Optical trapping near a photonic crystal
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Abstract: We show that the photonic confinement induced by a photonic
crystal can be exploited to trap nanoparticles. As dematesir by the
recent advances in the design and fabrication of photonjstals slab
structures, total internal reflection and multiple scatgcan be combined

to confine photons very efficiently. A consequence of thifioement is the
existence of strong gradients of electromagnetic intgnisithe near-field

of the photonic structure. Hence, a nanopatrticle placeldrvicinity of the
crystal would experience an optical force which, with a @mogesign of the
near-field optical landscape, can lead to trapping.
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Since its inception [1], the concept of photonic crystal (P@s been mainly associated with
the control of the propagation and the spatial confinemephotons. The wide and growing
interest around PCs stems from their ability to tailor thectrbomagnetic environment through
the geometric features of the crystal [2, 3]. PCs can thuserd or suppress spontaneous
emission, or guide photons, often in ways that elude comwealt refractive optics. When it
comes to photon confinement, one class of PC devices has be@ularly fecund: photonic
crystal structures inscribed in a slab waveguide. This tfisructure associates total internal
reflection with the photonic band-gap effect to achieve anbd photon confinement, while
preserving a great potential for integration in complextph@ architectures. Such structures
have demonstrated a high capacity to confine light effelgtméthin a small volume. In most
studies involving a PC slab (PCS), the emphasis is often @matiiation dynamics associated
with enhanced photon confinement. This is quite natural gane of the very wide interest
that the control of light-matter interaction has in the eoatof, for instance, single-photon
sources or ultra-low threshold microlasers [4, 5, 6, 7]. deev, there is another outcome of
the ability of PCs to confine light which, albeit seldom calesied, has nevertheless a large
potential interest. Indeed, an enhanced spatial confineofiéight means that strong variations
of electromagnetic intensity can be achieved over a smgibneof space, thus creating large
gradients of the electromagnetic field intensity, and toeedarge optical forces. Hence, in the
context of PCs, particularly in the slab geometry, photonficement can lead to an enhanced
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mechanicalcoupling between light and matter. Let us point out that tbeeptial use of PC
structures for optical trapping was noted by Toader and dosve who have shown that the
electromagnetic modes of an inverse opal PC could be useatodld atoms using the gradient
force[8]. In their case, the field confinement, and the contarhtrapping potential, result
from a three-dimensional photonic band-gap effect. In tlesg@nt work we are interested in a
trapping geometry more suitable for integration withinanar architecture. The slab geometry,
for which the localization of electromagnetic energy is tbsult of a combination of photonic
band-gap effect and refractive confinement, satisfies therion.

The optical trapping of neutral particles has become a cstoiee not only of atomic physics,
but also biology and chemistry [9]. In particular, the optitweezers techniques used to trap
and manipulate mesoscopic particles have been refinechoonsly over the years [10, 11, 12].
In this article we explore whether it is possible to trap naarticles (particles of a subwalength
size) in the near-field of a photonic crystal. As a prototypefiguration we consider a slab with
refractive index 3.4 immersed in a fluid with refractive inde33. The slab with thickness=
0.467ais perforated with a triangular lattice of holes with pereédnd hole radius = 0.333.

To localize light we introduce a defect in the photonic caybly omitting one hole in the crystal
pattern, thus creating a defect (i.e. localized) state énbdindgap (Fig. 1). We emphasize that
the microcavity created by simply removing one hole, withany further refinement, has a
quality factor typically of the order of 100, which is seveoaders of magnitude smaller than
for the state-of-art PCS that have been reported [13, 14 \V¥&Jare thus dealing with a rather
weak resonator, which beside its simplicity has the merdllmiwing us to explore the worst-
case scenario, and hence gain some insight in the genes@ifitya of the optical trapping of
nanoparticles near a PC slab.

For the modeling, we use the finite, three-dimensional g&iraaepresented on Fig. 1. The
calculations are done with the coupled-dipole method [I4, The entire structure is dis-
cretized in space and the local-field is computed self-cbasily. Details of the calculation are
given in Ref. [18, 19]. We excite the cavity with an electripale alongx. We vary the wave-
length of the source and we plot the spectrum of the cavity byitaring the total radiated
power (or the decay rate of the source). As seen in Fig. 1freleagnetic radiation by the
source is drastically suppressed by the PCS, except neeatityg resonance &y = 3.2a.
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Fig. 1. Schematic of the finite photonic crystal microcavity used in the ctatipa (left).
Cavity spectrum (right). The wavelength is in unitsaghe lattice period of the PC.

Having located the cavity resonance we now explore the aptiapping capability of the
optical mode of the cavity under external illumination. Wnsider the case of a plane wave
illumination along a direction perpendicular to the slatoifi bottom to top on Fig. 1). The
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electric field of the plane wave is polarized along xdirection. In order to probe the optical
potential near the PC, we use a spherical particle with cgfie index 1.5 and with radius
Rpart = 0.03%,. Given the size of the particle, we can use the dipole appration to compute
the time-averaged optical force experienced by the partmlovided that radiation reaction
is accounted for [20, 21]. The CDM is used to compute the satisistent local-field at a
given wavelength. Once the local-fields are known, the aptarces and potentials are derived
by propagating both the fields and their derivatives throtighuse of the appropriate field-
susceptibility tensors [20]. Owing to both the size of thetipke, the weak optical contrast
between the particle and the surrounding fluid, and the ntoglesity factor of the cavity
mode, we neglect the influence of the particle on the optespponse of the cavity, i.e. we treat
the particle as a passive probe. Note that in this regimegptieal potential is proportional
to the volume of the particle. We assume an irradiance of 10 mmif¥/and room temperature
(300 K).
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Fig. 2. Near-field maps of the optical trapping potentiafor a nanoparticle with radius
Rpart= 0.03%¢ in a plane located a= Ryart above the photonic crystal. The lateral axes
are normalized to the wavelength. Left: optical potential at the resonsaeelengthio.
Right: optical potential off resonance at 1439

