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ABSTRACT Azobenzene derivatives containing polymers deform when exposed to
light with a wavelength in the principle absorption band associated with trans-cis
isomerization of the azobenzene derivative molecule. When such polymers cover a
metallic nanoparticle exposed to light near its surface plasmon resonance, which also
happens to overlap with the azobenzene derivative absorption band, the resulting
surface deformations are a novel measure or probe of the plasmonic near-field
intensities. We developed a self-consistent model of the process by combining a
Monte Carlo based model for the absorption and subsequent light-induced mass
transport of the polymer with finite difference time domain computations of the
electromagnetic fields around the nanoparticle that induce the absorption. The
resulting self-consistent approach is shown to describe the key features of experi-
mental observations concerning silver disk nanoparticles.

SECTION Nanoparticles and Nanostructures

T he field of nanophotonics has attracted considerable
attention due to unique optical physics at the nanoscale
and the resulting potential applications of miniaturized

structures. An important direction for nanophotonics is the
fabrication of hybrid active nanostructures formed by coupling
molecules to optical devices such as photonic crystals, plasmo-
nic crystals, or integrated optical switches. Achallenge for these
studies is the ability tomodel thebehavior of the activemedium
in the vicinity of a resonant photonic nanostructure by taking
into account the parameters subject to dynamical evolution,
such as chemical affinity, diffusion of molecules, and refractive
index changes. Such a model will provide further opportunites
in important nanophotonics applications of hybrid materials,
such as sensing, SERS, nanophotolithography, and biolabeling.
We tested such a model on a system which produces strong
structural evolution under light irradiation.

The modeling of electromagnetic fields produced by plas-
monic structures is a very active field of research, driven by
wholly new optical phenomena and applications in diverse
areas that include plasmonic metamaterials, integrated photo-
nics, and field-enhanced sensors. Many key opportunities in
plasmonics further require that the metal structure be sur-
rounded by a dynamically changing dielectric material, particu-
larly for studies of chemical affinity, plasmon-assisted photoche-
mistry, near-field data storage, and light-assisted molecular
diffusion.1,2 These studies are severely hampered, however, by
the lack of amodel that can simultaneously incorporate the evo-
lution of both the electromagnetic field of the plasmonic struc-
ture and the evolution of the environmental topographic and
dielectric spatial features during the given photoinduced pro-
cess.Amodel that is self-consistent forbothelectromagneticand
structural changes in the hybrid material would be enormously

helpful in understanding and ultimatelymanipulating these two
entities at the nanoscale.We report here a self-consistentmodel
that successfully predicts the experimentally determined elec-
tromagnetic and structural changesof aphotoresponsiveplasmon-
based hybrid nanomaterial. This is achieved through the
developmentofaMonteCarlo (MC) basedmodel for theabsorp-
tion and subsequent light-induced mass transport of a photo-
responsive polymer, combined with finite difference time do-
main (FDTD) computations that predict the changes in the
electromagnetic fields around the plasmonic nanoparticle that
induces the absorption.

The photoresponsive polymer is an azobenzene-based ma-
terial that has been the focus of much interest for various appli-
cations.3,4 The surface topology of these polymers can distort in
the presence of light with a wavelength in the principle absorp-
tion band associated with trans-cis isomerization of the azo-
benzenemolecule. This remarkable phenomenon,which is also
polarization-dependent, has beenused to generate surface relief
gratings5,6 and is relevant to optical information storage and
processing. Recently, it has been used as a novelwayof imaging
confined electromagnetic fields since certain deformations can
be associated with regions of high or low electric field inten-
sity.7-10 For example, ref 7 considered silver disk-shaped nano-
particles coated with the polymer poly(methyl methacrylate)
(PMMA) functionalized with azobenzene derivative Disperse
Red 1 [DR1: 2-(ethyl(4-((4-nitrophenyl)azo)phenyl)amino)-
ethanol] chromophores.7 As reported, after illuminationwith
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532 nm light, the resulting polymer topology, measured
by atomic force microscopy (AFM), is a partial reflection of
the evanescent surface plasmon fields. These latter fields
were determined via rigorous computational electrody-
namics calculations on the initial, undistorted structure.7 In
particular, certain regions corresponding to high near-field
intensity can be correlated with holes or craters in the
topography.

