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We present a theoretical model for a class of optical scattering experiments in which short-
duration, linearly-polarized electromagnetic pulses scatter off dielectric liquids. The pattern
of scattering, particularly in the transverse direction, indicates that significant free currents
are generated in the direction orthogonal to the polarization of the incident light. Modelling
the target as a dense cluster of two-level systems, we show that transverse free currents
are produced by short duration, electric-dipole interactions between proximate molecules,
and result in scattering patterns similar to those observed in the experiments. Calculations
provide a rationale for why these scattering patterns are not observed in the same
molecules at lower densities or with lower field intensities. These features make this
model a relevant alternative to proposed transverse optical magnetism theories.

Keywords: femtosecond pulse scattering, inter-molecular interactions, transverse scattering, lindblad master
equation, ensemble scattering

1 INTRODUCTION

Optical or artificial magnetism is typically seen in specifically-engineered, nanofabricated
metamaterials such as thin metallic strip pairs [1], split-ring resonators [2], and hyperbolic
metamaterials [3]. As the name metamaterial implies, these devices are specifically engineered to
have properties beyond those traditionally found in naturally-occuring materials, and typically
contain nanostructures with precise geometries. Over the last decade, a series of experiments
[4-7] have reported observing optical magnetism in dielectric liquids. These experiments have
generated significant interest due to the prospect of observing magneto-optic interactions in
naturally-occurring, non-magnetic materials [8]. These experiments, in which a dielectric liquid
(such as water or carbon tetrachloride) is excited by a short-duration ( = 100 — 150 fs), high-
intensity ( = 1 x 108 — 4 x 108 W/cm?) electromagnetic pulse, have shown that the scattered, free-
emitted light in the propagation direction orthogonal to that of the incident light, has a significant
intensity in the polarization direction orthogonal to the incident polarization. These results,
suggestive of magnetic dipole radiation patterns, have led to the theory that intense optical fields
induce magnetism in individual molecules, that lead to the generation of significant transverse
free currents, which in turn generate the observed radiation patterns [9-12]. This “transverse
optical magnetism” theory has encountered a number of criticisms, primarily centered around the
need for a large relative magnetic permeability y, = ¢ for agreement with experiments [9, 10,
13-16].

In this paper, we present an alternate theoretical model that can explain the experimental
observations in Refs. [4-7] by including inter-molecular effects. In this model, strong, transverse
free currents are produced through inter-molecular electric-dipole interactions without
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invoking magneto-optic effects in single molecules. Because
the strength of inter-particle interactions decreases directly as
the density of emitters decreases, this model can explain
experiments in which scattering effects exhibit a strong
density dependence. For example, it explains why these
intensity patterns are not observed in scattering experiments
that use low molecular density phases (such as the gas
phase) [17].

2 THEORETICAL MODEL AND
CALCULATIONS

When a linearly-polarized electromagnetic pulse is incident on a
dense ensemble of molecules, the light absorbed by an individual
molecule creates a free current in the initial polarization direction.
Upon spontaneous emission, this light is re-emitted in a well-
known dipole pattern. In a dense medium, this light is reabsorbed
by neighboring molecules located at different spatial positions.
This subsequent absorption by neighboring molecules leads to a
free current that is not necessarily in the same direction as the
incident polarization direction. By exciting radiating dipoles
perpendicular to the polarization of the incident field, the
ensemble will emit photons in multiple polarization directions.
This creates radiation patterns similar to those observed in the
experiments.

