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All-optical control of molecular fluorescence
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We present a quantum electrodynamical procedure to demonstrate the all-optical control of molecular
fluorescence. The effect is achieved on passage of an off-resonant laser beam through an optically activated
system; the presence of a surface is not required. Following the derivation and analysis of the all-optical control
mechanism, calculations are given to quantify the significant modification of spontaneous fluorescent emission
with input laser irradiance. Specific results are given for molecules whose electronic spectra are dominated by
transitions between three electronic levels, and suitable laser experimental methods are proposed. It is also shown
that the phenomenon is sensitive to the handedness of circularly polarized throughput, producing a conferred

form of optical activity.
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I. INTRODUCTION

The ability to control the fluorescent decay of molecules
is a subject of much present interest. Recent studies of
mechanisms that significantly modify the rates of decay
have, for example, focused on applications of a strong static
field through subwavelength apertures [1], or the engagement
of surface electric fields and plasmons [2-6]. Fluorescence
emission spectra have also been shown to vary under the effect
of alocal electromagnetic field within a metal microcavity [7].
Under normal circumstances, fluorescence occurs through
spontaneous emission, and each individual process involves
a single matter-photon interaction (as represented by the
energy diagram of Fig. 1); as such, theory can be cast in
terms of first-order time-dependent perturbation theory [8].
When excited molecules are subject to the throughput of
suitably resonant laser light, the emission acquires a stimulated
character but it remains a first-order interaction; in the
language of quantum electrodynamics (QED), its probability
is weighted by the occupation number of the input radiation
mode. The phenomenon has found analytical applications in
stimulated emission depletion spectroscopy [9,10].

It now emerges that the intensity of fluorescence is strongly
modified by a completely off-resonant probe laser beam of
sufficient intensity, through a nonlinear optical coupling mech-
anism. Here, there is no net absorption or stimulated emission,
but elastic forward scattering—photons are annihilated and
created into the same radiation mode, which thus emerges
unchanged. Such events can engage by nonlinear coupling
with the fluorescence emission, a mechanism that entails
three simultaneous matter-photon interactions (Fig. 2); we
emphasize that the interaction of the off-resonant beam with
the molecule is concurrent with the fluorescence emission,
in other words the described mechanism is not stepwise. It
is noteworthy that this process is significantly simpler in its
experimental demands than all-optical switching mechanisms
work on resonance energy transfer [11-13].

In this article, the nature of the nonlinear coupling is fully
described and its characteristics, including a manifestation of
chirality, are analyzed. In the following section, the funda-
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mental quantum electrodynamical formulation is presented.
Sec. IIT addresses the general theory of the all-optical control
mechanism, constructed in a quantum amplitude form, which
includes a derivation of the relevant expressions. Sec. IV devel-
ops more specific results for application to three-level systems,
and order-of-magnitude calculations are performed to quantify
the effect; the analysis concludes in Sec. V with identification
of a new form of conferred circular dichroism, manifest in
molecules with suitably disposed transition dipole moments.

II. QED FORMULATION

The following analysis is based on standard textbook
methods of QED [14], employing the Power-Zienau-Woolley
formulation [15]. To begin, the nonrelativistic Hamiltonian
of a system comprising molecules labeled & is defined, in
multipolar form, as follows:

H =Y Hua&)+ Y Hn(€)+ Ha, )
3 &

where H,, is the molecular Hamiltonian, H,.q is the radiation
Hamiltonian, and Hj, is the Hamiltonian representing the
interaction of the radiation field with molecule &. The
eigenstates, |n), of a basis Hamiltonian given by Eq. (1)
excluding Hj,, form a composite set expressible in the form

In) = |mol,)|rad,) = |mol,; rad,). 2)

Here, |mol,,) defines the status of all molecules comprising
a product of state vectors for each molecule £, and |rad,;) is the
radiation (number) state. In the electric-dipole approximation,
Hin(&) is given by

Hi(8) = =) (&) - e"(Re), 3)

