shows three dipolar rotors synthesized and characterized by the Colorado group and their collaborators (1,10 2,11
312). These rotors differ in size, dipole moment, and geometry
configuration. Rotor 2 is an azimuthal rotor that rotates parallel
to the mounting surface. Rotor 3 is an altitudinal rotor attached
to a surface with two stands on either side such that it rotates
perpendicular to the surface. Rotor 1 is designed such that it
can be placed in a sturdy three-dimensional grid.10,13 Molecular
dynamics simulations have shown that these particular rotors
can show unidirectional motion when placed in an rotating
electric field.11-13
Developments in synthesizing three-dimensional construction
sets as described in refs 13 and 14 and in feedback controlled
lithography (FCL)15 make it possible to create ordered arrays
of these molecular dipolar rotors using three-dimensional grids
and attaching them to surfaces.
Modeling these dipolar molecules as classical point dipoles
allows us to do numerous complete molecular dynamics
simulations on large systems. We have examined how energy
and signal can be transferred along one-dimensional (1D) chains
of rotating dipoles.16-19 These signals are of a mechanical kind
and therefore much slower than electronic signals. However,
no charge is transferred in the process; it is purely mechanical.
* Corresponding author. E-mail: ratner@chem.northwestern.edu.
† Northwestern Univeristy.
‡ Delft University of Technology.

Figure 1. Three dipolar rotors developed by the Michl group and
collaborators (see refs 10-12) and their values for dipole moment µ
and moment of inertia I (amu stands for atomic mass unit). The axes
of rotation of the rotors are indicated by the arrows.

There has been strong interest in arrays of dipoles, both
electric20-22 and magnetic.23-27 Ground states, and magnetization/polarization in external field and temperature, have been
studied for ordered square, triangular, honeycomb, and rhombic
lattices, theoretically for infinite systems20-23 and computationally for finite systems.24-27 Replacing the magnetic dipoles and
field with electric ones should give identical results. Experimental results show the magnetization of 2D arrays of Co and
Fe particles of different sizes and shapes in uniform magnetic
fields.28-31 In computational studies, uniform magnetic fields
are usually employed.23,24,26,27
Here, we consider finite 1D chains of electric dipoles, all
confined to rotate in the same plane (coplanar), and we
investigate the orientation of the dipoles as a function of
temperature and a local electrostatic field. Such dipole chains
have two symmetric ground states at temperature zero, in which
the dipoles line up nose-to-tail making an angle φ ) 0,π with
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then the temperature of the system is T.34 In this expression, Gi
is drawn from a Gaussian distribution, h is the time step size of
the numerical integrator used in the calculations, µ̂i ) (µ
bi/|µ
bi|)
is the unit vector in the direction of b
µi, n̂ is the unit vector
perpendicular to the plane of rotation of b
µi, and k is the
Boltzmann constant.
The dipoles in the system are subject to the dipole-dipole
interactions
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Figure 2. (A) Two symmetric ground states at zero temperature of a
dipole chain: all of the dipoles align nose-to-tail in one direction, φi
) 0 in blue and φi ) π in green. Temperature disrupts the ground
state as the dipoles move. The cartoon (B) shows a typical configuration
for low T, with dipole i making an angle φi with the chain axis.

