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ABSTRACT: Photonic crystals (PC) have demonstrated
unique features that have renewed the fields of classical and
quantum optics. Although holding great promises, associated
mechanical effects have proven challenging to observe. We
demonstrate for the first time that one of the most salient
properties of PC, namely negative refraction, can induce
specific forces on metal nanoparticles. By integrating a
periodically patterned metal film in a fluidic cell, we show
that near-field optical forces associated with negatively
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refracted surface plasmons are capable of controlling particle trajectories. Coupling particle motions to PC band structures
draws new approaches and strategies for parallel and high resolution all-optical control of particle flows with applications for

micro- and nanofluidic systems.
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ptical Bloch modes of photonic crystals (PC) follow
dispersion relations @(k) which, under monochromatic
excitation at frequency ®, correspond in the reciprocal k space
to isofrequency surfaces (IFS)." The periodic spatial modu-
lation of the crystal opens gaps in w(k), an effect that has been
discussed both in the context of PC and surface plasmons
(SP).>* Salient too is the fact that the group velocity of a Bloch
mode v,(k) = Viw(k) is perpendicular to the IFS and is
directed along the time-averaged Poynting vector of the Bloch
mode, integrated over the unit cell of the PC. The outstanding
optical properties of PC stem from the control of IFS given
through structural design. Among these, the phenomenon of
negative refraction has been recognized as one of the most
important*~® and hence thoroughly explored in a number of
milestone experiments.””'® Recently, we have shown how these
discussions can be transferred to SP optics and how plasmonic
crystals (PIC) share the same unique features of PC."" We
demonstrate for the first time how these concepts can be
further extended to the field of light-induced forces, with new
dynamical effects probed in a microfluidic environment.
Direct manipulation of particles through light-induced forces
is most efficient in low-Reynolds number fluids because of
buoyancy and reduction of inertial effects with tremendous
impact on physics, chemistry, and life sciences."*™** Conven-
tional techniques unfortunately turn out being rapidely limited
at the nanoscale due to light diffraction. This triggered the
development of alternative approaches based on near-field
optical interactions.">™*° In this context, our work presents a
new strategy for all-optical control of nanoparticle motion in
fluids based on tailored SP modes. It offers an all-optical
nanoparticle angular sorting method characterized by high-
angular resolutions together with high throughputs. Operating
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on a large scale, our method is not limited by the usual tight
focusing requirements of optical tweezer-based manipulations.
Because it does not resort to any tags or other markers, our
strategy is potentially relevant given the stron§ current interest
in designing new passive sorting techniques.”

Confined along a metal/fluid interface, an SP mode is
described by a complex in-plane k; wave vector along the real
part of which the mode propagates.”* In a plasmonic field of
frequency @ and transverse wave vector k = (gguq)"’@/c
extending in the fluid, metallic nanoparticles experience time-
averaged forces that combine a gradient contribution and an
extinction contribution also known as radiation pressure.”>**
Up to a term negligible given our experimental configuration
(see Supporting Information), the extinction contribution F,y,
writes as

E, = (Ek3|0:0|2 + Im(ao))ws

ext 3 ( 1)

accounting for the coupling between the field and the dipolar
moment of the nanoparticle of «, polarizability (Clausius-
Mossotti). The first and second terms represent respectively
scattering and absorbing components, both proportional to the
time-averaged SP Poynting vector S which therefore determines
the orientation of the extinction force. With an in-plane
component of S along their in-plane propagation direction
Re[k;], SP modes have been demonstrated to push efficiently,
but only unidirectionally, metallic particles.”> While similar
effects can be observed using dielectric nanoparticles, they are
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however optimally accessible using metallic nanoparticles
because of the strength of the scattering component associated
with a metallic polarizability.

The key aspect of our work is that in a PIC, the relation built
on the group velocity v, = Viw(k) between the Poynting
vector of the SP Bloch mode S and the IFS becomes, through
that same Poynting vector, a relation between the IFS and the
orientation of the extinction force F,, of the SP Bloch mode
exerted on metallic particles. IFS design is thus a very efficient
tool for all-optical control of particle trajectories in the near-
field.