While Hubert et al.7 present compelling evidence for the
correlation of the resulting surface topography with the near-
field intensity inferred from calculations based on the fixed
original structure, there are some noticeable differences. In
particular, the actual light-induced spatial features near the
nanoparticles aremore removed and significantly wider than
what would be expected on the basis of simply the electro-
magnetic field intensity. It is clear that a more complex
process is occurring. Recently, we showed11 that a relatively
simple MC based model (photoinduced molecular diffusion
model or PIMDmodel) involving translational motions of the
azodye molecules could adequately reproduce the main
features of the mass transport induced by a static electro-
magnetic field, including the polarization dependence. How-
ever, we will see below that this is just one component of
correctly modeling the evolution of the topography involving
high near-field intensities associated with plasmon reso-
nance. In particular, we will show that the electromagnetic
field itself must be allowed to adapt to the changing surface
topography, and in turn, the topography must adjust to the
changing electromagnetic field. As is well-known, resonant
plasmonic nanostructures are very sensitive to the refractive
index changes, thus allowing the development of plasmon-
based sensors.2,12 As shown recently,10 the dynamics of the
topography's changes is strongly correlated with dynamics of
the local electromagnetic field driven by the plasmon reso-
nance. However, ref 10 did not account for how the electro-
magnetic field itself can be modified by the evolving
topographic changes. In order to take into account the local
field changes during the irradiation process, a self-consistent
model is proposed. Note that this new model could be easily
updated to simulate resonance plasmon changeswhenmetal
nanoparticles interact with molecules in more complex sys-
tems. Our approach can be generalized to other resonant
structures sensitive to the local dynamical environment
changes, such as refractive-index-sensitive photonic crystals
or plasmonic antennas surrounded by electrically driven
liquid crystals.13

In this Letter, we develop a self-consistent model of the
light-induced mass transport that couples the PIMDmodel of
light-induced mass transport with rigorous electrodynamics
information generated with the FDTD method, as schemati-
cally represented Figure 1a. We apply this PIMD-FDTD
approach to the computation of the surface topography
around disk-shaped silver nanoparticles and demonstrate
how relatively deep craters can form near the nanoparticles.
These results are in very good agreement with experimental
observations and point to the importance of a self-consistent
approach involving both field topography and field topo-
graphic response due to the electromagnetic field and elec-
tromagnetic field response due to the topography.

We first briefly outline the main components of the PIMD
model11 as it applies to a fixed electromagnetic field distribu-
tion, E. We should note that there are alternative theoretical
models based on quite different physical assumptions.14-18

However, each of thesemodels cannot explain all aspects of the
phenomenon (polarization dependencies, photoinduced mo-
lecular orientation, orientational hole burning).3,11 In our PIMD
model,webeginwitha systemof randomlyorientedazobenzene-
like molecules within the region of space corresponding to the
polymermaterial. Physical space is divided up intomany small
cubes, andeachcubecorresponding to thepolymerwill initially
contain, on average, a number density consistent with the case
to be studied. Eachmoleculemust absorb a photon to undergo
an isomerization, and the PIMDmethod is used to implement
that on average this absorption probability is given by Pabs �
|E|2 cos2 j, where j is the angle between the direction of the
local incident field E and the molecular dipole (see Figure 1a).
The movement of the molecule is assumed to occur along the
axis of the molecular dipole, as described by the worm-like
translational model proposed by Lefin et al.17 The molecules
thusmove in and out of these cubes, and the overall polymer is
assumed to be the union of these cubes since themolecules are
functionalized to the polymer and thus push or pull it along.

