
Chiral Control of Electron Transmission through Molecules

Spiros S. Skourtis,1 David N. Beratan,2 Ron Naaman,3 Abraham Nitzan,4 and David H. Waldeck5

1Department of Physics, University of Cyprus, Nicosia 1678, Cyprus
2Department of Chemistry, Duke University, Durham, North Carolina 27708, USA

3Department of Chemical Physics, Weizmann Institute, Rehovot 76100, Israel
4School of Chemistry, Tel Aviv University, Tel Aviv 69978, Israel

5Department of Chemistry, University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA
(Received 1 September 2008; published 5 December 2008)

Electron transmission through chiral molecules induced by circularly polarized light can be very

different for mirror-image structures, a peculiar fact given that the electronic energy spectra of the systems

are identical. We propose that this asymmetry—as large as 10% for resonant transport—arises from

different dynamical responses of the mirrored structures to coherent excitation. This behavior is described

in the context of a general novel phenomenon of current transfer (transfer of charge with its momentum

information) and accounts for the observed asymmetry and its dependence on structure.
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Charge transfer between donor and acceptor species
mediated by a molecular bridge is of intensive interest in
chemistry, physics, biology, energy science, and nano-
science. Recent experiments report the control of molecu-
lar phenomena with polarization-shaped light pulses [1–3].
Indeed, theoretical studies suggest that circularly polarized
light can induce molecular circular electronic currents that
can be considerably larger than molecular ring currents
induced by static magnetic fields [4,5]. Two of us and co-
workers [6,7] have shown experimentally that the relative
yield of electron transfer (ET) induced by circularly polar-
ized light (CPL) through helical molecular bridges depends
on the relative handedness of the bridge and the optical
circular polarization, in spite of the indistinguishability of
the underlying electronic energy spectra. Reversing the
direction of the circular polarization, or of the molecular
handedness, has similar effects, while the molecular hand-
edness does not influence the transmission of electrons
generated by unpolarized light.

In this Letter, we advance a simple tight-binding model
that accounts for the yield asymmetries in the context of
the more general phenomenon of current transfer. By
current transfer, we refer to charge transfer in which the
transferred charge carrier maintains at least some of its
linear and/or angular momentum. A recent example of
current transfer in photoemission appears in Ref. [8],
where a biased linear momentum distribution created on
a Cu (100) surface is observed in the angular distribution of
the photoemitted current. Figure 1 shows several tight-
binding models for current transfer. In all cases, at issue
is the question of whether or not electron transfer between
donor D and acceptor A is affected by, and/or carries
information about, the initial electron momentum states
in D. In Figs. 1(a) and 1(b), these states correspond to
linear and circular currents, respectively. If some of the
current directionality is preserved during transfer then, as

shown in Fig. 1(c), the indicated circular current in the
donor would produce a helical current in the helical bridge,
whose clockwise orientation implies motion towards the
acceptor. An opposite donor circular current induces an
anticlockwise bridge helical current that tends to move in
the opposite direction, implying a lower probability to
reach the acceptor. This intuitive picture is substantiated
below, using the fact that the nearest-neighbor tight-
binding model is equivalent to the linear model displayed
in Fig. 1(d). Realization of such (partial) conservation of
linear or angular momentum in the charge-transfer process
and its reflection in the electron transmission probability
would account for the observations of Refs. [6,7], if we
assume that the circularly polarized light excites a super-
position of donor states with a finite angular momentum,
similar to the ring currents discussed in Refs. [4,5]. Our
analysis provides a starting point for understanding how to
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FIG. 1. Shown are specific examples of current transfer from
donor to acceptor moieties [direct contact in (a), (b), transfer via
intermediates in (c) and (d)]. In the case of long or cyclic chains,
the wave function amplitudes of the building blocks have well-
defined phase relationships that produce the effects described
here.
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control through-bridge electron transmission by manipu-
lating the phase properties of the initial electronic state in
conjunction with suitable bridge structures. As discussed
below, it may also provide a tool for characterizing the
observed transmission as a resonant or nonresonant pro-
cess. Another source of yield asymmetry in transmission
through helical bridges could be spin-orbit coupling in-
volving spin-polarized photoelectrons. We believe that this
effect is small in the molecular bridges of Refs. [6,7]
because the spin-orbit coupling in these bridges is very
weak.