Figure 2 shows maps of the trapping potential when the cavgjther on- or off-resonance.
The maps are computed at a distaRgg: from the surface of the cavity. When the illuminating
beam has a wavelength that matches the resonance wavetérngéhcavity, we obtain a well
confined optical trap with a maximum depth of aboutk? and a lateral size smaller than
half a wavelength. This means that the particle can not oalgfficiently trapped, but also be
confined to a subwavelength area. Incidentally, we noteiftiaad assume harmonic potentials,
the variance of the spatial fluctuations of the trapped @arf22] is about 0.024¢ and 0.014A¢
in the x andy directions respectively. This means that Brownian motidlh wot prevent the
trapping. On the other hand, the optical trapping potemtiahputed off-resonance, for the
same irradiance, shows that no trapping is possible. Thémmoax potential depth achieved in
this case is about 0J6T, 20 times weaker than the on-resonance, and this is mostlyodedge
effects at the boundaries of the finite structure we usedhercomputation. The contrast in
the trapping potential between the situations where thigycaveither on- or off- resonance, is
easier to appreciate on a profile cut of the potential mapsodie@ in Fig. 3. We can see that
the trap is not symmetric alongandy. The optical forces lead to a tighter confinement algpng
than alongx. This asymmetry is a reflection of the asymmetric polariatf the illuminating
beam and the geometry of the cavity. We also note the pres#ragditional local minima
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of the potential on either side of the main trap in thdirection. However, trapping at these
locations can be avoided by choosing an adequate irradiantge pump.
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Fig. 3. Profile cuts along directionsandy over the center of the near-field maps of the
optical trapping potential shown in Fig. 2. The distances are normalizeg.t®lotted

in red solid lines are the trapping potential profiles for when the cavity isseorance,
whereas the black dashed curves pertain to the off-resonance case.

The near-field nature of the optical trap is illustrated ig.F where we probe the vertical
extension of the trapping potential. The trap is confinedh® riear-field of the cavity. The
vertical confinement of the trapping zone is expected sineestibwavelength confinement of
light by the cavity is a testimony to the existence of strgnglanescent field components in
the near-field of the cavity. Note that just like the tighthaad the depth of the optical trap, the
vertical reach of the trap can, to some extent, also be dtedrby changing the irradiance of
the pump.

u/kT
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Fig. 4. Vertical dependence of the optical trapping potehtitdr a nanoparticle with radius
Rpart = 0.03% in a plane located at heightabove the cavity, as a function of the lateral
position of the particle along direction(left) andy (right). All distances are normalized to
Ao, the resonance wavelength of the cavity.

Therefore, we see that despite the somewhat lossy nature oégonator, efficient, near-field
optical trapping of a nanometric particle should be posditnider realistic pumping conditions.
Of course, the idea presented in this paper is not restriotadingle defect in a PCS. Multiple
optical nanotraps can be envisioned by considering, cdugaeity systems [23], or the optical
modes of a defect-free PCS, for instance, at critical padfithe band diagram. In fact, the
breadth of patterns associated with the optical modes of dp@as new ways to, not only
trap, but also foster the auto-organization of groups oboéajects [24] in the subwavelength
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regime. Indeed, while nanometric optical traps can be &elidy “sculpting” an evanescent
wave created by total internal reflection with an externaicke[25, 26], PCSs achieve both :
the slab supports a guided mode which has an evanesceridgad the slab while, at the same
time, the photonic crystal molds the optical landscape émtbar-field of the slab.

The present work is a first step in the exploration of the usP@$ for optical trapping
and manipulation of nanoparticles. Further work will bedesbto devise the most appropriate
crystal configuration to achieve a given trapping geomeitryparticular, cavities with high
quality factors would be a good candidate in designing carngatical traps, however, for such
cavities the influence of the particle on the resonance dP@® may not be negligible anymore
[27], requiring a careful assessment of the electromagetipling between the particles and
the PC. Hence, a balance must be reached so as to not allomapiped particles to destroy the
very PC resonance that supports the optical trap. For iostafnfor PCS structures supporting
modes with very large quality factors, having ensemblesanfoparticles passing through the
holes of the crystal creates a disturbance of the crystakmmalymer could be used to seal the
holes without inducing too large an increase in the optioati@ast compared to the case where
the holes are filled with the fluid [28].

Another degree of freedom lies in the choice of the illumimatonfiguration and polariza-
tion. Whereas we used normal illumination, the parallel waeetor of the excitation beam
can be extended to larger components by using a configursitizitar to the one used to cre-
ate evanescent-wave mirrors for cold atoms [29] (or to thetsGhmann configuration used to
excite surface plasmons in a thin metallic film). As dematstt recently in the microwave
regime, negative refraction can also be exploited to predurcoptical trap [30]. However, the
exploitation of negative refraction to achieve opticapping at optical frequencies still bears
technological challenges.

Finally, we should point out again that strong optical fareéll occur whenever light is
confined spatially. This means that metallic slabs are alyooal candidate for generating op-
tical traps at the subwavelength level. A single hole in aaingteet can for instance lead to
trapping [31]. However, periodic arrays of holes in a méallab should support more interest-
ing trapping configuration [32]. These structures woula dlave the advantage that plasmon
resonances can be used to enhance the selective trappirggalicnanoparticles [33].
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