In our calculations, we model the scattering of a strong,
electromagnetic pulse by the target molecular liquid in the
experiments by a single-particle model of a dense, driven
ensemble of quantum dipoles (two-level systems) [18]. We
assume that the incident electromagnetic pulse is near-
resonant with a single optical transition in the molecule.
Since the quantum dipoles are excited by the local
electromagnetic field, the excitation direction of each dipole
can be different from each other and from the initial
polarization of the incident electromagnetic field. To model
excitations in directions other than the incident polarization
direction, the state of the ensemble is represented by the density
matrix of a four-level quantum system with one ground energy
level \ketg and three excited “directional” states |e,), |ey> and
le;), an idea first proposed for a single atom in Ref. [19]. The
three excited states |ey), le},> and |e;) represent the excited
energy levels when an x, y or z-polarized photon is absorbed by
the ensemble in the ground state. We assume that the
polarization of the incident electromagnetic field is in the
y-direction. The inter-molecular interactions are modelled by
decoherences that arise from nearest-neighbor dipolar energy
transfers [18, 20]. The ensemble density matrix representing a
cluster of molecules is therefore a 4 x 4 matrix, and its evolution
can be calculated quickly. This model requires no a priori
assumptions about the specific quantum levels of the target
molecules other than the applied field being near-resonant with
a single transition, therefore the conclusions are generalized to a
wide class of molecules.

The Hamiltonian of the ensemble of two-level molecules, after
making the rotating wave approximation as in Ref. [18] is:
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where A represents the detuning between the molecular
transition frequency and the frequency of the incident light,
and the Rabi frequency-like terms (Q; = y,E;,i=x,y,z) are
proportional to the electric field amplitudes in each of the
three Cartesian directions (E;) and the transition dipole
moment (,;). The incident electromagnetic pulse is polarized
in the y-direction, and propagates along the x-direction. The
electric field in the y-direction is dominated by the incident field,
while the electric fields in the x and z directions represent the
dipolar emission from a quantum emitter due to spontaneous
emission, and are about an order of magnitude smaller than that
of the incident field [18]. Note that we ignore the magnetic
component of the electromagnetic field since it is much smaller
than the electric field component, and the value of the relative
magnetic permeability of the molecules is assumed to be 1.

In our four-level model, the spontaneous emission from the
lexys |ey>, and |e,) excited directional states to the ground state
lg> have rates Vag» Ve @0 y,, respectively. These emission rates
are determined using Fermi’s Golden Rule [20]. An individual
molecule in the ensemble can spontaneously emit in all
directions, and this radiation can excite a neighbouring
molecule. These “inter-particle interactions” are modelled by
adding in additional decoherence rates between all three
excited states, represented by the set of all possibled;’s
(i,j = x,y,z) [18]. These rates represent the transfer of energy
between molecules in which the energy emitted by one molecule
transitioning to the ground state (|i) —>|g)) is absorbed and
causes a nearby molecule in the ground state to transition to
an excited state (|g> - [j)). This model of the intermolecular
energy transfer as a decoherence rate is inspired by models of the
Forster-Resonance Energy Transfer (FRET) process commonly
seen in biophysical systems [20]. These §’s do not result in a loss
of energy from the ensemble, therefore, they act like dephasing
rates for the ensemble density matrix.

The magnitude of these dephasing rates associated with energy
transfer between molecules (J;) are calculated by modelling the
radiation emitted by a molecule as electric dipole radiation that is
absorbed by the nearest neighbors (separated by r) in a square
lattice. The expressions are derived in [18] and are of the form:

6," 1\],,17TC3 P P - — ——
o)1) 8) ).

where N, is the number density of the ensemble, w is the natural
frequency of t.he. transition d%pole, Yo = Vg = Vi is Athg
spontaneous emission rate of the involved transitions and i; is
the direction of the transition dipole moment.
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FIGURE 1 | Decoherence structure in a single-particle approximation of

a driven molecular ensemble. Inter-molecular energy transfer due to
reabsorption of spontaneously emitted photons (y,.g’s in dashed/blue) are
modelled as decoherent dephasing terms (d;'s in solid/red) For details on
how the decoherence rates are calculated, see Ref. [18].

