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Current-induced rotation of helical molecular wires
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We show that electric current running through a nanojunction with a biased helical molecule can
induce unidirectional rotation of the molecular component. In an electric field, conduction electrons
injected into the molecule are accelerated along the helical path going through its body, thereby
gaining directed angular momentum. Conservation laws require that an angular momentum of the
same size but opposite sense is imparted to the rigid-body rotation of the helix. We describe the
angular momentum exchange processes that underlie the operation of the nanorotor, discuss factors
limiting its efficiency, and propose potential applications. © 2005 American Institute of Physics.
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I. INTRODUCTION

The past few years have witnessed a tremendous
progress in the modeling and fabrication of molecular
machines' such as shuttles,2 switches,3 turnstiles,4 ratchets,5
and rotors.’ Inspired by natural supramolecular machines,
which convert various natural forms of energy into coordi-
nated motion,” these machines are triggered by light,g"10
chemical or electrochemical energy,l or periodic electrical
fields."" Novel assembly that merge artificial and biological
features in their design have also been reported.12

In recent work, we suggested and investigated theoreti-
cally the possibility of driving molecular machines by elec-
tric currents passing through nanoscale junctions.nf15 This
type of driving can have a number of advantages: the ma-
chines operate in the dry state, they can be constructed such
that the motion is restricted to a chosen mode of the molecu-
lar moiety, and they can be individually triggered, hence cir-
cumventing the ensemble averaging of conventional environ-
ments. Moreover, if these currents are injected through
scanning tunnel microscope (STM) tips they can induce sur-
face nanochemistry,16 leading to a number of possible
applications. 17

It is of interest and potential use to realize that the driven
molecular systems provide a variety of motions. For ex-
ample, the molecule can get distorted'® or fully reorganized1
by an applied bias voltage. Similarly, passing a spin-
polarized current through a nanomagnet can lead to its tor-
sional oscillations.'” On the other hand, one could take ad-
vantage of the fact that radicals attached to molecular wires
can spontaneously rotate at elevated temperatures, and thus
influence the electron transpor’t.18

Il. MODEL

In this work, we study such a motion and demonstrate
that contacted and biased helical (spiral) molecules, such as
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short helicines,” phenylacetylines,21 or polyanilins,22 can be
driven into sustained unidirectional rotation by a dc electric
current. The mechanism underlying the operation of the na-
norotor resembles that which is responsible for the operation
of a wind mill or a piston rod (found in cars), as illustrated
schematically in Fig. 1. The electrons, injected from one con-
tact and absorbed by the other, are accelerated by the bias
voltage. Since through-bond tunneling dominates the
tramsport,%’24 the electrons take a helical path through the
molecular bridge, hence gaining directed angular momen-
tum. An angular momentum of the same magnitude but op-
posite sense is imparted to the rigid body and sets it into
unidirectional rotation. The sense of rotation is determined
by the sense of the bias voltage and the molecular handed-
ness.

We first briefly describe the character of the electronic
states and the origin of angular momentum transfer in helical
molecules. An “open” linear atomic chain of length / sup-
ports Bloch-type |k,) states with wave vectors k,
==(27/l)n and corresponding linear momenta p,=f%k,. A
“closed” chain (quantum well) supports “standing-wave”
states ||k,|), |k,|=(27/1)n, which do not carry linear momen-
tum. Therefore, in a closed chain twisted into a cut ring of
radius r=1/21, the states ||k,|) do not carry angular momen-
tum with a nonzero projection orthogonal to the ring. On the
other hand, a closed ring supports conduction states |k,,),
where electrons unidirectionally move around the ring and
thus carry angular momenta M, =hr X k,==+%An orthogonal
to the ring.