the chain axis (Figure 2). (This ferromagnetic ordering of
magnetic dipoles was observed experimentally for monoatomic
chains of Co on a Pt substrate.32) For temperatures low compared
to the interaction energy, the dipoles oscillate around one of
the symmetric ground states. Applying a local nonuniform
electric field breaks the symmetry and makes one nose-to-tail
configuration energetically preferable to the other. In this paper,
the source of the local electrostatic field is taken as a fixed
control dipole, thus having an interaction with the dipoles
proportional to r-3
i where ri is the distance between the control
dipole and the ith dipole in the chain. (We refer to the dipole
that provides the local field as the control dipole.) Only the
dipoles close to the control dipole interact with it strongly; the
dipoles further away have a weak interaction with the local field
directly but “feel” the control dipole through the dipole-dipole
interactions with the dipoles in between indirectly.
We use Langevin dynamics simulations to study the behavior
of the dipoles in the chain as the control dipole’s orientation is
flipped. First, we examine the dynamics of the dipoles in the
chain without the control dipole, determining the conditions for
which the dipoles oscillate around the ground state (Section 3).
In Section 4, the local field dipole is introduced and we monitor
the behavior of the chain dipoles upon flipping the control dipole
and the dependence of this process on temperature, number of
dipoles, and the strength of the control dipole. This process also
works for some nonlinear chains in Section 5. Finally, we
summarize and discuss our results.

Langevin dynamics (LD) simulations are used to find the time
evolution of the dipoles in the system. Compared to classical
molecular dynamics (MD), Langevin dynamics includes two
extra terms in the force calculations to model the friction and
the temperature fluctuations. The dipoles are only allowed to
rotate and not translate; therefore, the torque is calculated

b
µ̈ LD
b
µ̈ MD
b
µ̇ i
i
i
)I
- γI
+B
Ri
|µ
bi|
|µ
bi|
|µ
bi|

(1)

where b
µ̈ i and b
µ̇ i are the second and first time derivatives of
dipole moment i, I is the moment of inertia of the rotor, γ is
the rotational friction coefficient, and B
Ri is a random term. The
first term in eq 1, Iµ̈
bMD
i , comes from the interaction potential,
the second term is the frictional term, and the last term sets the
temperature for the system. If
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(3)

where b
rij is the center-to-center vector between dipoles i and j,
and rij ) |r
bij|. Because each dipole has only one degree of
freedom, the rotation angle φi, the dipole moment can be written
as19

b
µ i ) µiTi‚(cos φi, sin φi)

(4)

where µi is the size of the dipole moment and Ti is a
transformation matrix (for a detailed description see ref 19).
Because the only variable left is rotation angle φi, its time
derivatives are are rotational velocity φ̇i and rotational acceleration φ̈i. The latter becomes the rotational force, or torque,
multiplying it by the moment of inertia. The interaction torque
Iφ̈i acting on the ith dipole can be written as19

Iφ̈MD
i
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N
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bj
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(5)

where

b
µ Ti )

dµ
bi
) µiTi‚(-sin φi, cos φi)
dφi

(6)

is the vector perpendicular to b
µi of the same size as b
µi. In this
µi, and b
equation, b
µTi , b
µj only are time dependent through their
angles φi and φj. The total torque (eq 1) now becomes in terms
of φi
MD
- γIφ̇i + Ri
Iφ̈LD
i ) Iφ̈i

2. Langevin Dynamics Simulations

I

Vij )

(7)

where the random Ri term now is a scalar:

x2kTγI
h

R i ) Gi

(8)

Starting with initial conditions for the dipoles at time t ) 0,
φ̇i(0) and φi(0), we numerically integrateφ̈LD
from eq 7 aci
cording to the velocity Verlet scheme.35
In the computer calculations we use reduced units, which
means that all quantities (temperature, energy, time) are written
in units of dipole moment µ0, the moment of inertia I0, and the
nearest neighbor distance r0, thus becoming dimensionless. The
real values of the quantities can be calculated from the reduced
units using the real values for µ0, I0, and r0

µ ) µ*‚µ0

(9)

I ) I*‚I0

(10)

r ) r*‚r0

(11)
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t ) t*‚t0 ) t*‚

x

4π0 I0 r30

γ ) γ*‚γ0 )

µ20
γ*
t0

µ20
E ) E*‚E0 ) E*‚
4π0r30
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(12)

(13)

(14)

in which Q* is the quantity Q (where Q ) t, γ, E) in reduced
units and Q0 is the real value of quantity Q per reduced unit, a
function of µ0, I0, r0, and physical constant 1/(4π0). The
temperature is given in terms of the interaction energy E0
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E0
T ) T*‚T0 ) T*‚
k