&
where the electric-dipole moment operator, w(£), operates
on molecular states, |mol,), and the transverse electric field
operator, ei(Rg), operates on |rad,). The latter involves a

summation over all wave vectors, p, and polarizations, A, and
is usually written as the following mode expansion:
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FIG. 1. Energy-level representation for spontaneous fluores-
cence. Electronic states (and their vibrational manifolds) are signified
by the boxes, the wavy line is the emitted fluorescence (iw’), and the
black vertical arrow is a transition due to the emission. States |0) and
|y denote the ground and excited molecular states, respectively, and
the black dot symbolizes a single matter-photon interaction.

where e (k) is the polarization unit vector [€*)(k) be-
ing its complex conjugate], V is an arbitrary quantiza-
tion volume, and a™(k), a'®(k) are, respectively, the
photon annihilation and creation operators for a mode
(k, A). The latter operators act on the radiation states
through the relations: a™ (k)|m(k, 1)) = /m|(m — 1)(k, 1)),
and a'™(k)m(k, 1)) = /m + 1|m + 1(k, 1)); the appear-
ance of these operators in Hj, signifies a photon creation or
annihilation.

To secure a general result for the quantum amplitude, M y;,
of a system, a time-dependent perturbation approach is often
applied, which is expressible by

Hind|r) (r| Hind 1)
(Ei - Er)

My = (f|Hinli) +Z VUl

fIHml|s S|Ii1nt|r><r|[{mt|l>
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FIG. 2. Energy-level representation for the nonlinear, all-optical
control mechanism. The same as in Fig. 1, but also including the
off-resonant laser beam (iw) denoted by the horizontal dashed arrow;
the open dot symbolizes two matter-photon interactions (i.e., elastic
forward scattering).
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where |i) and | ) are, respectively, the initial and final system
states (comprising the electronic states of molecule & before
and after its transition, respectively, and the corresponding
radiation states), |r), |s), and |¢) are virtual intermediate states,
and e, is the energy of state |n). Moreover, M@ represents a
quantum amplitude corresponding to a ¢'-order interaction (as
denoted by the number of appearances of Hj, in the associated
term). The rate of a process, I', is determined from Fermi’s rule,
that is

2
L=~ IM;ilpy. (©)

where p, is the density of radiation states. These QED
expressions are the basis for the derivation of a general
equation corresponding to the all-optical control mechanism.

III. GENERAL EXPRESSION

To elicit details of the theory underlying the phenomenon,
it is appropriate to begin by deriving an expression for the
observable radiant intensity of fluorescence, correct to third
order (i.e., incorporating terms from both first- and third-order
perturbation theory). The latter represents the first source of
nonlinear correction; even orders vanish since they do not
produce final states that differ in only one quantum of radiation
from the initial state. The emitted fluorescence power per
unit solid angle, 1'(R2"), follows from the Fermi rule rate of
Eq. (6) multiplied by the emitted photon energy, fick’ [14,16];
the result is given by I'(2)dQ = 2nck’,0f|M(l) M(3)|2

where M l.) and M;i) are the quantum amplitudes for the
first- and third-order interaction processes, respectively, and

¢ = (k*V/873hc)dSY [8]. The effects depend on the relative
signs of the first- and third-order amplitudes; a common sign
will produce fluorescence enhancement, opposite signs its
suppression. It is worth passing comment that there is no
quantum amplitude corresponding to a linear response to the
off-resonant beam, since the development of such an induced
moment would engage the electric field of the radiation; as
observed in Sec. II, it is apparent from the quantum elec-
trodynamical formulation that this would necessarily create
or annihilate a photon. Such a contribution would therefore
violate energy conservation within the overall process; this is
the same argument that precludes even-order interactions as
described above.

