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ABSTRACT: From first-principles approaches, we investigate the torque exerted by the
current-induced forces in a highly asymmetric molecular junction, where the benzene
molecule is directly connected to the platinum electrodes. We observe that the curved
flow of the current streamline around the tilted molecule can induce a net torque, which
tends to rotate the benzene molecule, much like the way a stream of water rotates a
waterwheel. The magnitude and direction of the net torque are determined by the
detailed current density flowing through the molecular junction. Such an asymmetric
molecular junction could offer an experimentally practical system for the exploration of
an electrically controllable single-molecule motor. The idea given above is also supported
by a simple physical model based on the Landauer−Büttiker formula in the tight-binding
framework.

I. INTRODUCTION

In the new emerging field of nanoelectromechanics (NEMS),
the controlling operation of nanometer-sized (molecular)
devices remains both critical and challenging.1−3 It is naturally
accepted that molecular motors will play an important role in
the design of these nanomachines since in the macroscopic
world the basic component of any machine is a motor. Several
studies have examined molecular motors driven by light,
chemical reaction, and current.4−16 We propose a conceptually
new design of an electrically controllable single-molecule
motor, propelled by the current-induced forces due to
nonequilibrium coherent electron transport. We investigate
from first-principles calculations the torque that is exerted by
the current-induced forces in an asymmetric single-molecule
junction. Current-induced forces arise from the current flowing
through the nanojunction. These forces are exerted by scattered
electrons via the change of their momentum transferred to the
molecule and can be decomposed into two components: the
direct force and the wind force. The direct force is the
electrostatic force acting on the core electron charge due to the
electrostatic field induced by the voltage applied across the
junction, whereas the wind force is due to the current-carrying
electronic states which cause the net momentum transfer from
electrons scattered by the ions.17 The wind force is propor-
tional to the rate of momentum transfer from the electrons to
the ions. In microelectronics, this phenomenon is known as
electromigration, which is one of the major mechanisms that
frustrate the metallic contacts.18 The nanojunction may carry
much larger current density than the macroscopic counterparts.
Consequently, the current-induced forces are of key importance
to understand the mechanical instability of the nanojunction.19

For example, in the case of a single atom in the vacuum
between two electrodes with a semi-infinite planar surface, the

scattering of electrons at the atom creates a resonant charge
dipole centered at the atom in the same direction as the
electron flow. This has a current-induced force against the
electron flow just like the local resistive dipole in electro-
migration.20 Also, we note that the inelastic electron−vibration
interactions contribute negligibly to current-induced forces in
quasi-ballistic transport. Actually, they are at least 1 order of
magnitude lower compared to the forces in the case of elastic
scattering.17,21

The question on whether or not the current-induced forces
are conservative has been raised.20 The current-induced forces
[defined in eq 6] include the kinetic energy term, which is
unable to be written as the gradient of a potential, and thus, the
current-induced forces are unnecessary to be conservative.
Moreover, the current-induced force field is roughly propor-
tional to the current density. When the streamlines of current
density have the tendency to rotate about a point in a vector
field, the curl of the current density is nonzero, implying that
the curl of the current-induced force field could be nonzero,
and thus the current-induced forces are nonconservative in this
case. Through molecular dynamics simulations, it has been
reported that the current-induced forces may rotate the atom at
the corner of a bent atomic wire.22,23 They show that the
current-induced forces are generally not conservative because
the net work per revolution is nonzero. Recently, many studies
have been conducted on the nonconservative nature of the
current-induced forces.24−29

In this paper, we propose a conceptually new design of an
electrically controllable single-molecule motor, propelled by the
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current-induced forces due to nonequilibrium coherent
electron transport. From first-principles approaches we
calculate the torque that is exerted by the current-induced
forces in an asymmetric single-molecule junction. The single-
molecule junction consists of an asymmetric benzene molecule
directly connected to platinum electrodes, as shown in Figure 1.