The electronic states of a helical chain are analogous. We
can assume that the molecule forms N loops of radius r, with
a pitch d per loop, and a pitch angle a=arcsin(d/4r). On
geometrical grounds, we can estimate that the |k,) states
carry electronic angular momentum J;, with projection J,
~fin cos(a) onto the symmetry (z) axis. To a first approxi-
mation, J, , is independent of the number of loops (N), since
the nodal pattern of the electron wave functions is invariant
with N. When the helical molecule is contacted to conduct-
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FIG. 1. Schematic illustration of a biased helical molecule, coupled by
single bonds to two contacts. Free electrons injected into the molecule
through the left contact are accelerated by the electric field and gain angular
momentum AM before leaving through the right contact. In the process,
torque is exerted on the molecule, which thus gains angular momentum
—AM. As a result the molecule undergoes unidirectional rotation at a speed
controlled by the balance between the driving rate and the rate of relaxation
processes.

ing electrodes and an electric field E is applied along the
helix axis, the electrons are asymmetrically injected from the
two contacts and, due to the bias potential, undergo asym-
metric transitions between |k,) and |k,.,) states of different
Jei; projections. Similar angular momentum transfer is in-
duced by electron transport through bent mesoscopic
conductors.”

lll. ANGULAR MOMENTUM EXCHANGE DYNAMICS

In general, the states of isolated molecules,
|Je1,Jm[,Jvib;Jel,Z,Jmt’z,Jvib,Z), can be characterized by a set
of angular momentum vectors J; and their projections onto
the symmetry axis J; . in the relevant subspaces. Here, J is
the electronic, J, the rotational, and J;, the vibrational an-
gular momentum,”® whereas the spin angular momentum is
neglected. The total angular momentum of the molecule, J
=Ja+Jio+Jdyivs and its z projection, J,=Jg ,+Jo .+ yip o, are
constants of the motion.

When the molecule is contacted to electrodes and sub-
jected to a bias voltage, electrons are injected into the system
and their scattering induces exchange of angular momentum
among the individual subsystems. The E-field accelerated
electrons gain angular momentum z projection in sequential
transitions,

|Jel,z»Jrot,z’ > - |Je1,zi l’Jrot,z + 1’ >» (1)

while an angular momentum of the opposite sense is passed
on to the rotational subspace of the molecule, providing a
mechanism for spinning of the helical backbone. In short
molecules, relaxation can be neglected and the electrons
carry away most of the gained angular momentum, AJ , as
they leave the molecule through the contacts. In longer mol-
ecules, the transfer,

J. Chem. Phys. 123, 184702 (2005)

ang. mom. contacts
electrons ——p--.  -I-20-C >

contacts \

4

\

1 7
_/.~"contacts

phonons ——>--*

FIG. 2. Scheme of the storage and flow of angular momentum in a biased
helical molecule. The electric field E accelerating the electrons causes the
exchange of angular momentum between the electronic and rotational sub-
spaces (two horizontal full arrows). In short molecules, electrons can largely
carry away the gained angular momentum via the contacts and hence the
angular momentum retained in the molecular body induces its rotation. In
long molecules, the electrons transfer their angular momentum slowly back
to the molecule via Coriolis and electron-electron umklapp coupling, but
much of it is transferred to phonons (third horizontal open arrow). These
transfer the angular momentum to the molecular moiety by scattering at the
contacts and phonon-phonon umklapp processes. The contacts provide an-
other mechanism of dissipation of the angular momentum.

|Jel,Z’]vib,Z’ s > - |Jel,z + ]’Jvib,z e~ 15 cee >’ (2)

of electron angular momentum AJ, to the vibrational de-
grees of freedom may be significant on the time scale of
electron travel through the molecule.”” The generated
phonons transfer angular momentum to the molecular rota-
tional subspace either by phonon-phonon umklapp scattering
processes10 or by phonon-scattering events at the contacts in
a sequence of transitions,

|Jr0t,Z’JVib,Z’ > - |Jr0t,zi 15‘Ivib,z -+ 1’ > (3)

In solids, umklapp scattering processes allow the relaxation
of linear momenta of excited electron and phonon baths
through coupling with the lattice.”® In this way, their eventual
nonzero average linear momentum (and hence velocity) is
transferred to the rigid body, the lattice, which thus acceler-
ates. In the present case, due to the helical geometry of the
molecular system, the same umklapp processes are accompa-
nied by an exchange of angular momenta between these sub-
systems. As a result of the “closed-loop” compensation de-
scribed by Egs. (1)—(3), one may expect the efficiency of the
nanorotor to degrade as the chain length grows. Figure 2
summarizes schematically the angular momentum exchange
dynamics envisioned.