(15)

with k being the Boltzmann constant.
All of the quantities in this paper are presented in real units.
For conversion we used µ0 ) 3.7 D, and I0 ) 1150 amuÅ 2,
which are approximately the values for rotor 336 in Figure 1,
and a nearest neighbor spacing r0 ) 20 Å. Substituting these
values in eqs 9-15, we find that t0 ) 10.6 ps, γ0 ) 9.5 ns-1,
E0 ) 0.431 kcal/mol, and T0 ) 12.4 K. The reduced temperature
T* is also often presented to compare temperature T with
interaction energy E0.
Because eq 7 has a random term Ri, the time evolution of a
system is not unique. Instead, an ensemble of possible pathways
exists; this is the essential characteristic of Langevin dynamics.
For every system configuration, we average the results over 50
simulation runs. As initial configurations for these runs, we use
uncorrelated configurations, taken from a simulation of an
equilibrated configuration. When useful, the average values are
presented with a sample standard deviation

s)

x∑
1

NS

NSn)1

(Qn - Q
h )2

(16)

where Qn is the calculated quantity from simulation run n, Q
h is
its average, and NS is the number of simulation runs (usually
50).
3. Dipole Chain
The two symmetric ground states, defined as the configurations with minimum potential energy at zero temperature, for a
1D dipole chain are the configurations in which the dipoles are
perfectly lined up nose-to-tail (Figure 2A), pointing in one
direction along the chain axis (blue), or in the exact opposite
direction (green). At finite temperature T, the dipoles move
according to (rotational) Brownian motion restricted by the
interaction potential. The type of motion depends on the
temperature.
Figure 3 plots the distribution g(φ) of the dipoles, which is
the probability of a dipole having an angle with the chain axis
φ at a certain time if the system is at a temperature T, for
different temperatures T. Angle φ is calculated from the chain
axis not distinguishing between the positive and negative
direction. The data was acquired from 100 simulation runs, with
the initial configurations split evenly over the two symmetric
ground states. Note that the dipoles at the end of the chain have
more freedom to rotate and their peaks are broader and wider
than the peaks of the dipoles in the chain. This was also observed

Figure 3. Normalized distribution function (top) of angles φ for
different temperatures T. Reduced temperature T* in brackets (γ )
9.5 ns-1, N ) 10).

for magnetic dipoles by Vindigni et al.33 The distribution g(φ)
is normalized such that ∫π0 g(φ)dφ ) 1. For low temperatures
compared to the interaction energy (T ) 1.2, 6.2 K), the
distribution g(φ) is nonzero only for angles around the ground
states, φ ) 0, π. During the simulations with T ) 1.2, 6.2 K,
the dipoles only oscillated around their initial ground state. No
half or full rotations are observed. At higher temperatures (T )
8.7, 12.4 K), the dipoles mainly oscillate but also make (half)
a rotation every now and then. Distribution g(φ) now has
nonzero populations for φ ) π/2, although the populations are
higher for φ ) 0, π. As temperature is increased to T ) 18.6
K, the dipoles make rotations more often and the distribution
becomes more evenly spread until at high temperatures (T )
62 K) the distribution is uniform: the dipoles rotate stochastically according to Brownian motion, unhindered by the dipoledipole interaction.
Examples of these three different behaviors are also shown
in Figure 4, which plots the angular displacement φi(t) of the
dipoles for temperatures T ) 1.2, 12.4, 64 K. φi are the
accumulated angular rotations during the simulation. The three
behaviors are clearly visible, from top to bottom: small
oscillation, oscillation with occasional rotations, and stochastic
rotation. In the middle graph the temperature is high enough
that the dipoles are able to rotate, but not freely. Most of the
time they oscillate around a stable orientation, and every now
and then they make a half or full rotation, as is shown
graphically by the jumps. The jumps are in arbitrary directions,
and the dipoles at the end of the chain show a higher rate of
jumps, which can be explained by the fact that their rotational
potential wells are not as deep.
If the temperature is low enough such that the dipoles only
oscillate, we say the system has a stable orientation: All of the
dipoles point in the same direction and, although they fluctuate,
they do not rotate to the opposite direction.
All of the results presented in this section are from systems
with N ) 10 dipoles and each dipole has a friction factor γ )
9.5 ns-1. Calculations on systems with different friction coefficients, γ, or different chain lengths, N, resulted in similar
qualitative and quantitative behavior.
4. Dipole Chain with Control Dipole
The addition of a local field, in our case a control dipole, on
one side of the chain makes one stable orientation energetically
more preferable than the other. The control dipole makes an
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Figure 5. Time evolution of the chain dipole angles φi before and
after switching the control dipole (t ≈ 1.0 ns). The odd-numbered
dipoles rotate π in the negative direction and are plotted in black, and
the even numbered dipoles rotate π in the positive direction and are
plotted in brown. The cartoons show the configurations of the chain in
the two different stable configurations, before switching (blue) and after
(green). The red dipole is the control dipole (T ) 1.2 K (0.10), γ )
9.5 ns-1, µ/C ) 10.0, N ) 10).