To evidence this, we performed a series of experiments on a
colloidal suspension of gold nanoparticles immersed in water
above a thin gold film. A doubly periodic grating of sinusoidal
profiles was fabricated on a given region of the film (region 2
hereafter). SP modes were launched from an unstructured
region of the metal/water interface (region 1) and made
propagate toward the PIC (see Supporting Information). We
used a A, = 980 nm laser beam and gold nanoparticles of 250
nm diameter so that the colloidal extinction peak is located on
the blue side but close to A;. In this case, scattering
contributions dominate, aligning forces along the SP Poynting
vector, while additional gradient SP forces point toward the
metal surface. Figures 1C,D show metallic nanoparticles
propelled by SP modes from unstructured to PIC regions.
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Figure 1. (A) Schematic of the setup with the movable filtering slit (S)
in the Fourier plane (FP), and the Fourier and direct plane (DP)
detectors. (B) Close-up representation of the metallic nanoparticles
moving in the fluidic cell above the metal film from the unstructured
region 1 to the patterned PIC region 2. (C) Experimental trajectory of
a gold nanoparticle crossing the PIC interface with incident k, = 0.184
um™". (D) Associated dark-field video acquisitions of the moving
particle (red circle) referenced to a fixed particle on the surface (white
circle).

We have designed the PIC in such a way as to present an IES
with inverted curvature between the band gaps (Figure 2A) that
leads to SP negative refraction.'’ In order to probe this IES
region with sufficient resolution, we launched a practically
collimated SP mode on the planar region of the film and made
it propagate toward the PIC at a given incident angle set
by the value of the k, component of the incident SP wave
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Figure 2. (A) Plasmonic IFS w(k) imaged in the Fourier space (FS)
associated with regions 1 and 2. Calculated dispersion relations are
superimposed as red lines (see Supporting Information text S1). (B)
Experimental real space trajectories of particles crossing the interface
between region 1 and 2 for three different choices of the SP beam
incident angle.

vector ky;, = k& + kJ. Details are given in the Supporting
Information. This mode excites an SP Bloch mode at the PIC
interface that is negatively refracted for any nonzero value of k,
between the band gaps (Figure 2A).

We recorded the trajectories of single nanoparticles which
were first unidirectionally propelled toward the PIC by an SP
mode on region 1 and then conveyed by the SP Bloch mode
excited at the PIC interface (Figure 2B). When entering region
2, each particle is steered in consistency with angles expected
from the intersection between the IFS and the k, value. Fixing
ky within the relevant regions of the IFS, we observed that the
nanoparticle is negatively routed just like the SP mode is
negatively refracted when entering the PIC.

These dynamical effects are clearly intertwined with natural
Brownian motion of the immersed nanoparticles, characterized
by a friction coefficient y and a fluctuating force that maintains
thermal energy kpT in the fluid. For a gold nanoparticle of mass
m in water, friction prevails over inertia by several order of
magnitudes, considering the high rate y/m ~ 10s™" of kinetic
energy loss through friction. The constant optical extinction
force results therefore in a ballistic motion associated with a
constant averaged in-plane momentum p = (m/y)F, given to
the nanoparticle. Because F,, o S, the in-plane component of
this momentum is oriented along the SP in-plane propagation
direction.

The introduction of the PIC interface is thus seen as
imprinting a momentum discontinuity in the motion of the
nanoparticles from both sides of the interface. This can be
framed into a dynamical law of refraction

ﬁout - l_)in = Vg - k”;iﬂ (2)
in units of momentum, with unit wave vector I';”‘in and unit
group velocity vector ¥, locally evaluated on the IFS from the

g

conservation of k,. Given the fact that ¥, — k;, = sin 0, —
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sin 6, for the SP beams, our data demonstrate how the IFS
structure is mapped onto the nanoparticle motions and confirm
eq 2 (Figure 2B).

In terms of a steering angle 65 = 6, — 0, eq 2 writes as
sin s = (P X Pow) - 2. As seen in Figure 2B, nanoparticle
steering angles are opposite in sign and larger in magnitude
than the incidence angles for non-normal incidences. This is the
clear proof of a mechanical effect due to negative refraction,
based on a dynamical transfer from SP fields to nanoparticle
motions. Since negative routing is observed for both positive
and negative k, values, this is the exact dynamical replicate of
the “all-angle” negative refraction phenomenon in PC.*°

Similar observations can be made for an ensemble of
nanoparticles interacting with the near-field of an extended PIC
with motional evolutions again determined in strict relation
with the IFS (Figure 3). Our results attest that particle
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Figure 3. Experimental ensembles of nanoparticle trajectories (starting
positions shown as open circles) recorded on the PIC (region 2)
showing parallel motions for three specific points on the IFS of the
PIC, shown in the insets. These points correspond to three different
angles 0, = 14.17° (A), 3.45° (B) and —16.11° (C), directing the
motions. Scale bar is 50 ym.

trajectories can be distributed over wide angular sector (+35°)
within a range of small incidence angles (+2°) due to the
strong local anisotropy of the IFS. In this sense, we
demonstrate here the mechanical analog of the superprism
effect in PC.*”” We note that thinner fluidic cells, preventing
from convection and decoupling effects, would lead to
observing much longer trajectories.