Kiguchi et al. have experimentally and theoretically investigated
the inelastic electron tunneling spectroscopy (IETS) and shot
noise of this system, while they also measured a large
conductance.30 Such a system provides a more realistic example
in demonstrating the possible rotational motion exerted by the
current-induced forces at the molecular level. This molecular
junction not only offers an experimentally practical system for
an electrically controllable single-molecule motor but also has
fundamental interest in exploring the response of forces on a
single molecule due to details of the uneven electric current
flow caused by the asymmetric geometry.
First, the structure of the single-molecule junction is relaxed

using the Vienna Ab Initio Simulation Package (VASP). The

tilted benzene molecule is roughly pivoted along the axis
connecting two Pt electrodes. We observe that the relaxed
configuration of the Pt/benzene junction loses mirror
symmetry. The benzene ring is tilted at an angle and located
slightly above the line connecting the Pt atoms. Second, we
calculate the torque exerted by current-induced forces on the
molecule in the relaxed geometry using the steady-current wave
functions obtained self-consistently in the framework of density
functional theory (DFT) in scattering approaches. To give an
insight into the physical picture of the net torque exerted by the
current-induced forces, we visualize the current density and the
curl of current density [see Figure 2(b) and (c)]. We observe
that the highly tilted benzene molecule causes the streamline
flow of the current to curve considerably to one side of the
benzene ring. The large current density is due to the shorter
distances between the Pt atoms and the carbon atoms in the
lower part of the benzene ring. The imbalanced current density
results in a nonzero curl of the current density. The curl of the
current density (J ⃗ = nev ⃗ in classical limit) turns the direction of
the velocity of the electron and thus creates a change of the
angular momentum in a unit time. Consequently, this generates
uneven current-induced rotational forces which induce a net
torque rotating the molecule, much like the way a stream of
water rotates a waterwheel. We also observe that the net torque
increases as the bias increases. Thus, the Pt/benzene junction
may serve as an atomic-sized motor, which is the extreme limit
of mechanical device miniaturization. To demonstrate that
transverse forces can be induced by the asymmetric geometry
of the molecule, we further introduce a simple physical model
based on Landauer−Büttiker formalism in the tight-binding
approach.9

The remainder of the paper is organized as follows. In
section II(a), we briefly describe the theory behind the
calculations for the current-induced forces in the Pt/benzene
single-molecule junction based upon the DFT framework and
scattering approaches. In section II(b), we introduce a simple
physical model for the benzene ring that demonstrates the
mechanism behind its rotation. This is done using the
Landauer−Büttiker formalism in the tight-binding approach.
In section III, we discuss our results, while we conclude in
section IV.

Figure 1. Schematic diagram of the Pt/benzene junction being
investigated. The optimized geometry of the junction is relaxed using
the VASP code. Gray, yellow, and blue balls represent Pt, carbon, and
hydrogen atoms, respectively. The Pt−benzene−Pt nanostructure,
where the benzene molecule is tilted, is formed through the chemical
bonds between the Pt and carbon atoms. This Pt−benzene−Pt
nanostructure is connected to the Pt electrodes via the Pt−Pt metallic
bonding. An external bias VB = (EFR − EFL)/e is considered to generate
net torque on the benzene molecule by the current-induced forces.

Figure 2. (a) Density of states due to the populated current-carrying states for various source−drain biases (VB = 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 V) in
the Pt/benzene junction. The left Fermi level EFL (blue dotted lines) is set to be the zero of energy. The right Fermi level EFR (red dotted line) refers
to VB = (EFR − EFL)/e. (b) A schematic diagram of the Pt−benzene−Pt nanostructure bridging two bulk Pt electrodes modeled as electron jellium
with rs ≈ 3. The separation of two Pt−jellium surfaces is fixed at around 9.6 au. The current-induced forces on each atom of the Pt−benzene−Pt
nanostructure are shown by the 3D vector plot with blue arrows with VB = 0.1 V. Correspondingly, the current density is represented by the 3D
vector plot with black arrows. The 3D vector plot for the current density is plotted in log scale to facilitate the visualization of the smaller current
density because the magnitude of the current density varies in orders of magnitude. (c) Schematic of the curl of the current density corresponding to
the current density in (b). Balls represent the atoms.
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II. THEORY AND CALCULATIONS