Figure 4. Angular displacements φi of the dipoles for T ) 1.2, 12.4,
62 K (T* in brackets) showing three different dynamical behaviors.
The colors represent the different dipoles in the chain (γ ) 9.5 ns-1,
N ) 10).

angle φC with the chain axis and has a magnitude µC. In reduced
units it is expressed in terms of µ0:

µ/C )

µC
µ0

(17)

If we control the direction of the control dipole φC, we may
also control the orientation of the whole chain. The part that
interests us is how the chain reacts to the change of the control
dipole direction.
If the direction of the control dipole is switched from φC )
0 to φC ) π and if µ/C is large enough, then the dipoles that
were in the stable orientation φi ≈ 0 will reorient themselves
to φi ≈ π: they switch. For low temperatures, the reorientation
of the dipoles in the chain occurs as a smooth process shown
in Figure 5: At the moment the control dipole is switched (t ≈
1 ns), the first chain dipole immediately reacts and changes its
orientation, followed by the second dipole, the third dipole, and
so forth. The dipoles rotate over π radians in the opposite
directions of their predecessor, similar to mechanical gears. The
odd-numbered dipoles, plotted in black, rotate over -π rad, and
the even dipoles, plotted in brown, rotate over +π rad. The
switching of the dipoles propagates like a signal through the
chain, where a dipole only switches after its predecessor has
switched. The strong oscillation of the first dipole is due to the
large amount of energy the dipole received upon the switching
of the control dipole, and it takes some time to lose the energy
through friction.
We now define the switch time, tS, as the time it takes for
the whole chain to reorient after flipping the control dipole. In