Figure 1. (a) Schematic representation of the coupled Monte
Carlo-FDTD approach. Features and consequences of the PIMD
model of ref 11. (b) Each molecule undergoes a trans-cis-trans
isomerization cycle upon absorption of a photon, leading to a
worm-like motion along the molecule's electronic dipole axis. (c)
Molecular motion induced along a near-field component that is
parallel to the film, leading to the depletion of molecules from
regions of high intensity. (d) Molecular motion along a near-field
component that is normal to the film andnanoparticle top, leading
to a raised topography.
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Near the original surface of the polymer,molecules are allowed
to move up into the air, leading to polymer surface elevation;
they are also allowed to move down into the bulk of the
polymer, leading to polymer surface lowering. These ideas
alone are sufficient to guarantee the experimentally observed
polarization effects and the fact that material will tend to
move from regions of higher to lower electromagnetic field
intensity.11 The latter effect is somewhat akin to the previously
proposed idea of motion due to a gradient force based on |E|2,
but it is important to realize that our result is not directly related
to actual optical forces, which are likely too weak to generate
mass transport. Figure 1 indicates some features and further
consequences of themodel. In particular we should note that a
crater is not necessarily the only outcome of a high near-field
spot. As indicated in Figure 1c,d, depending on the near-field
polarization, it is also possible to obtain an elevation. These
subtle but logical features are discussed in more detail in ref 9.
In order to refine our PIMD model and allow it to be used to
study different systems, several other key elements are added.

(i) To account for themechanical aspect of the photoinduced
migration, a dye molecule moves from a hole in the polymer
matrix to another hole. A hole is an area with free space avail-
able in the polymer matrix. This aspect accounts for the free
space consideration inherent to the mechanical migration.

(ii) Related to thematrix aspect of the polymer, themotion
of dye molecule induces close-range perturbations through
local interactions (e.g., van der Waals interactions).

(iii) In parallel to short-range interactions, long-range
interactions are induced by the polymer chain. Due to the
dye molecules being grafted to the polymer, each time a
molecule moves, perturbations are applied at the positions
and orientations of a set of n molecules grafted to the same
chain. These molecules are selected by accounting for the
grafting density, the molecular weight, and the radius of
gyration of the polymer. In our PIMD model, the path of
thermal relaxation is not directly considered but is indirectly
taken into account in the random reorientations.

The PIMD model above involves, for a fixed electromag-
netic field E(x,y,z), several thousand iterations (i.e., passes
through all of the molecules in the polymer portion of the
system) and slight movements of these molecules according
to the above rules until a stationary state has been achieved.11

Our new, self-consistent model is as follows. For a given
initial system topography, we carry out rigorous FDTD calcula-
tions for a plasmonic nanostructure sitting on glass with a
coating of PMMA-DR1 (refraction index = 1.72 is kept con-
stant in each occupied box). In these calculations, a mono-
chromatic incident field consistent with the experimental
setup (CW, λ = 532 nm linearly polarized) is used, and the
propagation time is taken to be sufficiently long (typically 200
fs) such that a steady-state field distribution has been achieved.
We actually sample the last optical cycle of this FDTD calcula-
tion, taking a time sequence E(t1), E(t2), ..., E(t20) of the
electromagnetic field. One can then refine the PIMD model
byaccounting for the timedynamics of thephotoisomerization
process; a dye molecule undergoing photoinduced migration
cannot reabsorb another photon for a given time. Thus, a
molecule absorbing a photon at ti in the electric field E(ti) could
reabsorb a photon at E(tiþτ). A scaling law is applied to the

typical trans-cis-trans isomerization time τ, several orders of
magnitude longer than an optical cycle, to allow the numerical
implementation. After a givennumberof suchPIMD iterations,
large enough to obtain sensible topographic modifications, a
new FDTD calculation is performed with the current topogra-
phy, and the entire process is repeated. The FDTD calculation
followed by the PIMD iterations to resolve the transitory
topography is referred to as a macrocycle. On the order of
8-10 such macrocycles are generally required to achieve a
steady-state topography. The calculations stop at the macro-
scale equilibrium (i.e., when the topography does not change).
Considering themicroscopic equilibrium (i.e., at themolecular
scale), themolecules are not necessarily at the equilibrium. For
realistic, three-dimensional problems involving metallic nano-
structures, it should be noted that this PIMD-FDTD procedure
can require substantial computing resources. The calculations
described below were carried out with a parallel implementa-
tion of the procedure and run for several hours on 64 proces-
sors of a Beowulf cluster.