The calculations considering the forces that are applied on the
benzene molecule induced by the steady-state current follow
the theory developed by Di Ventra, Pantelides, and Lang.31,32 It
is well-known that the Hellmann−Feynman theory is the key
ingredient of the quantum mechanical treatment of forces
acting on nuclei in molecules and solids. The Hellmann−
Feynman theory is widely applied for structure optimization in
material physics and chemistry. In such calculations, electrons
in the electron system are in their instantaneous ground states.
However, the conventional Hellmann−Feynman theory fails to
apply to molecules and solids in time-dependent external fields
and in transport in nanostructures and molecules. So, Di Ventra
and Pantelides rigorously derived a general form of the
Hellmann−Feynman-like theory considering a fully dynamical
description of the many-body problem comprising electrons
and ions in the classical limit of ionic motion.26,31,33,34

According to the above theory, the Pulay terms that appear
in Hellmann−Feynman theory vanish in the case of steady-state
current.35

In our analysis, the structure of the Pt−benzene−Pt single-
molecule junction is relaxed using VASP, as shown in Figure 1.
With the relaxed geometry of the single-molecule junction, we
calculate the current-induced forces using steady-state wave
functions obtained self-consistently in the framework of DFT in
scattering approaches.36,37 To describe the physical mechanism
of the proposed molecular motor, we also calculate the current-
induced forces using a simple physical model based on
Landauer−Büttiker formalism in the tight-binding approach.9

II(a). Current-Induced Forces Calculated by DFT in
Scattering States. The full Hamiltonian of the system is H =
H0 + V, where H0 is the Hamiltonian due to the bare Pt
electrodes and V is the scattering potential of the Pt−benzene−
Pt nanostructure bridging the semi-infinite Pt electrodes with a
planar surface. We set the distance between two jellium surfaces
to be around 9.6 au. The distances between the benzene
molecule and the left (right) electrode are around 4.1 and 4.1
au, respectively. First, we calculate wave functions of H0 due to
the bimetallic junction modeled as electron jellium (rs ≈ 3)
with an applied bias [VB = (μR − μL)/e, where μL(R) is the
chemical potential deep in the left (right) electrode]
maintained by the external bias VB. The unperturbed wave
functions have the form, ΨEK

0,L(R)(r) = (2π)−1eiK·R·uEK
L(R)(z), where

uEK
L(R)(z) represents the wave function of electrons incident from
the left (right) electrode under a finite bias along the z-
direction before inclusion of the Pt−benzene−Pt nanostruc-
ture. The unperturbed wave functions uEK

L(R)(z) are obtained by
solving the coupled Schrödinger and Poisson equations under
the constraint of charge neutrality of the total system iteratively
until self-consistency is reached. Deep inside the electrodes (z
→ ± ∞), the right- and left-moving waves satisfy the scattering
boundary conditions
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where K is the electron momentum in the plane parallel to the
electrode surfaces, and the z-axis is along the direction of the
current. The condition of energy conservation gives h̵2kR

2/2m =
E − h̵2K2/2m − νeff(∞) and h̵2kL

2/2m = E − h̵2K2/2m −
νeff(−∞), where νeff(z) is the effective potential comprising the
electrostatic potential and exchange correlation energy at the
level of local density approximation.37 Note that νeff(±∞)
values are the bottom of the conduction band deep inside the
right and left electrodes.
The electrode−nanostructure−electrode system is consid-

ered as a unified coherent quantum system. Inclusion of the
Pt−benzene−Pt nanostructure is considered in the scattering
approach. The current-carrying wave functions of the total
system (jellium + nanostructure) in the continuum are
calculated by solving the Lippmann−Schwinger equation
iteratively until self-consistency is reached
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where ΨEK
0,L(R)(r) stands for the effective single-particle wave

functions of the entire system, corresponding to propagating
electrons incident from the left (right) electrode scattered by
the nanostructure. The quantity GE

0 is Green’s function for the
bimetallic junction. The potential V(r1, r2) that electrons
experience when they scatter through the nanojunction is
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where Vps(r1, r2) is the pseudopotential;
38 n0(r) is the electron

density for the pair of biased bare electrodes; n(r) is the
electron density for the total system and δn(r) is their
difference; and Vxc[n(r)] is the exchange−correlation potential
calculated at the level of local-density approximation. A basis of
3920 plane waves is chosen in the current calculations.
Localized states are obtained by a direct diagonalization of
the full Hamiltonian. We note that the external bias [VB = (μR
− μL)/e] is considered in the bimetallic junction with different
chemical potential deep in the electrodes. When a molecule is
included in the junction, the Lippmann−Schwinger equation is
applied to calculate wave functions of the entire system
(electrodes + molecule) until self-consistency is achieved. Thus,
the high-bias case is considered and calculated at the same
footing as the zero-bias case using the Lippmann−Schwinger
equation. The wave functions can be applied to calculate the
current density using