IV. APPROXIMATIONS AND NUMERICAL RESULTS

Given the complexity of the dynamics involved, we de-
velop in the present work a semiclassical model that entails
substantial approximations but is capable of extracting the
essential physics and point to future opportunities. We as-
sume that a monochromatic beam of electrons is injected into
the helical molecule through one contact. An electron in-
jected at time =0 with momentum p and accelerated by an
electric field E gains momentum from the rigid-body rota-
tions at a rate p,=¢E,, [E,=E sin(«)]. Electron-phonon cou-
pling gives rise to relaxation of the angular momentum on a
time scale of 7,~0.5 ps. The net rate of change of electronic
linear momentum is, thus,

Downloaded 26 May 2011 to 131.193.196.159. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



184702-3 Current-induced rotation of helical molecular wires

pt)=eE,=[p (/7). 4)

Integrating Eq. (4), we obtain the time evolution of p, given
as

Ap (1) = eE,7 (1 — ™). (5)

Within the classical approximation, this momentum corre-
sponds to an electronic angular momentum gain M=p Xr.
The projection of M onto the helix axis is, thus,

AMe(t) = Ape(t)ra» (6)

where r,=r cos(a). This angular momentum is directly but
very slowly transferred back to the molecular body by Cori-
olis scattering26 and umklapp electron-electron scattering
(weak for small electron densities).” Typically, it is trans-
ferred to the phonons on a much shorter time scale, 7,,.

The field-driven acceleration of the injected electrons
imparts to the rigid body an angular momentum of the same
rate but of the opposite sense to that imparted to the elec-
trons,

Meﬁm(t) =—¢E,r,. (7)

Similarly, from Eq. (4), we find that the angular momentum
transferred from the electronic subspace to the phonons is
described through

M (1) = po(t)rol 7= eEro(1 = 7). (8)

At t> 7, the rates of Eqgs. (7) and (8) are practically equal in
magnitude and opposite in sense. Therefore, the angular mo-
mentum of each passing electron that is gained from the
molecular body is practically completely passed on to the
phonons. Angular momentum conservation requires that
these three terms cancel, Me(t)+MeHm(t)+Me%p(t)=0,
where we neglect the phonon-rotational coupling in Eq. (3).
Within the above framework, the average transfer time z,, of
an electron through the molecule is given as [=[{dru1),
where [ is the length of the (helical) electron path, (r)
=p(t)/m, is its average velocity, and m, is its effective mass.
Therefore, the total angular momentum transfer per electron
passing the helix are AM,_,=-eE,r,t, and AM,_,
=eE ,r,(t,+ T[,(e_t’"/ »—1)). In long molecules, phonons may
transfer the gained angular momentum back to the molecular
body before being able to carry it away from the molecule.

Perhaps the most significant change to the above picture
might be caused by contacts which can partially reflect the
electrons and phonons and thus redistribute their angular mo-
menta before they leave the molecule. To account for this
effect on a qualitative level, we assume that such processes
result in angular momentum transfer from the electron and
phonon subspaces into the helix rotations with probabilities
P, and P,,, respectively. One then finds that during the pas-
sage of a single electron through the helix the angular mo-
mentum,

AM,,=(1-P)AM, ., + P, AM, ., )

is transferred to the rigid-body rotation. Therefore, the larger
the P,, the less angular momentum is transferred from the
electron to the molecular rotation. This rotation is also inhib-
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FIG. 3. The steady-state normalized angular momentum m=AM,, /] trans-
ferred into rotation of a helical molecule as a function of the length / of the
electronic path through the molecule. The three curves (top to bottom) cor-
respond to P,,=0.3,0.6,0.9 and P,=0.

ited when P,, grows, since AM,_,,, and AM,_,, enhance each
other in Eq. (9) by having opposite signs.

In Fig. 3, we show the steady-state normalized angular
momentum, m=AM,, /I, imparted to the molecular rotation
by an injected electron accelerated along a helical path of
length [. We choose py=¢E,7, and 1=0-67,, and consider
the cases P,,=0.3,0.6,0.9 and P,=0. As is evident from Fig.
3, the most efficient driving is in the ballistic transport re-
gime, realized in molecules with electronic path [ shorter
than the electron mean free path N, ~wvr,, where electron
relaxation is negligible. In the opposite limit of diffusive
transport in long molecules m saturates, since the velocity of
the transported electrons saturates when their acceleration
and scattering balance each other [see Egs. (5) and (6)]. As a
result, each transported electron transfers in average a con-
stant angular momentum into a unit length of the molecule,
and the same but opposite angular momentum is transferred
to the phonons, leading to dissipation of the angular momen-
tum. As the probability P,, grows, phonons carry away a
decreasing fraction of the gained angular momentum, due to
scattering at the contacts, and the saturated value of m de-
creases. In realistic nanoscale molecular devices the
contacts-molecule coupling strength varies in a broad range
and may be, to some extent, controllable.