Transport analysis.—We focus on the model of
Fig. 1(d), which describes the donor, bridge, and acceptor
species as tight-binding chains [9]. The corresponding

Hamiltonian is Ĥ ¼ ĤD þ ĤA þ ĤB þ V̂BA þ V̂BD,
where

ĤK ¼ X
jK2K

"ðKÞjK
jjKihjKj þ

X
jK2K

VðKÞ
jK;jKþ1jjKihjK þ 1j;

K ¼ D;A; B
(1)

and

V̂KK0 ¼ X
jK2K

X
jK02K0

VðK;K0Þ
jK;jK0

jjKihjK0 j;

ðK;K0Þ ¼ ðD;BÞ or ðB; AÞ
(2)

ĤD, ĤB, and ĤA are the Hamiltonians of the D, B, and A

moieties, respectively, while V̂BD and V̂BA are theD-B and
B-A interactions. When the donor (say) is a cyclic mole-
cule with ND sites, as in Fig. 1(c), the periodicity is
reflected by an additional cyclic boundary condition. A
ring current in the donor is then represented by the com-
plex quantum state

jMDi ¼ 1ffiffiffiffiffiffiffi
ND

p XND

jD¼1

expfi½2�MDðjD � 1Þ=ND�gjjDi: (3)

In the equivalent model of Fig. 1(d), if coupling is assumed
negligible among all but the nearest two sites of D and B,
reversing the bridge handedness amounts to interchanging
the coupling scheme from jD $ 1B and ðjþ 1ÞD $ 2B,
shown in Fig. 1(d), to ðjþ 1ÞD $ 1B and jD $ 2B.
Clearly, reversing the bridge handedness or the current
direction (MD ! �MD) has the same effect on the electron
dynamics. Indeed, this symmetry is observed in the ET
yields reported in Refs. [6,7].

We next examine the effect of current transfer on
electron-transfer yield following the initial excitation of
donor states j�ini ¼ jMDi and j��

ini ¼ j �MDi. For def-
initeness, we assume that the excited donor state is char-
acterized by a finite lifetime @=�D and that the electron-
transfer signal is associated with the decay of the acceptor
state with rate @=�A [10]. These population relaxations are
described by replacing "jK by "jK � ið1=2Þ�K in Eq. (1) for

the corresponding donor and acceptor sites, i.e.,

hjKjĤjjKi ¼ "ðKÞ
jK

� ið1=2Þ�K, K ¼ D, A.

Starting from states jMDi and j �MDi, the yields for
specific relaxation channels can then be calculated as
follows. Starting from a given initial state j�ini, the proba-
bility that the acceptor state jjAi is populated at time t,

PjA;inðtÞ ¼ jhjAje�iĤt=@j�inij2 [Ĥ is the (non-Hermitian)

Hamiltonian of Eq. (1) with site energies "j � ið1=2Þ�j]

can be computed in terms of the right and left eigenvectors,

jXðRÞ
n i and hXðLÞ

n j of Ĥ, and the corresponding eigenvalues,
"n ¼ En � i�n=2 (�n > 0):

hjAje�iĤt=@j�ini ¼
X
n

RðnÞ
jA;in

e�i"nt=@;

RðnÞ
jA;in

¼ hjAjXðRÞ
n ihXðLÞ

n j�ini:
(4)

The yield of the irreversible flux out of the acceptor is then

YðinÞ ¼ �A

Z 1

0
dt
X
jA

PjA;inðtÞ: (5)

The asymmetry associated with the excitation circular
polarization or, equivalently, with the molecular bridge
handedness, may be quantified by the yields obtained
from the initial states j�ini ¼ jMDi and j��

ini ¼ j �MDi

A � YðMDÞ � Yð�MDÞ
YðMDÞ þ Yð�MDÞ : (6)

Dephasing.—Current transfer, as described above, is a
coherent phenomenon, sensitive to environmental dephas-
ing interactions. To investigate this effect, we incorporate
additional relaxation of coherences in the site representa-
tion of the Liouville equation for the system’s density
matrix ~�.

