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ABSTRACT

In suitably designed nanoscale systems the ultrafast migration of uv/visible electromagnetic energy, despite its near-
field rather than propagating character, can be made highly directional. At the photon level such energy migration
generally takes a multi-step form, with each step signifying the transfer of an electromagnetic quantum between
chromophores playing the transient roles of source/donor and detector/acceptor. There is much interest in nanophotonic
devices based on such mechanisms, although the excitation transfer is usually subject to losses such as radiative decay,
and possible device applications are compromised by a lack of suitable control mechanisms. Until recently it appeared
that only by inefficient and kinetically frustrated means, such as chromophore reorientation or movement, could
significant control be effected. However in a system constructed to inhibit near-field propagation by geometric
configuration, the throughput of laser pulses can facilitate energy transfer through a process of laser-assisted resonant
energy transfer. Suitably configuring an arrangement of dipoles, it proves possible to design parallel arrays of optical
donors and acceptors such that the transfer of energy from any single donor, to its counterpart in the opposing plane, is
switched by throughput laser radiation of an appropriate intensity, frequency and polarization. A detailed appraisal of
some possible realizations of this system reveals an intricate interplay of electronic structure, optical frequency and
geometric factors. In the drive to miniaturize ultrafast optical switching and interconnect devices, the results suggest a
new basis for optically activated transistor action in nanoscale components, with significant parallel processing
capability.
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1. INTRODUCTION

In heterogeneous, optically complex systems, any primary excitation produced on the absorption of uv/visible light by a
local optical center or chromophore will generally be followed by a process of relaxation back down to the ground state,
with an associated redistribution of the excitation energy on a timescale determined by the lifetime of the electronic
excited state. While this relaxation may take the form of fluorescence propagating out of the system, it is often a
process that entails a series of ultrafast excitation transfers between closely neighboring optical centers — the mechanism
for each step involving near-field electromagnetic coupling. At the photon level each of these steps signifies the transfer
of an electromagnetic quantum between chromophores which play the transient roles of source/donor and
detector/acceptor. The ability to direct this close-range form of energy transfer is extensively utilized in natural
systems, such as the light-harvesting complexes of photosynthetic organisms.™ There is much interest in nanophotonic
systems based on such principles, although possible device applications are frequently compromised by a lack of
suitable control mechanisms. Of the many methods available to direct near-field energy transfer, one of the simplest is
the application of intense optical radiation to enhance the coupling between chromophores. Although it has only
recently begun to attract interest, this mechanism clearly offers a means to exert significant control. This paper develops
a concept for its exploitation in the design and operation of an all-optical transistor.

2. UNPERTURBED ENERGY TRANSFER BETWEEN ARRAYS

The mechanism for energy transfer from an excited chromophore to another in its ground state, via a process known as
resonance energy transfer (RET), is easily calculated using a quantum electrodynamical approach.”’ From second-order
perturbation theory, utilizing the Fermi golden rule, the probability of energy transfer is given by:
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where F, R and | refer to system states — that is, the state of both the chromophores and the radiation field. Also o is the
density of final states, and Hiy is the interaction Hamiltonian defined as;

Hip =D -5 (&) d" (R.) )

4

in which g is the electric dipole operator and d* is the transverse electric displacement field operator at the specified
location;
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The above operator effects the annihilation and creation of photons at the optical centers through the action of the
lowering and raising operators a and a', respectively.® Two distinct time-orderings contribute to the result delivered by
equation (1), and these are represented by the state-sequence diagrams® given in figure 1.

Figure 1: State-sequence diagram for resonance energy transfer. Black species
OfPO represent an excited state, white a ground state. Also ¢ denotes a virtual photon
responsible for energy transfer. With the leftmost box denoting the initial state
® O o) and right the final state, each pathway across the diagram represents one time-
ordering.
.¢.