Figure 5 we find tS ≈ 200 ps, and the dipoles switch in
approximately equal time intervals (∼20 ps). In the following
sections, we examine the switch time tS versus temperature T,
friction coefficient γ, chain length N, and control dipole moment
µ/C.
4.1. Switch Time versus Temperature and Friction. We
calculate the switch times for different temperatures T and
friction factors γ for a system of N ) 10 dipoles. The result
are plotted in Figure 6. The control dipole moment is chosen
much larger than the chain dipoles, µ/C ) 10.0, and only
temperatures in the oscillation range (T < 6.2 K) are considered.
The presented values are averages over 50 simulations per
combination of T,γ together with the standard deviation (eq 16).
The graphs indicate that the average switch time increases with
temperature and friction coefficient. This behavior is explained
using two examples: Figure 7 plots the evolution of the chain
dipoles, one for low T,γ (top) and one for high T,γ (bottom).
For low temperatures and friction coefficients, the dipoles switch
nicely one after another: the process is smooth and tS ≈ 200
ps. But, for high T,γ the rotational fluctuations of the dipoles
are large, making the switching process more erratic and
therefore increasing the switch time, tS ≈ 500 ps.
The erratic nature is also expressed by the larger spread in
the values (larger error bars for high T,γ), indicating a more
stochastic process for high T,γ.
4.2. Switch Time versus Chain Length. For a chain of 10
dipoles, we found that the switching process is smooth and
regular at low temperatures and friction coefficients (Figure 5)
and the switching of each dipole in the chain takes up
approximately the same amount of time. One could make the
assumption for low T that tS is linear with the number of dipoles
in the chain, N. However, simulations on systems with more
dipoles show that this assumption is wrong. Figure 8 plots the
average switch time versus the number of dipoles in the chain
for three different temperatures and displays an exponential
dependence of the switch time on the number of dipoles. The
graphs are fit with an exponential curve of the form tS )
t0Seβ(N-1); see Table 1. For low temperatures, fitted values are
very close to each other and the correlation is very close to
100%. Also, according to the error bars the spread of the
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Figure 8. Average switch times tS versus the number of dipoles in
the chain N for three temperatures T ) 0.012, 0.12, 1.2 K. The solid
line presents the fitted exponential for T ) 0.012 K (γ ) 9.5 ns-1, µ/C
) 10.0).

TABLE 1: Values for t0S and β for the Exponential Fits of
the Graphs of Figure 8a

a

T (K)

t0S (ns)

b

corr (%)

0.012
0.12
1.2

0.063
0.064
0.107

0.135
0.135
0.122

99.97
99.85
98.4

Corr is the correlation of the fitted values in percent.

Figure 6. Average switch times tS versus temperature T (top) and
friction coefficient γ (bottom) (N ) 10, µ/C ) 10.0).

Figure 9. Switch time tS versus control dipole moment µ/C (T ) 1.2 K
(0.1), γ ) 9.5 ns-1, N ) 10).

Figure 7. Time evolution of the chain dipole angles φi (each color
represents one dipole in the chain) for a low temperature (T ) 1.2 K
(0.1), γ ) 9.5 ns-1 top) and a high temperature (T ) 6.2 K, γ ) 47.3
ns-1 bottom) (µ/C ) 10.0, N ) 10).

calculated values is very small. For T ) 1.2 K the error bars
are larger, especially for larger systems.
4.3. Switch Time versus Field Strength. All of the simulations above were done with a control dipole moment much larger
than the chain dipole: µ/C ) 10.0. In this Section, we examine
the dependence of the process on the size of the control dipole
moment. We varied the control dipole moment between 1.0 e
µ/C e 15.0 and calculated the switch times, tS. Out of 50
simulations, the average values of tS are plotted in Figure 9
together with the sample standard deviation (error bars). The
switch time decays with increasing control dipole moment from
tS > 600 ps for µ/C ) 2.0 to tS ≈ 230 ps for µ/C > 8.0. For small

values of µ/C the error bars are large, meaning that there is a
big spread in the simulations. For some of the simulations with
µ/C < 1.8 the chains did not switch during the simulation run
(∼2 ns), and the results are not included in Figure 9.
The interaction of the control dipole with the first chain
dipole is also influenced by the their distance, r/C,1, expressed
in terms of the nearest neighbor distance r0. From eq 3, the
potential between the control dipole and the first dipole is
proportional to

µ/C µ20
VC,1 /
(rC,1r0)3

(18)

meaning that a change in r/C,1 ) X has the same result as a
change for the dipole moment µ/C ) X-3. It is possible to
rewrite any combination of µ/C and r/C,1 with eq 18 to a single
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Figure 10. Cartoons of a chain with a kink R ) 65° in its initial
configuration (A), after a successful switch (B), and trapped in a local
minimum (C).