i@
d

dt
�j;lðtÞ ¼

X
k

½Hj;k�k;lðtÞ � �j;kðtÞHkl�

� ½ið�j=2þ �l=2Þ þ i�jl��j;lðtÞ; (7)

where, as above, the population relaxation rates �j are

nonzero only for donor and acceptor states. The probability
PjA;inðtÞ ¼ �jA;jAðtÞ needed in Eq. (5) is obtained from

Eq. (7) using the initial condition �̂ðt ¼ 0Þ ¼ j�inih�inj.
Model calculation.—We demonstrate the concept using

the minimal model of Fig. 2: a bridge (sites 3 to N � 1)
interacting with a donor (represented by two sites 1 and 2
and an acceptor site, N). All bridge site energies are taken

equal ("ðBÞjB
¼ "br), and similarly for the bridge nearest-

neighbor couplings (VðB;BÞ
jB;jBþ1 ¼ �br), and for the donor-

bridge and acceptor-bridge couplings (VðD;BÞ
1;3 ¼ VðD;BÞ

2;4 ¼
VðB;AÞ
N�1;N ¼ V). The complex energies of the donor sites (1

and 2) and acceptor site (N) are taken to be "� ið1=2Þ�D,
", and "� ið1=2Þ�A. The physics of the electron trans-
mission asymmetry reported in Refs. [6,7] is captured by
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this model, if we represent the opposite initial circular
currents on the donor by

j�ini¼ 1ffiffiffi
2

p ðj1iþei�j2iÞ; j��
ini¼

1ffiffiffi
2

p ðj1iþe�i�j2iÞ;
(8)

and take for the acceptor state jjAi ¼ jNi. Using Eqs. (5)
and (6), this leads to

Z 1

0
dtPN;inðtÞ ¼ @

XN
n¼1

jRðnÞ
N;inj2
2�n

þ 2@
XN
n>m

Im

�
RðnÞ
N;in½RðmÞ

N;in��
ðEn � EmÞ � ið�n þ �mÞ

�
;

(9)

where "m ¼ Em � i�m are the eigenenergies of the dissi-

pative Hamiltonian, and RðnÞ
N;in ¼ hNjXðRÞ

n ihXðLÞ
n j�ini. In the

Liouville formalism, we solve Eq. (7) using �̂ðt ¼ 0Þ ¼
j�inih�inj or j��

inih��
inj with �DðAÞ=2> 0. In either case,

we use Eqs. (5) and (6) to calculate the yield asymmetry.
Coherence relaxation on the donor is accounted for by
taking �12 > 0.

Results.—Figure 3 shows the asymmetry factor A,
Eq. (6), as a function of bridge length for resonant ("br �
" ¼ 0) and nonresonant ("br � " ¼ 3 eV) bridges, for dif-
ferent donor and acceptor lifetimes and in the absence of
dephasing. It should be emphasized that while the parame-
ters used (donor and acceptor lifetimes in the range 3–30 fs
and tight-binding couplings of order 1 eV) are reasonable
for nonfluorescing excited electronic states with covalent
intersite bonding, other values of lifetimes and couplings
will yield such asymmetries. The yield asymmetry is found
to become independent of length for long bridges and to be
about an order of magnitude larger in the resonant case.
Furthermore, in both resonant and nonresonant cases, A
increases with decreasing donor and acceptor lifetimes,
and more detailed studies show that the donor lifetime

effect is dominant in this regard. Finally, for parameters
in the range of those used here, and for short enough donor
lifetimes, we find effects of the order seen in the experi-
ments of Refs. [6,7] (�10% for resonant bridge, <1% in
the off-resonant case). For extremely short donor (accep-
tor) lifetimes, the asymmetry disappears.
Next, consider the effect of dynamic interactions with

the thermal environment, in particular, nuclear motions.
Such interactions give rise to decoherence as well as an
inelastic component to the transmission. Here, we focus on
the former, keeping in mind that inelastic effects on the
overall transmission are usually small. The effect of donor
decoherence is shown in Fig. 4, which plots A vs �12 for
resonant and nonresonant bridges of different lengths. A
remarkable observation here is that although increasing
decoherence eventually destroys the asymmetry, as ex-
pected, this happens only at unphysically large values of
�12, in particular, in the resonant bridge case. Similar
results are obtained in the presence of decoherence on
the bridge.
While this simple model cannot be expected to repro-