We applied the above self-consistent PIMD-FDTD proce-
dure to the evolution of the topography around a silver disk
nanoparticle of diameter 50 nm and height 50 nm sitting on
glass with a coating of PMMA-DR1. For comparison, experi-
mental measurements have been performed in parallel. We
used a 532 nm CWdoubled Nd:YAG laser with an intensity of
90mW/cm2. Both experimental and calculation results are
presented in Figure 2.

Figure 2. The evolution of the PMMA-DR1 surface topography
around a silver disk nanoparticle under 532 nm illumination. (a,b)
Experimental results obtained with a 20 min exposure at λ= 532
nmwith a powerof 90mW/cm2. (b) Same image as (a), butwehave
overlaid lines to highlight the major topological changes. (c)
Calculated topography obtained after eight macrocycles. 3D re-
presentations of the calculated topography after (d) zero macro-
cycle calculations (Initial configuration), (e) three macrocycles,
and (f) eight macrocycles. (g) Topography profile along the polar-
ization axis after eightmacrocycles. Enlarged is the variation of the
topography profile along the polarization as a function of the
macrocycle number, from zero to eight.
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Note that the features obtained along the polarization axis
and presented in Figure 2b,c are in good agreement, except on
the topof theparticlewhere there is a slight difference. Figure 2d
represents the initial system configuration corresponding to a
silver disk of diameter 50 nm and height 50 nm sitting on glass
with a coating of PMMA-DR1. The resulting topography after
threemacrocycles is depicted in Figure 2e. Small craters are evi-
dent near the nanoparticle edges along the direction of the inci-
dent polarization. The final, converged result after eight macro-
cycles, Figure2f, shows that thecratershavegrown insize. These
results are in good accord with the experimental observations
(Figure 2a,b) and clearly show the importance of adapting a self-
consistent approach to determining the photoinduced mass
transport. Figure 2g represents the evolution of the calculated
profile as a function of the number of macrocycles. There is a
clear enhancement of the depth and a broadening of the hole
close to the structure. Furthermore, after eight macrocycles, a
bump extending about 80 nm from the central dip is evident
that is in very good agreement with the experimental findings.
From a comparison between the response calculated with the
simple PIMD model (shown in Figure 2g in green) and the
response obtained after eight cycles (shown in Figure 2g in red),
we conclude that a complete quantitative description of the
system could be uniquely obtained after eight macrocycles. The
numerical effort relative to justoneFDTDcalculationon the fixed
structure7 is significantly more demanding, and of course, it is
also more demanding than our previous model involving struc-
tural changes but keeping the electric field fixed.11 Full simula-
tions can require up to 24 h on 64 processors of a parallel
computer. Nonetheless,webelieve that the physical information
regarding the mechanistic details justifies such effort.

The electromagnetic fields, of course, also evolve during
the self-consistent process that leads to the final topographic
structure in Figure 2. The y component of E, Ey, is along the
incident polarization axis and generally exhibits the largest

near-field enhancements. Figure 3a,b depicts the initially
computed Ey values. The cross cut through the polarization
direction, Figure 3b, shows in particular the relatively sharp
near-field enhancements close to the particle edges. The final
Ey component (after eight macrocycles of the PIMD-FDTD
procedure) is broader and choppier as shown in Figure 3c,d.

In conclusion, we presented a self-consistent PIMD-FDTD
procedure for understanding photoinducedmass transport in
metallic nanostructures. The procedure was applied to the
problem of silver disk nanoparticles coated with PMMA-DR1,
a polymer containing an azobenzene derivative. The resulting
surface topographies showed large craters near the nanopar-
ticles oriented along the incident polarization direction, in
very good agreement with experimental observations. Such
self-consistent modeling, while more computationally inten-
sive than simply the PIMD model applied to a fixed electro-
magnetic field, is expected to be essential in interpreting and
predicting the results of experiments on dynamical media
interacting with other complex resonant optical systems
(photonic crystals, plasmonic crystals, optical sensors, ...).
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