Figure 12. Correlation functions Gc(r) for systems with different
temperatures T* (indicated on the right side of the graph). The solid
line is the exponential fit according to eq 20. The systems were
equilibrated at the temperatures, and the calculations were averaged
over the middle 80 dipoles to avoid edge effects (N ) 100 γ ) 9.5
ns-1).

rad. In case RC )
sites can be approximated by angle R ) R/-1
C
2.5, then R ) 22°, which is equal to the angle we found for the
kink above.
6. Summary, Discussion, and Conclusions

Figure 11. Cartoons of a circularly curved chain R/C ) 4.0 (A) before
and (B) substantially after switching the control dipole.

TABLE 2: Critical Temperature TC (T/C ) 0.5) for the
Dipolar Rotors in Figure 1, with Varying r0
r0 (Å)
TC (K)

15

20

rotor 1
rotor 2
rotor 3

4.3
14.7

1.8
6.2

30

50

237

51

1.8

value for µ/C, for which the results are plotted in Figure 9, and
therefore the dependence on distance r/C,1 will not be treated
explicitly.
5. Nonlinear Chains
The switching process is not limited to perfectly linear chains.
Simulations on chains with a kink (Figure 10) or circularly
curved chains (Figure 11) also display switching behaviors
depending on their geometries. The success of the switching
process for the kink chain is limited by the angle R: Only for
small angles R < 20° do the dipoles after the kink change their
orientation. For angles R > 20°, the system can get stuck in a
local minimum where the corner dipole has an angle φ5 ≈ (π
- R)/2 (Figure 10C). The larger angle R, the bigger the chance
that the switching process is halted.
The geometric limitations for the circular curved chain are
defined by curvature radius RC of the chain (Figure 11), defined
in terms of inter-dipole distance R/C ) (RC/r0). Simulations on
systems with different curvatures have shown that for chains
with R/C > 2.5 the switching process is always successful and
for radii R/C < 2.5 the process can get stuck in a local
minimum. For a circular configuration, the angles between the

For low temperatures, the dipole chain has two stable
orientations. The critical temperature is estimated at TC ) 6.2
K (T/C ) 0.5 ) for dipolar rotor 3 in Figure 1. If different dipole
moments µ0 or inter-dipole distances r0 are used, then this value
changes dramatically (see eq 15). Table 2 gives some combinations and their critical temperature showing that for rotors with
large dipoles placed close enough to each other the critical
temperature can be tuned to noncryogenic values.
If the conditions are such that the dipoles are in a stable
orientation, then we can use a local electric field to control the
orientation of the dipoles in the chain. Upon flipping the local
control field (assumed to be at one end of the chain), the dipoles
turn around one after the other in opposite directions, aligning
with the new energetically preferable orientation. For low
temperatures the process is smooth and takes ∼200 ps for a
chain of N ) 10 dipoles. For higher temperatures the switch
time increases linearly, up to ∼500 ps for the critical temperature
T/C ) 0.5. The switch time is also linearly dependent on the
rotational friction coefficient. The linear behavior is not valid
for extreme value γ ) 0 ns-1; the dipoles have no friction, and
therefore no energy will dissipate and the switching process
does not occur as described. Another interesting case appears
if T ) 0 K. All dipoles are frozen and perfectly aligned, meaning
that the interaction of the control dipole with the chain is
theoretically zero, see eq 5. However, for the smallest disruption
of this (theoretical), perfect alignment leads to a switch and a
switch time tS that is in agreement with Figure 6.
Another temperature-related issue is the correlation length.
The same dipole orientations (to the left or the right, relative to
the chain axis) can be observed only for a distance shorter than
this temperature-dependent correlation length ξ, which means
that in theory the orientational excitation can only be transferred
over distances shorter than ξ. Correlation length ξ follows from
the exponential decay of the spatial correlation Gc(r)

Gc(r) ∼ e-r/ξ

(19)
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where r is the distance between two dipole sites. The correlation
function Gc(r) can be calculated from a system at a certain
temperature T:
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Gc(r) ) 〈µ
bi‚µ
bj〉t with r ) |ri - rj|