The probability of energy transfer occurring can be calculated from equation (1), and following its full development the
result emerges as;’
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where ﬂf' is the dipole-transition moment of chromophore £ for the transition from state i to state f (0 indicating the
electronic ground state and e a generic excited state), and R is the separation of the chromophores. Additionally, xis a
factor dependent on the relative orientations of the transition moments, given as follows;
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As can be seen, the probability of transfer depends on both the separation and orientation of the transfer pair. Equation
(4) is the short-range limit of a more general result for a transfer mechanism that is valid over all distances — in the long
range (i.e. at distances large compared to the wavelength for a photon delivering the transfer energy) that mechanism is
dominated by the well known inverse-square dependence on the separation of the optical centers, in other words the
electromagnetic coupling assumes a fully propagating character. Here we are concerned with chromophore separations
of a much smaller magnitude — typically nanoscale. Indeed, this is the type of transfer first described by Forster as
radiationless.'® It has since been explained by quantum electrodynamics (QED) that the energy transfer is mediated by a
virtual photon,™ a particle that cannot be detected directly, but which electromagnetically couples the donor relaxation



and acceptor excitation events through its creation and subsequent annihilation. Due to time-energy uncertainty, the
very short timescale over which the transfer mechanism occurs means that energy need not be conserved during the
process, provided it is conserved between the initial and final state of the overall transfer. This means that, while the
classically obvious pathway of emission by the donor and subsequent absorption by the acceptor is a major contributor
to the overall probability of transfer, an equally valid contribution is provided by acceptor emission and subsequent
absorption by the donor. Returning to figure 1, it can be seen that the former is represented in the upper pathway, while
the other is seen in the lower pathway. Only by adding the contributions from both pathways can one arrive at the full
result for RET, as given in eqgn (4).

The system envisaged consists of two parallel, planar arrays of chromophores. The first array is uniformly
constructed from donor chromophores, the second from acceptor chromophores. Although the donor and acceptor
chromophores need not be electronically identical, it is required that at least one electronic transition in the donor
overlaps energetically with one in the acceptor. Furthermore, both arrays share the same lattice spacing I, and they are
positioned one above the other such that each donor is directly above an acceptor. The separation of the two arrays r is
necessarily much smaller than the lattice spacing, as will be seen below. Also, the chromophores are oriented such that
the principle dipole-transition moments of all the donor chromophores are parallel to each other, but orthogonal to those
of the acceptors. A diagram of this setup is given in figure 2. The system is assigned a set of Cartesian axes, where the

Figure 2: Structure of the array, viewed from above.
“ Both arrays lie in the ij-plane, with all donor
transition moments (black) in the upper array
\ parallel to the i-axis, and all acceptor transition

moments (gray) in the lower array parallel to the j-
axis. The open arrows represent one excited donor
and its counterpart acceptor. Each donor and
acceptor chromophore is separated from its nearest
neighbor (of the respective type) a distance equal to
the lattice spacing |. Each donor is a distance r
above its corresponding acceptor.

donor transition moments lie along the i-axis, the j-axis is parallel to the acceptor transition moments and the z-axis is
perpendicular to the plane of the arrays. The position of each donor from an origin (located on one of the donors) is
u'li +v'lj , where u’ and v’ are integers; the position of each acceptor is uli +vlj+rk . Introducing;
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the probability of energy transfer from a given donor to an acceptor is expressible as;
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where r'=r/l is the aspect ratio of the system. It is evident from the above equation that if any donor and acceptor
share the same column or row in the array (i.e. if u=u’" or v=V"), then there is a zero probability of energy transfer.
Thus, the only viable targets for energy transfer are those acceptors with a relatively large separation from the donor,
and activating the energy transfer pathway between a donor and its counterpart acceptor would provide an effective
means for directing excitation energy in a predictable direction.