Additionally, our methodology addresses another current
issue of microfluidics. Indeed, while high throughputs and high
resolution are critical demands put on present microfluidic
system designs, they are yet recognized as extremely difficult to
achieve simultaneously.”® In this respect, our large scale
experiments (Figure 3) actually reveal that high throughputs
have been reached all the while offering high angular sorting
resolutions. As gold can be easily functionalizable, our method
is also potentially interesting in the context of chemical and
biological analysis."?

To perform the quantitative analysis of our data, we looked
at the nanoparticle trajectories from first principles. In this
frame, we treated as a statistical ensemble all the N in-plane
elementary particle displacements Ar = r(t + At) — r(t) during
a time At (fixed to 10 ms in our experiments) gathered from all
the trajectories j recorded over a time Tj = N; X At with N =
2N for a given value of k,. In a field of constant force, the
whole probability distribution of the free Brownian displace-
ments is translated in the (Ax, Ay) plane®® (see Supporting
Information). This translation corresponds to a ballistic shift of
the expectation value of the distribution u = A¥ = (F,,At)/y,
keeping the variance ¢® = (4kzTAt)/y unchanged. This
approach allows determining, within expectation intervals, the
angle 6, = arctan(Ay/Ax) along which the extinction force
conveys the particles.

The results extracted from this statistical analysis are
gathered and presented in Figure 4. Remarkably, they are in
close agreement with the IFS of the PIC as experimentally
observed. They quantitatively and definitely validate the
relation presented in eq 2 and complete the experimental
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Figure 4. (A) Nanoparticle steering angles (black dots) measured as a
function of k,. Error bars are related to experimental reproducibility.
Relations to the IFS of the PIC are shown as a red continuous line for
theoretical IFS and as orange dots for the experimentally measured
IFS. Statistical confidence intervals are also displayed as colored
surfaces for oy, (dark gray) and 20y, (light gray). Comparison with

Hin(ky) (continuous dark line) reveals the dynamical negative refraction
and superprism effects. (B) Displacement probability distribution
along the x-axis for k, = 0.157 um™", compared to a Gaussian fit (dark
blue curve) and a multi-Gaussian fit (pink curve) in better agreement.
(C) Extraction of the ballistic shift lul and the 6, angle from the
location of the mean value (red dot) of the displacement distribution
in the (Ax,Ay) plane with respect to free Brownian motion (centered
at Ax = Ay = 0). The distribution is zoomed-in from the whole
distribution (inset) cross-sected along the x axis in (B).
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demonstration of particle trajectories driven by negative
refraction. Note that the deviations of the data points with
respect to the calculated IFS at large |k are only due to the
finite width of the filtering slit.

While our method can potentially give the intensity of the
extinction force from a simple measurement of the shift length
lul, it is important to stress that the extinction force depends
exponentially on the particle height z. Thus, and in contrast
with 8, IF,, | is not a constant of motion, as particles also move
along the z axis (through axial Brownian motion, gradient
forces, gravity, convection, etc.). Our experiments can only
probe an effective driving strength of the extinction force, for a
given value of k,.

Accordingly, the statistical precision on 6 is situation-
dependent, related to the strength lul of the effective drive, the
variance ¢ of the Brownian motion, and the number N of
elementary displacements considered. Confidence intervals
o, = 0/ (I/AI\/N) evaluated for each data set obtained for

each k, value appear to provide a good statistical resolution
criterium (see Supporting Information). This confirms the
reliability of the experimental determination of the steering
angles 65 (Figure 4A). Finally, the deviations from the normal
law, systematically observed for the displacement distribution
(Figure 4B), are due to the vicinity of the surface, perturbing
the Brownian motion from thermal effects and modification of
the friction coefficient y***' (see Supporting Information).
This issue is however only related to the shape of the
distributions and does not affect the expected steering angles 65
(Figure 4C).

To conclude, our observations and analysis demonstrate the
possibility of driving mechanically nanoparticles from the
optical band structures of a PC. Exploiting the dynamical action
of negative refraction opens perspectives as intriguing as in
optics. Given the richness of the optical properties of PC, such
results should stimulate the further use and study of opto-
mechanical phenomena in micro- and nanofluidic contexts.
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Further details are provided related to the experimental setup,
sample fabrication, particle motion detection strategies, and to
the evaluations of time-averaged optical forces and IFS of the
plasmonic crystal. A complete theoretical analysis of Brownian
motion in a force field is performed together with a statistical
evaluation of the experimental resolution. A brief discussion is
also given on observed deviations from the normal law for the
displacement probability distribution of nanoparticles. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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