∫ ∫= ℏe
mi

E IJ r K r( ) d d ( )EE K,
RR

(5)

wh e r e I E E ′ , K ∥
R R ( r ) = [Ψ E , K ∥

R ( r ) ]*∇Ψ E ′ , K ∥
R ( r ) −

∇[ΨE,K∥
R (r)]*ΨE′,K∥

R (r).
Wave functions of the continuum states and localized states

are applied to calculate the current-induced forces. With the
effective single-particle wave functions for transport electrons
obtained in the density functional theory in the Lippmann−
Schwinger equation, the Pulay-like terms vanish, and the force
F acting on a given atom at position R due to the
nonequilibrium current flow at finite biases is given by
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where the first term on the right-hand side of eq 6 is the
Hellmann−Feynman contribution to the force due to localized
electronic states |ψi⟩. The second term is the contribution to
the force from the continuum states |ψΔ⟩. The wave functions
|ψΔ⟩ are the eigendifferentials for each energy interval Δ in the
continuum σ

∫ψ ψ=Δ Δ
A Ed

(7)

where A is a normalization constant and ψ’s are the effective
single-particle wave functions in the continuum. In other words,
eigen differentials represent wave functions in the continuum
space that are square-integrable in the Hilbert space. For more
details, see refs 17, 32, and 35.
II(b). Current-Induced Forces by the Tight-Binding

Model. We simulate the torque that is exerted by the current-
induced forces in a highly asymmetric molecular junction, i.e., a
benzene ring, by introducing a simple physical model based on
an analysis of a previous work using the Landauer−Büttiker
formalism in the tight-binding framework.9 The tight-binding
Hamiltonian describing the benzene ring is given by the
following equation

∑= +† †H t c c c c( )
n m

nm n m m n
, (8)

where cn and cm
† are the annihilation and creation operators,

while ⟨n,m⟩ denotes the first nearest-neighbors and tnm the
hopping elements connecting the different atoms. To calculate
the current-induced forces, we attach perfect square lattice leads
from both the left and right sides of the benzene ring (see
Figure 4(a)) with constant hopping element t. Additionally, we
introduce periodic boundary conditions in the direction
perpendicular to the transport (direction y) which results in a
quantized wavevector ky given by

π
= =k

q
M

q M
2

( 1, 2, ..., )y (9)

where q is an integer and M is the number of sites in the y-
direction equal to the width of the leads. Within the tight-
binding framework the bandstructure of the leads is

α α= +E k k t k t k( , ) 2 cos( ) 2 cos( )z y z y (10)

which also satisfies
π

α
π
α

− ≤ ≤kz (11)

where kz is the wavevector defined in the transport direction
and α the lattice constant of the square lattice. For electrons
traveling from the left lead with some energy E, the
bandstructure of eq 10 yields two energy kz components
kz(E, q) and −kz(E, q′) with corresponding group velocities
vz(q, −kz) (right moving channels) and νz(q′, kz) (left moving
channels) where vz = (1/ℏ)(∂E(kz, ky)/∂kz). So, the tangential
velocity defined as νy = (1/ℏ)(∂E(kz, ky)/∂ky) corresponds to
these kz values.
Inside the benzene ring, we choose the hopping elements tnm

to differ randomly by a small amount of ±0.3 eV compared to
the constant hopping element inside the leads (see Figure
4(a)). Also, the hopping elements that connect the leads with
the benzene ring differ to the same amount under the condition

that the top connection is smaller than the bottom.
Furthermore, we note that roughly speaking tnm ∼ 1/|rnm|

s

where rnm is the distance between the sites to some power s.
This kind of disorder resembles the asymmetry and the
connection of the benzene molecule to the leads, introduced by
first-principles calculations.
Now, consider an electron wavepacket that travels through

the left lead carrying some amount of tangential momentum
with a group velocity vin. The electron wavepacket arrives
through the lead to the scatterer, and some amount is reflected
to the left with a velocity vR, and some is transmitted to the
right with a velocity vT. So, according to the above statement,
we define