The term [p;ipo,+|P;Pg> modifies the decoherence rate by
estimating how many dipoles are undergoing transitions that
experience the [i) — |j) energy transfer. Since p,, p,; and p;; are
functions of time, and depend on the intensity of the applied field,
the dephasing rates exhibit an intensity-dependence. If the
intensity of the applied field is significantly low, the ensemble
state will simply oscillate around the ground state and these
dephasing rates will remain close to zero.

A diagram of all the decoherence processes in the single-
particle quantum model of the ensemble is provided in Figure 1.
The Lindblad superoperator representing the spontaneous
emission, and dephasing due to intermolecular energy transfer
has the form:

L(p) = Z % (O';LgO'igﬁ + pa;rggig - 201‘ng,~;) (3)
i=X,),2
8 o B
+‘ Z ‘ Z 71 (ogaijp + pazjoij - Zoﬁpo;;),
i=X,y,2j=X,,Z

with o = |j) il
The density matrix of the ensemble, p, is evolved in time using
the Lindblad-von Neumann equation:

p = [HooP] - L(7). @)

As shown in Ref. [18], the time-dependent behavior of the
density matrix of an ensemble in a four-level basis, agrees very
well with the numerically calculated, average time-dependent
behavior of = 4000 two-level molecules calculated via a mean-
field solution of Maxwell-Lindblad equations.

After calculating the time-dependent density matrix elements,
we determine the Emission Ratio (R), the ratio of the intensity
perpendicular the incident polarization (called Iy, as in the
experimental papers) to the intensity parallel to the incident
polarization (Ig). In comparison to the experiments, this ratio is
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calculated at a point along the transverse z-direction. The
instantaneous intensities will be proportional to the ratio of
the square of the modulus of the free currents (J})in the
driving field polarization direction (i = y) and an orthogonal
direction (i = x) [5], that is,

INGIRAGE
= 5 (5)
I () |]},(t)|

This ratio can be expressed in terms of the ensemble density

matrix elements since J; =, = Tr(f)yi) = Tr(ﬁg—g). The

observed Emission Ratio is the ratio of the intensities
integrated over time. Therefore,
R= (6)

.[ dt|#)’(/;);"g + /;)g)/)r)

which yields a simple relationship between calculated elements of
the ensemble density matrix, and the measured Emission Ratio.
We assume that the transition dipole moments are the same in
each direction, y, = p,, and as in Eq. 2, p;; = | p;;p,,- Note that
the Emission Ratio scales with the dipole moment of the

2
transition as (£) .

This model is sensitive to both the density of molecules in the
ensemble as well as the intensity of the applied field. Under low
intensities or low densities these inter-molecular effects are not
significant. Over long time periods, these effects die out very
quickly. However at high intensities, high densities and short time
periods these effects can lead to significant excitation and free
currents generated in orthogonal polarization directions [18].
This is similar to experiments in coherent atomic ensembles that
have shown that inter-atomic interactions affect resonance
frequencies and scattering polarizations, in a way that is
dependent on both the density of emitters and the incident
intensity [21].

3 EMISSION RATIOS FROM A DENSE
ENSEMBLE

We now calculate the Emission Ratio R generated in response
to a strong incident pulse similar to the experiments in Refs.
[5, 6]. A 100fs pulse with an intensity of 8 x 102 W/cm? and a
central wavelength of 775nm excites an ensemble of
molecules with a molecular number density Ny, assumed to
have a value similar to that of water (N4 = 3.3 x 10?%m73). Our
model makes the approximation that there is a single, optical
transition that is resonantly excited by the pulse. We make the
simplification that the pulse amplitude is a constant over its
duration (i.e., it is a rectangular pulse). This simplification
takes advantage of the pulse-area theorem used in quantum
control frameworks, in which only the area under the pulse
significantly affects excitation [22]. We also assume that all
the molecules are initially in the ground state. The dipole
moment of system was taken to be =~ 1.8D = 3.7 x 107 lem,
based on the net dipole of a single water molecule [23],
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FIGURE 2 | Emission Ratio of water as a function of increasing intensity

of the applied 100fs pulse. As the intensity increases, the transition to the
excited state of each molecule is driven more strongly, and the probability of
inter-molecular energy transfer increases, thus increasing the Emission
Ratio.
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FIGURE 3| Density dependence of the Emission Ratio of an ensemble of
molecules with electric dipole transition moment y = 10~'%em as a function of
increasing number density in the ensemble. As the number density is
increased, the probability of inter-molecular interactions increases, thus
increasing the Emission Ratio.

however this value may actually be higher due to water being
in a condensed phase [24].