The explicit form of the relevant quantum amplitudes are
determined by the insertion of Eqgs. (2) and (3) into Eq. (5).
Spontaneous fluorescence emission is a first—order interaction
and hence corresponds to M}li). The only states of significance
for this process are |i) = |A%;0(k’)) and |f) = |A% 1(k')),
where the superscript 0 and o denote the ground and excited
states of molecule A, respectively. These two system states
are of identical energy and, thus, satisfy conservation of
energy arguments. Assuming that molecule A is positioned

at the origin, the expression M;li) = i(hck’ /2eg V)%e_lfu?"’ is
determined from the first term of Eq. (5); here, € is the
polarization vector of the fluorescence electromagnetic field,
and both the shorthand notation p° = (O|p|a) and the
convention of implied index summation are deployed. The
nonlinear coupling mechanism is a third—order interaction
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FIG. 3. State-sequence diagram for the all-optical control mech-
anism. A photon from mode w is annihilated and photon modes
o’ and w are created. The initial state is on the left-hand side, and
the final state on the right; each route between the two signifies a
different quantum pathway. The solid circle represents the molecule
in an excited state, lettered circles an intermediate state, and the open
circle a ground state.

and corresponds to Mﬁ), which is developed from a sum

of six distinct perturbation contributions (i.e., the usual
procedure for nonlinear optical systems [16]), rather than one
such contribution for M}li). To aid the derivation of M}?, a
state-sequence diagram is constructed (Fig. 3); here, the six
perturbation contributions are identified by the six different
pathways from the initial to the final state. Details on the
procedure to construct such a diagram are to be found in
Ref. [17]. From the third term of Eq. (5), with employment of
all the possible states and their associated energies (Table I),
the following is determined:

u® _i kk/% hc %—/_ 0
G=1im e;ejenBii(w), (7N

280 |4

where fick = ho and e, respectively, denote the energy of a
photon and polarization vector of the throughput beam, and
,33‘7( (w) is to be defined later in the text.

By utilizing the previously derived expressions, correct to
third order, the result for the fluorescence intensity contributed

TABLE I. All states and their associated
energies for the state sequences exhibited in
Fig. 3. Here, |r}") represents the system state for
which the subscript / is the step number, starting
at 0 on the left-hand side, and for each step the
superscript £ is a vertex index, numbered in
sequence from the top.

System state [r])) |A"; Kk, K') Energy E,
|i):|r(%) |A%; 1, 0) E, +hw
|r11) |[A";1,1) E, +hw+he'
|r]2) |A”;0,0) E, + 2w
i) |A7;2,0) E,

|r21) |A%;2,1) E; + 2hw +hao'
|r22) |A*;0, 1) E, +ho
|r23) |A*; 1, 0) E, +hw

| f)= |r3') IAO;I,I) Ey+how+he'
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by each molecule in the irradiated volume, is given by

') =
@) = (s ) el
+ (I ey 17 (@)

+(1P/4Ae) ™ @ )] ®)

Ck/4 _
) el{ e [M(O)Oa ﬂ(Q)Oa

where I = mhc*k/ V is the throughput laser irradiance (power
per unit area) and, physically, the overbars allow for the possi-
bility of circular polarization. Equation (8) may be interpreted
as the emission associated with an effective fluorescence-decay
transition moment, and comprises contributions that may be
designated u@% and u®%(w)—the former representing the
spontaneous (unperturbed) result and the latter a nonlinear
correction term that is second order in coupling with the
off-resonant radiation of frequency w (corresponding to elastic
forward scattering). The off-resonant beam thus effects a
modification of the decay dipole moment through u®%(w),
whose explicit form emerges as

2)0 —
1™ (W) = Zjep(w)

Os ,, sr, ro
_ K 5
=eje E E ———— +
o (E.Ya(Erot —h(,())

ros#a
53] (RS
- B (ESO - ha))(Erut - hw)
g " )

(ESO + hw)(Era + hw)

M(]}suirul(a
* Z Z ((Ex() - ha))Er() -

r£0 s

sy e
ES(X(E}"(X + hw)

1 s e ©
(EsO + ha))ErO ’

Here, E,, = E,—E, is an energy difference between two
such states (e.g., Ey = he'), the transition moments are
defined in the same manner as u%, and the excluded sum-
mands are due to the rules of perturbation theory. Moreover,
the tildes serve as a reminder to add to the excited state
energies, in the case of near-resonance conditions, imaginary
terms to accommodate damping; explicitly Exy =E; —
%ihy, where y represents the full width at half-maximum
linewidth near resonance [16]. Also represented in Eq. (9)
is the fransition hyperpolarizability tensor of the coupling
mechanism ﬁg%(a)). Not to be confused with the state-diagonal
hyperpolarizability involved in the Kerr effect, this is a tensor
that quantifies the nonlinear engagement of the molecule
with the throughput radiation in the course of its decay
transition.