∑ν = v E( )
q

qin
(12)

and

= +v v E v E( ) ( )out R T (13)

where

∑=
′

′ ′v E R E v E( ) ( ) ( )
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q qR
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Rq′(E) and Tq′(E) are defined as Rq′(E) = Σq′|rq′q|
2 and Tq′(E)

= Σq′|tq′q|
2 corresponding to the reflection and transmission

probabilities for an incident electron from channel q and
reflected (right going) and transmitted (left going), respec-
tively, from channel q′, while the sum is over the number of
open channels. According to the momentum-impulse theorem,
the force per volt in a unit time (torque) that is produced is

= −F E F v E v E v( ) ( ( ) ( ))/0 in out 0 (16)

where

α= =
ℏ

F
m ev

h
v

t2
,0

e 0
0 (17)

In our case, we choose that the constant hopping of the leads
is t = −1 eV with lattice constant defined as α = 1 Å, and
therefore, v0 = 1.52 × 105 m/s and F0 = 6.69 × 10−11 N/V. So,
the force F0 for 1 V is 6.69 × 10−11 N/V. Also, by symmetry the
provided incoming velocity of electrons that travel through
leads vin = 0. In addition, it can be shown that if there is no
asymmetry in the benzene ring the tangential force F(E) = 0.
By Newton’s third law, the net tangential force exerted on

the benzene molecule is Fbenzene(E) = −F(E), and so

= −F E F v E v E v( ) ( ( ) ( ))/benzene 0 out in 0 (18)

III. RESULTS AND DISCUSSION
III(a). Current-Induced Forces Calculated by DFT in

Scattering States. The geometry of the Pt/benzene junction
is optimized by VASP shown in Figure 1, where the Pt−
benzene−Pt nanostructure is formed through the chemical
bonds between the Pt and carbon atoms. This Pt−benzene−Pt
nanostructure is connected to the Pt electrodes via the Pt−Pt
metallic bonding. The relaxed geometry shows mirror
asymmetry with regard to the x−y plane. The angle between
the normal of the plane where the benzene ring lies and the z-
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axis (the axis perpendicular to the surface of the electrodes) is
37.9°.
We model the Pt/benzene junction as the Pt−benzene−Pt

nanostructure bridging two bulk Pt electrodes modeled as
electron jelliums with rs ≈ 3. Figure 2(a) shows a series of
density of states (DOSs) due to the populated current-carrying
states for various source−drain biases in the Pt/benzene
junction. We observe two major peaks in DOSs in all cases,
where the leftside peak tends to shrink in the width and moves
toward the right as the biases increase. Figure 2(b) visualizes
the three-dimensional current density and compares the
electron current streamline flow with the current-induced
forces in the Pt/benzene junction. It is interesting to note that
the center of mass of the benzene ring is located above the line
connecting the two platinum atoms. The directions (lengths) of
the blue arrows indicate the directions (magnitudes) of the
current-induced forces on atoms of the Pt−benzene−Pt
nanostructure for VB = 0.1 V. The black arrows in vector
field plots represent the electron current streamline flow. We
observe that the benzene is subject to compressional forces in
both the horizontal and vertical directions. This feature is
consistent with the current-induced forces for the conventional
Au/benzene junction, where the benzene molecule lies on the
same plane with both electrodes and exhibits mirror
symmetry.31 More noteworthy is that the current-induced
forces are highly relevant to the details of the current density.
The current-induced forces acting on the ions are mostly
directed along the lines tangent to the paths of the curved
current streamline flows on the ions. This is particularly
important in the Pt/benzene junction because of its highly
asymmetric configuration, in which the streamlines of current

density have the tendency to rotate around the lower part of
the benzene ring due to the shorter distance between the lower
part of the benzene molecule and the Pt atoms. Consequently,
the curved streamlines of current density exert a net torque on
the benzene molecule. Moreover, the current-induced force
field is roughly proportional to the current density vector field.
Figure 2(c) shows the curl of the current density. The noise of
the curl of current density may be due to the fact that the
current is represented in plane waves. The current-induced
forces are roughly proportional to the current density. In
classical sense,▽ × J is proportional to the torque τ that is τ ≈
(▽ × J) ·I/(2·me), where I is the moment of inertia. So, the
fact that the curl of the current density is nonzero implies that
net torque is exerted to rotate the molecule, and thus the
current-induced forces are nonconservative in this sense.
Subsequently, we investigate the net torques due to the