3. ACTIVATING ENERGY TRANSFER WITH OPTICAL RADIATION

A throughput beam of laser radiation can be forward-Rayleigh scattered by any pair of chromophores, enhancing or
inhibiting the transfer of energy between them.* In cases where transfer would otherwise be forbidden on geometric
grounds, i.e. where the orientation factor x = 0 — see equations (4), (5) — then LARET (laser-assisted resonance energy
transfer) can provide an alternative pathway to enable the process. In the simplest scheme, one photon from the applied
radiation mode is absorbed, and an identical photon is emitted by a chromophore pair. With the energy transfer steps
also included, the process thus involves four elementary matter-radiation interactions. (Mechanisms involving the
absorption and emission of more than one laser photon also contribute to the process, but with a much smaller
magnitude; they can safely be discounted for present purposes.) Four distinct channels are possible, differing in the
interactions of the applied radiation field with each chromophore; one representative time-ordered diagram for each of
these channels is exhibited in figure 3.
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Figure 3: Time-ordered diagrams representing the four quantum channels associated with LARET. In the upper two, the laser

radiation interacts with both chromophores; the lower two involve laser interactions at only one chromophore. Each channel requires
a further 23 permutations of the displayed time-orderings for its full representation.

The probability for energy to transfer between the chromophores via a LARET pathway is given by;
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where the integral of 1%(t) describes the irradiance of the laser pulse, evaluated at any instance in time. The four terms

on the right-hand side of eqn (8) each describe one quantum channel; the first two involve a single laser-matter
interaction on each chromophore;
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Here e”(k) is the polarization vector of the laser pulse (allowed to be complex to account for both circular and planar
polarizations; the overbar signifies a complex conjugate). Also, aijﬁ(f)(ik’) is the dynamic polarizability of

chromophore & defined as;
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The other two terms in eqn (8) are associated with channels in which both laser-matter interactions occur at the same
chromophore;
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where ifk is the hyperpolarisability of chromophore & — representing a three-quantum interaction. Unless the
chromophores are both polar and chiral, the hyperpolarisability is zero and the terms in eqns (11) can be discounted.

Traditionally, the next step in calculating the probability of energy transfer would often involve the application
of a two-level approximation, as is common in dealing with many high-order optical processes, basically assuming that
any other energy levels within the chromophores are too far removed from the ground and first excited state to
contribute to the mechanism in any meaningful way. The structure of the array, however, has been designed specifically
to preclude direct energy transfer involving transitions between the donor and acceptor first excited states and the
corresponding electronic ground states. Therefore, we are required to consider a third energy level in the scheme for the
donor, and equally for acceptor. Although each « tensor contains an intermediate state sum which is effected over all
electronic states of the specific species involved, generally one summand is significantly larger in magnitude than the
others, because its denominator is small. This can be exploited by selection of a frequency for the applied radiation that
has a small resonance offset, such that E_, = 7ick + AE,,, where o is one specific state of D (distinct from e and 0) with
non-zero transition moments to both e and 0; AE; is a non-zero energy with significantly lower magnitude than a
typical transition energy. An equivalent near-resonant state z can be assumed for the acceptors, although AE, and AE,
are not required to be equal. Applying these conditions to the polarizabilities contained within equation (9), it becomes
apparent that one term for each chromophore will vastly exceed all other terms (as such, all other terms can be
discounted as small corrections). Both are obtained from eqn (9a) and are as follows;
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Both p?® and p* are linked to the polarization vector of the laser beam. Assuming they are parallel, and that plane
polarized light is used (i.e. e =€ ), the beam can be oriented such that e is parallel to the former two vectors, an easy
task given that the array is fixed in a known position. Furthermore, selecting suitable chromophores such that po"(D)
and p** are orthogonal to the corresponding p°® and p* transition moments, and parallel to k , the system now
possesses the opportunity for direct transfer between a donor and its corresponding acceptor, on the application of laser
light, effectively creating an externally switchable energy transfer system.