So far, we have included in our analysis only processes
described in Egs. (6) and (7). Therefore, we have neglected
the weak / dependence of P, and P,,, originating from Cori-
olis scattering and umklapp electron and phonon processes,
respectively, that are relevant in very long molecules. These
processes should be included when one considers the limit of
a long helix, with an electronic path of length />N\,>\,,
where A,=~50—-100 nm is the phonon mean free path.29 In
this regime, both P, and P,, should increase with / and even-
tually approach unity, while m falls to zero. This is the result
of angular momentum gained by electrons that is either di-
rectly or indirectly (via phonons) returned to the molecular
body, leading to partial cancellation of the angular momen-
tum gained by the rigid-body rotations.
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V. SPINNING RATE

We proceed to estimate the rotation speed of the helical
molecule corresponding to the angular momentum transfer
determined above. We assume that a steady-state electric cur-
rent J=en runs through the system, where 7 is the number of
transferred electrons per unit time and e is the electron
charge. With Eq. (9) we know that the rigid-body rotational

subspace gains angular momentum at a rate M,=AM n,

while losing angular momentum at a rate M,=—MT/ Tin-co
where My is the total angular momentum of the molecular
body and 7, . is the molecular-rotation damping time, due to

coupling with the contacts. In steady state, M,=M,+M,=0,
which gives M;y=AM, s, .. The molecule-electrode cou-
pling in realistic devices can give rise to a broad range of
damping times 7,,., depending on the linking groups that
connect the molecule to the electrodes. We note that while
the parameters P,, P,, and 7, are sensitive to this
molecule-contact coupling, they are not directly linked to
one another.

The molecular moment of inertia about the rotational
axis is A=Eimir?zal, where m; are the masses of the indi-
vidual atoms and r; denote their radial distances from the
helix axis. Therefore, the helical molecule rotates with an
average frequency

My T,
wrol=7r=em_a-]ma (10)

which follows the [/ dependence of m, shown in Fig. 3. In the
ballistic and diffusive electron-transport regime, where J
x El and J* E, respectively, w,,; depends on the applied volt-
age U=El as w,,, = U*/1 and U?/I?, respectively.

As an example, we consider a short helicine®® with bal-
listic electron transport. For a single loop in a helicine the
moment of inertia is A=~5X 10" kg m? and the average
electronic path length is [=27r=~1.6 nm (r=0.25 nm),
yielding a=3 X 107*° kg m and a pitch angle a=0.27. In the
ballistic regime, with a single open channel, the conductance
is gy=2¢>/h. Hence the application of voltage U=0.13 V
between the contacts gives rise to a current J=g,U=10 uA.

In this voltage drop, the change of the electronic kinetic
energy is AEk=(p}2c— p%)/ 2me=eU. Thus, if the initial elec-
tron velocity is vy=po/m,=0.001c, where c is the velocity of
light, its momentum change is Ap=p;~py=6.2
X 1072 kg m/s. The corresponding change of the electron
angular momentum is AM,,=r,Ap=~1.25X107* kg m?/s.
Given that J/e=71=62.5 ps~' and assuming that 7,,_.~1 ps,
we find M;=AM, 57, .~7.8X 1073 kgm?/s. The associ-
ated rotational frequency is thus w,,,=M;/A=16.6/N GHz,
where N is the number of loops of the short helicine. We note
that this rotation has a partly diffusive character at room
temperatures, where kg, 7> i,y

V1. CONCLUSION

We have demonstrated that electrical current running
through a helical molecule attached between contacts can
induce its unidirectional rotary motion. In the analogous sur-
face experiment, where the molecule is attached to the sur-
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face through only one end, spin-polarized electrons can be
emitted®” and the spinning molecules used, for example, to
push nanosystems in liquids. Similar rotation of helical mol-
ecules might be induced by chemical, pressure, or tempera-
ture gradients. One may thus envision a variety of fundamen-
tally interesting and potentially useful applications.
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