The initial term on the right-hand side in Eq. (8) corre-
sponds to spontaneous emission, independent of the probe
beam. The third term signifies a coupling of the elastically
forward-scattered probe beam with the fluorescence emission.
However, it is the second term (linear in [), signifying a
quantum interference of these two amplitudes, that represents
the leading correction, the focus of our analysis in the
following sections.

013424-3



DAVID S. BRADSHAW AND DAVID L. ANDREWS

IV. THREE-LEVEL SYSTEMS

For calculational ease, let us assume that the off-resonant
probe beam is linearly polarized and all relevant dipole and
polarization vectors are broadly parallel. It is then the structure
of the energy denominators in Eq. (9) that primarily dictate the
degree of enhancement or suppression of the emission. These
factors are ultimately determined by the relative positioning
of the molecular energy levels, relative to the magnitude of
the probe photon energy. To discover more, we can now
suppose that the system is three-level—namely |0), |o), and
|o) are the optically prominent states—and focus on the
common case where the initially activated level |«) is the
lowest electronic excited state (Fig. 4), assuming the same spin
multiplicity as the ground state. The probe light is delivered
with a tunable beam of frequency hw < E,g, precluding
excitation from the ground state to higher electronic levels.
Maximum effect is achieved if the fluorescent molecule has the
electronic state o) at an energy approximately /iw above the
initial excited state |a), so that AE = E,, — hw. Effecting
the sums over intermediate states r and s in Eq. (9), where
each of these states can now be identified with 0, « or o
(except where excluded by the restrictions on summation), it
is the third term on the right that yields the smallest magnitude
denominator. We then have

1

ho AE’

where it is assumed that s = 0 and the relevant transition
dipoles have broadly equivalent magnitudes (signified by w);
such electronic dipole moments are, as usual, assumed to be
independent of rovibrational levels. On analysis of Eq. (10),
for E,;y <hw the sign of the leading correction will be
positive, signifying that the probe beam enhances fluorescence.
In contrast, the sign is negative for E,, > hw representing
suppressed fluorescence. Typical values of I'(2') may be

o)

2)0 N
™ () ~ —

(10)

vAE

hw

CEETH PR =
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FIG. 4. Energy-level scheme for the nonlinear mechanism based
on a three-level system. The same as in Fig. 2, but also including
dotted horizontal lines that represent virtual states and |o) as a higher
electronic state, which is approximately 7w above |o) (the difference
between which is given by AE). Dashed vertical arrows are transitions
due to the off-resonant laser beam.

PHYSICAL REVIEW A 81, 013424 (2010)

calculated for various probe laser intensities; setting © = 16 x
10739 Cm, AE = —1072°J, and iw = 1071 J, fluorescence
is enhanced by ~20% for an irradiance of 2 x 10" W m~>
and by ~ 66% for I =6 x 10'> W m~2. Even at a level of
10" W m~2, it can be anticipated that the resulting change in
fluorescence intensity will be readily measurable by the use of
modulation detection techniques.