current-induced forces through the center of the benzene ring
as a function of applied biases. We note that the surface normal
of the benzene ring approximately lies in the x−z plane. The
net torque could cause two ways of rotation about its easy axes:
(1) the benzene molecule rotates about the surface normal
(denoted by n) through the center of the benzene ring and (2)
the Pt−benzene−Pt nanostructure rotates about the z-axis
connecting two Pt atoms. To understand how the current-
induced forces drive the rotational motion, we calculate the
projections of the torque vectors along n and along the z-axis.
Figure 3(a) shows the projections of the net torque vectors
onto the x−z plane for various applied voltages. The
magnitudes of the torque vectors increase, and their directions
slightly change as the biases increase. The magnitudes and the
directions of the torques are relevant to the detailed electronic

Figure 3. (a) Projection of the net torque vectors associated with the current-induced forces acting on the ions of the benzene molecule onto the x−
z plane for various applied biases VB = 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 V. The direction of the surface normal of the benzene ring is denoted as n (black
arrow line). The horizontal (vertical) axis represents the z(x) component of the torque. Electrons flow from the right to the left (negative−
direction). The gray, yellow, and blue spheres represent the platinum, carbon, and hydrogen atoms of the nanostructure sandwiched between two
bulk semi-infinite planar electrodes, respectively; the projection of the net torque vectors for various biases along (b) the surface normal of the
benzene ring (denoted as τn) and (c) the z-direction (denoted as τz) as a function of the bias VB. First-principles calculations of the system energy
(blue solid lines) and the magnitude of the restoring torsional torque |τr| (black solid lines) as a function of rotation angle θ with respect to the (d)
surface normal direction and (e) z-direction. The torques generated by current-induced forces at different biases (red dashed lines) are provided in
both (d) and (e) for reference.
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structures. It is observed that the magnitudes of the projected
torque vectors increase as the biases increase, and the direction
of τn at VB = 0.1 V is opposite to the directions of the projected
net torques for the other five biases. As observed by Yang et al.,
the current-induced forces on atoms may be along or against
the direction of the current flow.19 This may explain why the
net torque direction at VB = 0.1 V is different from the net
torque directions caused by other biases.
Figures 3(b) and 3(c) show the projection of the net torques

along the surface normal of the benzene ring (denoted by τn)
and the projection of the net torques along the z-axis (denoted
by τz), respectively. The components of the torque vectors τn
and τz tend to rotate the benzene ring about the surface normal
and rotate the Pt−benzene−Pt nanostructure along the
direction of the current, respectively. Although the magnitudes
of the net torque along the z-axis are typically smaller than
those along the surface normal of the benzene ring, we
conjecture that it could be easier for the benzene molecule to
rotate about the z-axis than about the surface normal of the
benzene ring. The reason is that the connections between the
Pt−benzene−Pt nanostructure with the Pt electrodes are
metallic bonds whose bond angles are easy to change. This is
in sharp contrast to the chemical bond between the carbon
atom and Pt, which is directional and harder to rotate.
To further verify this conjecture, we perform total energy

calculations using VASP. The total energies allow us to estimate
restoring torsional torques, τr = −dE/dθ, that bring the Pt/
benzene junction as a tortional spring back toward its
equilibrium position shown in Figure 1. We rotate the benzene
ring about n and the Pt−benzene−Pt nanostructure about the
z-axis, respectively, and calculate the total energy (blue lines)
using VASP as a function of the angle of rotation θ for these
two cases, as shown in Figures 3(d) and 3(e). Subsequently, we
calculate the magnitude of restoring torsional torques τr from
the total energies in terms of rotation angles θ with respect to
the direction of the surface normal [Figure 3(d)] and the z-
direction [Figure 3(e)]. In the bar charts in Figures 3(d) and
3(e), the lengths of the bars represent the magnitudes of
restoring torsional torques. In the same graphs, we also show
the magnitudes of the projected net torques τn and τz
represented as red horizontal dashed lines for various applied
voltages. We see that rotating the Pt−benzene−Pt nanostruc-
ture about the z-axis is easier than rotating the benzene
molecule about the surface normal of the benzene ring. This
confirms our previous conjecture; that is, the z-axis is an easy
axis to rotate. Particularly, the net torque at VB = 0.2 V is large
enough to rotate the Pt−benzene−Pt nanostructure by an
angle of 1.2 radians, as shown in Figure 3(e). When the external
voltage is turned off, the Pt/benzene junction is expected to
return to the relaxed structure. Thus, the Pt/benzene junction
could serve as a rotary to propel a single molecule in a
controlled manner, while it also serves as a promising candidate
for a single-molecule rotary machine.
III(b). Current-Induced Forces by a Tight-Binding