Figure 2 shows the dependence of the emission ratio for water
on the intensity of the applied 100fs pulse. The range of pulse
intensities was chosen to match the overall range found in the
experiments in Refs. [5, 6].

From this figure, it is seen that for the emission ratio to
become significant for 100fs pulses, the average field intensity
needs to be higher than =107 W/cm?). This minimum
intensity limit is seen in experiments [5]. The curve is
similar to the measured experimental curves in that it
shows a linear increase at low intensities [6]. At higher
intensities, we predict the emission will reach a saturation
value. We find that the calculated emission ratio for a dielectric
liquid similar to water is fairly significant with a value of 0.15,
close to the experimentally measured emission ratio of
approximately 0.22 [6].

This quantitative difference is not surprising as our model
treats the molecules as dipole emitters and looks at no other
interactions between molecules. However, given the generality of
our model and the fact that the Emission Ratio under this
mechanism is similar in strength to what is measured, it
suggests that this alternate pathway from transverse free
currents and scattered intensities should represent a significant
step in understanding short-pulse scattering experiments from
dielectric liquids.

In addition to intensity-dependent effects, our model also
predicts that there should be a strong dependence on the density
of the medium. This dependence is an attractive feature of this
alternate model as strong transverse free currents are typically not
seen in gas-phase scattering experiments [17].

Using our simplified model, Figure 3 shows the predicted
density dependence of the Emission Ratio of a general molecular
ensemble with electric dipole transition moment around
o = 10%m. As the density of the liquid increases (thus
increasing the probability of intermolecular energy transfer),
the emission ratio increases. Quantitative comparison to the

experiments is made challenging since our model assumes that
the molecules are infinitesimally small in size, whereas the size of
molecules such as carbon tetra chloride or benzene is large, and
the atoms in the molecules are actually much closer together than
the number density suggests. Thus for larger molecules such as
CCly, the Emission Ratio would reach saturation at lower
intensities than predicted by the number density alone, which
appears to be the case in experiments [6].

Due to the presence of this density dependence, we suggest
two possible experiments that could validate our model. The
first involves performing the same experiments as described in
Refs. [4-7] by using systems with varying molecular densities.
If the transverse free currents are caused by inter-molecular
electric interactions, the Emission Ratio should clearly
increase as a function of density (whereas a single-molecule
magneto-optic effect will not be effected by density). This may
be accomplished by performing these short-pulse scattering
experiments on the same liquids at different temperatures and
pressures. The second suggested experiment is a measurement
of the time-dependence of the scattered signal. Since out
model involves absorption and re-emission between
molecules, it is naturally time-dependent and thus the
Emission Ratio should change as a function of time, and
also be fairly sensitive to different pulse widths at the same
intensity.

4 CONCLUSION

For optical scattering experiments in dense media, the
interactions between molecules can have a significant effect on
the observed scattering intensity patterns. We have proposed a
theoretical model wherein significant transverse currents are
generated in optical scattering experiments on dielectric
liquids due to inter-molecular electric-dipole interactions.
Using our model, we show that the strength of these inter-
molecular interactions increase with both density and incident
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intensity. The calculated dependence of the transverse currents
on the intensity of the incident electromagnetic pulse agrees with
experimental results. The density dependence provides a direct
explanation for why these effects do not appear in scattering
experiments involving less-dense targets such as gases. We
provide suggestions for future scattering experiments that can
validate our model.
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