duce the specific experimental results of Refs. [6,7], we
have found three distinctive and robust features to charac-
terize our model in a relatively large range of system
parameters: (1) independence of bridge length for large
molecular bridges, (2) asymmetry increases as donor life-
times shorten (within physically reasonable values), and
(3) asymmetry persists in the presence of decoherence.
Furthermore, for a reasonable range of system parameters,
the calculated asymmetry is of the same order as seen
experimentally under reversed handedness of the circular

FIG. 3 (color online). The yield asymmetryA as a function of
bridge length Nbr ¼ N � 3, for the model of Fig. 2, for resonant
("br � " ¼ 0, solid lines), and off-resonant ("br � " ¼ 3 eV,
dashed lines) bridges. The asymmetry is plotted for �D ¼ �A ¼
0:02 eV, and �D ¼ �A ¼ 0:2 eV. Other parameters used are
�br ¼ 0:5 eV, V ¼ 1:0 eV, � ¼ �=4, and �i;j ¼ 0 for i � j.

FIG. 2. A minimal model demonstrating the effect of current
transfer: The donor, containing sites 1 and 2, is coupled to the
acceptor, site N, via the bridge, sites 3 to N � 1. The population
relaxation rates of the donor and acceptor sites are indicated with
arrows (rates �D and �A). The initial states, Eq. (8), represent the
initial current on the donor.
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polarization. Significantly, although this asymmetry is ex-
plained as a manifestation of a current transfer phenome-
non resulting from coherent excitation, the resilience of
this effect to decoherence rationalizes the observed behav-
ior in condensed thermal environments. Preliminary analy-
sis shows that the introduction of site-energy and nearest-
neighbor coupling impurities in the Hamiltonian reduces
the magnitude of the asymmetry for resonant transport.
Indeed, the experiments of Ref. [6] find that the asymmetry
disappears when, in a molecular layer of a given handed-
ness, as few as 1% of the molecules are substituted by
molecules of opposite handedness.

It is important to note that our model does not rely
inherently on the bridge’s chiral structure, but rather on
the nature of the donor excitation and on proximity effects
(that, we propose, result from the chiral geometry) that
determine the nature of the donor-bridge coupling. Such
proximity effects are expected to be apparent in chiral
molecules and in nanostructures. Indeed, our results sug-
gest that electron donor-bridge-acceptor molecular devices
could be used to carry electron phase information by
optically creating angular-momentum-polarized electron
donor states and by manipulating the bridge’s connectivity
to donor and acceptor. Semiconductor nanoparticles con-
nected by chiral (helical) bridge molecules are particularly
promising candidates for such devices, in addition to
monolayers of DNA, and to helical polypeptide molecules
adsorbed on metal surfaces [11].

Two predictions highlighted in Figs. 3 and 4 may be of
particular value in probing molecular ET mechanisms:
(1) the stronger yield asymmetry in the resonant regime
and (2) the peaking of the yield asymmetries at short
distances. These effects suggest that ET yield asymmetries
may be used to distinguish between resonant and super-
exchange molecular charge-transfer mechanisms. Indeed,
the transition between these regimes is of central interest in
DNA electron transfer [12,13] and direct strategies for
mechanistic interrogation have proven elusive. A key ex-
periment in DNA ET, therefore, would be to measure ET
yield asymmetries for photoinduced ET with an interca-
lated ET active species excited with CPL. This experiment
would be particularly informative if performed over a
range of transport distances.
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FIG. 4 (color online). The yield asymmetryA as a function of
donor decoherence for the model of Fig. 2 for resonant and
nonresonant bridges of different lengths. Parameters used (ex-
cept �12) are the same as in Fig. 3 with �D ¼ �A ¼ 0:2 eV. The
behavior of the asymmetry with respect to donor decoherence
shown above is obtained for a wide range of values of �DðAÞ.
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