Model. In Figure 5(a), we plot the tangential force
Fbenzene(N/V) as a function of the energy E (eV) that is
exerted on the benzene molecule (see Figure 4(a)), keeping in
mind that always vin = 0. In the energy region E = [−4,−1] eV
not shown in Figure 5(a), Fbenzene(E) = 0 since the only
provided open channel that is associated with the transverse
velocity component is zero. For the energy region E = [−1, 0]
eV, there is double degeneracy and two more channels open,
and as a consequence, the force becomes finite. More

specifically, these two new channels, where each one is
associated with a transverse velocity component vq′, are finite,
equal, and opposite in sign, while as mentioned above the third
one is zero. Also, we note that the introduction of the
asymmetry through the model of disorder for the benzene ring
implies unequal transmission and reflection probabilities for
each channel q′. So, according to the above statements this
leads to unequal reflection and transmission velocities vR and vT
(see eqs 14 and 15), resulting in a finite force (see Figures
5(a)). As far as concerning the energy region E = [0, 3] eV, the
number of open channels is reduced to two. The channel that is
associated with the zero transverse velocity is closed, and thus
the abrupt change of force at E = 0 eV. It should be pointed out
that in the energy area E = [0−0.5] eV the main contribution to
the force comes from the tangential reflected velocity vR, while
the contribution of the tangential transmitted velocity vT is
limited since the total transmission T is close to 0 (see Figure
5(b)). Finally, at the energy region E = [0.5, 3] eV, there is a
finite total reflection R and total transmission T which
according to the above argumentation concerning the reflection
and transmission probabilities Rq′ and Tq′ results in finite force.

IV. CONCLUSION
In conclusion, we have investigated the current-induced forces
in the Pt/benzene junction from first-principles approaches.
Also, we have demonstrated the same kind of forces introduced

Figure 4. (a) Disordered benzene molecule (shaded area) attached to
perfect square leads with periodic boundary conditions in the y
direction and width of W = 2α, where α is the lattice constant in the
square leads. Disorder in the benzene molecule exists as random
hopping elements tnm with values that differ by an amount of ±0.3 eV
compared to the constant hopping element t inside the square leads.
This kind of disorder simulates the asymmetry inside the benzene ring.
Also, the same amount of disorder is introduced for the connections
between the benzene molecule and the leads, with the top connection
smaller than the bottom. (b) Band structure calculated for the square
lattice leads with periodic boundary conditions in the y-direction,
constant hopping element t = −1 eV, and lattice constant α = 1 Å.
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for a benzene molecule in a simple physical model based on the
Landauer−Buttiker formula under the tight-binding framework.
By first-principles calculations, we show that the current-
induced forces are highly relevant to the details of the current
density, especially in highly asymmetric molecular junctions.
The asymmetric current streamline flows due to the tilted
molecule may exert a net torque, which tends to rotate the
molecule, in a manner similar to how a stream of water rotates a
waterwheel. By modulating the external voltage, the magnitude
and direction of the net torque exerted by the current-induced
forces are controllable. We have also compared the torques
exerted by the current-induced forces with the torsional
restoring torques along the direction of the surface normal
and the z-axis, respectively. The comparison shows that the Pt/
benzene molecule is easier to rotate about the z-axis. The Pt/
benzene single-molecule junction offers an experimentally
practical system to explore electrically controllable single-
molecule rotary motors driven by the nonequilibrium electron
coherent transport. Moreover, we also demonstrate that the
current-induced forces are not conservative because the curl of
the current-induced force field is nonzero.
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