(20)

Figure 12 plots the Gc(r) for systems with different temperatures
T*. The systems consisted of N ) 100 dipoles, but only the
middle 80 were taken into account for the calculation of eq 20.
For systems with T* g 1.0, an exponential decay can be
observed for r g 2. These decays are comparable to correlation
lengths of ξ ≈ 40 for T* ) 1.0 and ξ ≈ 5 for T* ) 1.5. For T*
) 0.8 no substantial exponential decay was observed, and a
much longer correlation length ξ . 40 can be assumed for low
temperatures because mostly a temperature T* ) 0.1 was used.
Note that for neighboring dipoles r ) 1 the correlation is a little
bit lower than expected. This is because if one dipole has a
positive angle, φi > 0, then its neighboring dipole prefers to
have a negative angle φi(1 < 0, resulting in a value for Gc(r)
much lower than expected according to eq 19.
The average switch time increases exponentially with the
number of dipoles N, even for very low temperatures. This is
in agreement with what was found earlier: coplanar dipoles
have a non-acoustical dispersion curve,16 and therefore there is
a non-constant signal velocity resulting in a nonlinear but rather
exponential growth of the switch time with N. The behavior is
the same for low temperatures (T ) 0.12, 0.012 K) and is not
temperature-dependent in this regime; the error bars are small.
For higher temperatures T ) 1.2 K, looking at the error bars,
the process becomes more erratic.
The magnitude of the control dipole plays an important role.
The direct dipole-dipole interaction of the control dipole with
dipole i in the chain decays with the distance according to r-3
Ci .
For the control dipole to have an interaction with the second
dipole on the same scale as the neighbors of the second dipole,
3
) 8 times
the dipole moment of the control dipole must be rC2
larger than chain dipole moments, and for the third dipole it
needs to be 27 times larger. So, down the chain the direct
influence of the control dipole is minimal. Now, assume that
the switching process is at the 6th dipole. The interaction with
the (already switched) 5th dipole is of equal strength as the
interaction with the (unswitched) 7th dipole, and yet the 6th
dipole switches its orientation to align with the 5th dipole (and
the control dipole).
The following test was done to understand this behavior. We
took a chain with the first half of the dipoles in the φi ) π
orientation and the second half with φi ) 0. Then, we ran
simulations with and without a control dipole at T* ) 0.1. At
the end of the simulation without the control dipole, about half
the of the chain configurations were with φi ≈ π for all of the
dipoles and about half of the configurations with φi ≈ 0: No
preference for any orientation was seen, as expected. If the
control dipole was present (φC ) π,µ/C ) 10.0), then all
configurations ended with φi ≈ π for all of the dipoles. The
switch times were all between tS ) 106 and 170 ps, varying
from exactly half the time of a 10 dipole chain to 60% longer.
In none of the cases did the signal first travel in the direction
of the control dipole, but always away toward the end of the
chain. So, although there is no direct influence of the control
dipole on the dipoles down the chain, the control dipole has an
indirect influence through the dipoles in between, hindering them
to rotate in the opposite direction.
In all of our simulations the control dipole switched instantaneously. Simulations with a gradually rotating control dipole

have not resulted in a smoother process or shorter switch times,
validating the instantaneous switch used in our simulations.
We have shown that this switching process is not limited to
perfectly linear chains; it also works in kinked chains and
circular chains for certain geometries. For the chain with a kink,
the angle should not be larger than R ≈ 20°, and for the circular
chain the switching always works for radii larger than R* )
2.5. We conclude that the switching mechanism works for dipole
systems that have two stable orientations that can be accessed
easily without getting stuck in local minima and if all of the
interactions are of the same size. If, for instance, one of the
dipoles in the chain has a much larger (or much smaller) dipole
moment or a gap appears in the chain, then the process could
be hindered or halted. If one would like to design logical circuits with these types of chains, then this should be taken into
account.
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