In order to consider device applications, it must be ensured that the probability of energy transfer to the
intended acceptor is much greater than that to any other acceptor. To this end, the probability of energy transfer from an
excited donor situated at the origin to every acceptor in the array will be calculated below. As seen in the previous
section, there is a zero probability of RET transfer to the intended acceptor, however both RET and LARET present
pathways for energy flow to other acceptors in the array. Thus, the total probability must be calculated by combining
the probability of both processes. This leads to a total of three terms; two are the probabilities of RET and LARET, as
given earlier by eqns (4) and (8). The final term is the quantum interference between the two pathways, given by;
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Applying the conditions described above, a second orientation factor can be defined, describing the orientation of the
transition moments involved in LARET;
u® +v?—2r"? (14)
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allowing the total probability of energy transfer from the excited donor to any given acceptor (u, v) to be expressed as;
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As opposed to the former, unirradiated system, now energy transfer is possible to any acceptor within the array.
Detailed calculations to determine the optimum setup for the array have been performed elsewhere;* it transpires that,
with an irradiance of 10 W m™ and an aspect ratio of 1:20, irradiating the array activates a definite pathway for
transfer to the intended acceptor, without noticeably influencing the probability of transfer to an undesirable target.
Graphs showing this effect are shown in figure 4.

Figure 4: Logarithmic plot showing
relative probabilities of energy transfer
within an array with an aspect ratio of
1:20 (a) before; and (b) during
application of laser radiation with I = 10™
W m?. The laser radiation ensures that
energy will be transferred to the intended
acceptor with a very high efficiency.

4. DISCUSSION

Until recently it appeared that only by inefficient and kinetically frustrated means, such as chromophore reorientation or
movement, could significant control over resonant energy transfer be effected. The results presented here provide an
insight into the way in which a beam of optical radiation can direct energy transfer through a near-field coupling
mechanism. It has been shown that the throughput of laser light can facilitate a transfer that is otherwise completely



forbidden, the system exhibiting a transmission that is switched on by a non-resonant beam. This kind of optical
element effectively functions as an optical transistor — a fast and efficient, all-optical device that can mimic the
functionality of its electronic counterpart. In view of the drive to scale down electronics components, such a device that
operateg l(gn the molecular level should prove of considerable interest, particularly when it is scaled up into paired
arrays.

Mechanisms for exerting and exploiting control over optical energy flow are only just beginning to receive due
attention,**?° and the challenge is to develop devices based on such principles. Our initial analysis has identified a
concept that makes it possible to engineer a configuration of optical switches with parallel processing capability,
without exhibiting significant cross-talk. Although the device presented demonstrates a high degree of efficiency, the
next issue to address is the timescale over which it can function. While it is possible to exploit to advantage the variable
delay that can be introduced between the initial excitation of donors and the subsequent transfer of their excitation
(indeed this is the context for much current work on ‘slow light”) the excited state of the donors is not stable —
competing processes, including fluorescence and undesirable RET to peripheral acceptors, must be taken into account.
The lifetime of the excited state will in a large part determine the lower threshold of the frequency with which energy
transfer must be driven between the layers. Also, although RET between the donor and its counterpart acceptor is to be
designedly forbidden, higher-order mechanisms for energy transfer need also be considered. These loss mechanisms
can be guarded against by building fault-tolerance into the device network.??#

The next stage of development should resolve a humber of practical considerations for the construction of
arrays large enough to be implemented as electronics components, while retaining their functionality. Beyond the
obvious demands for high brightness donors and efficient acceptors, it will be necessary, with orientational selectivity,
to embed the donor and acceptor particles within a matrix that is transparent at the activating light frequencies.
Numerous methods of nanoscale printing, many of which can easily achieve the necessary resolution, have been
explored in the recent literature. Scanning probe lithography represents a general and sufficiently flexible technique
offering the requisite precision;”® a well-proven and particularly promising method for molecular patterning and nano-
imprinting is dip-pen nanolithography.?* The exact choice of method for printing and layering the donor and acceptor
arrays will to some extent determine the optimum form of patterning for each array lattice, and it remains to be seen
how this structure will be taken forward as an alternative to more conventional devices.
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