V. CIRCULARLY POLARIZED INPUT

Let us now suppose the irradiating beam is taken to be
circularly polarized. As a result, there is a possibility that the
transition dipoles for the nonlinear coupled emission differ
for laser input of left (L) and right (R) polarized light. This
is quantified by the following expression, which is again
determined from the third term of Eq. (9):

2)0 2)0 2)0
ApP™ (@) = 1P (wr) — 1™ (wr)

i uPugkie an
hoAE ’
where V(" — V5" = —ik;ejy [13], in which K is the

wave vector of the throughput laser beam. For a nonvanishing
result it is necessary that ,u(]).o, ug®, and I%, are noncoplanar;
assuming for simplicity that these vectors are mutually or-
thogonal, then by inserting Eq. (11) into the leading correction
term of Eq. (8) the difference in magnitude of the fluorescence
intensity for left and right polarized beams is determined, and
the result is given by

Al'(Q) = (

where damping is now explicit. It is notable that the result
signifies a form of chiral differentiation associated with the
imaginary part of the transition moment, whose origin lies in
the complex transition hyperpolarizability—the term within
square brackets in the right-hand side of Eq. (9). This form
of behavior tallies exactly with the case of surface second
harmonic generation, where readily observable chiral discrim-
ination also arises from imaginary contributions to a complex
molecular hyperpolarizability [18-21]. In both cases, it is the
proximity to resonance that inflates the imaginary component,
leading to an observable dependence on handedness. In the
present case, employing typical values for u, AE, and hw
(as given earlier), and AE =~ hy, the intensity difference of
AT'(Q), expressed as a ratio relative to the spontaneous
fluorescence intensity I'(2'), is ~ 8% for an irradiance of
2 x 1085 Wm™2,and ~23% for I = 6 x 1015 W m~2. Again,
significantly lower levels of intensity should prove feasible
using modulation detection.

Ik/4 4
22) N ()
1625w ) (AE? + 3h°y?)

VI. CONCLUSION

The typical figures presented above prove that significant
modification of fluorescence should be experimentally obtain-
able. We have also shown that, on approaching resonance
conditions, the use of a circular polarized probe beam delivers
additional, chirally sensitive features; the mechanism does
not require the presence of a surface. It can be envisaged
that time-correlated photon techniques might represent a

013424-4



ALL-OPTICAL CONTROL OF MOLECULAR FLUORESCENCE

methodology particularly well suited to the detection of
change in the fluorescence intensity, deployed in an adap-
tation of the instrumentation for standard laser fluorescence
spectroscopy. The inclusion of quarter-wave plates would
facilitate resolution of the circular polarization features that
we have identified. With a tunable laser source, the capacity to
control the wavelength of the throughput radiation introduces
an additional experimental variable, offering a multiple field
dimension to sample interrogation; establishing the variation
with laser pulse intensity will also validate the mechanism at
work.

Having established the technical viability of experimental
detection of the all-optical control process, it is worth consid-
ering whether any competing processes could interfere with
its measurement. Since the throughput radiation is designedly
off-resonant, such processes could not involve absorption or
stimulated emission, but light scattering does invite attention.
Specifically, it might be supposed that, at the levels of intensity
our experiment requires, a process of electronic anti-Stokes
Raman scattering could also serve to deliver the molecular
decay transition. However, the possible difficulties that such a
process might introduce are easily addressed by some of the
same methods that are routinely used to discriminate Raman
from fluorescence signals, particularly with regard to detection
of the optical emission—which in this case would not be
seen at the fluorescence wavelength, but at a much shorter
wavelength, its optical frequency corresponding to a sum of

PHYSICAL REVIEW A 81, 013424 (2010)

the fluorescence and the laser frequencies. It is also to be
observed that the selection rules for the two types of process
are different, since electronic Raman scattering is associated
with two-photon selection rules, whereas the process described
in this article satisfies one- and three-photon rules.

Although the present results are valid for systems in which
the fluorophores are orientationally ordered, future work will
address cases where there is disorder or rotational freedom, in-
cluding calculations of the associated fluorescence anisotropy.
Beyond these considerations, we can envisage substantial
scope for further investigations focusing on specific molecular
systems, through explicit calculation of the electronic state
energies and transition dipole elements, thereby facilitating
a precise interpretation of the corresponding experimental
results. In summary, our quantum electrodynamical calcula-
tions have demonstrated the achievability of all-optical control
of molecular fluorescence, operated through the input of
off-resonant laser light. We propose that this novel all-optical
control mechanism introduces new perspectives to molecular
fluorescence spectroscopy, microscopy imaging, and circular
dichroism.
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