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ABSTRACT

In earlier work, it has been established that laser-induced coupling between a pair of nanoparticles can enable the
generation of novel patterns, entirely determined and controlled by the frequency, intensity, and polarization of the
optical input. In this paper, the detailed spatial disposition about the beam axis is determined for two-, three- and four-
nanoparticle systems irradiated by a Laguerre-Gaussian (LG) laser mode. The range-dependent laser-induced energy
shift is identified by the employment of a quantum electrodynamical description, calculations are performed to
determine the distribution of absolute minima as a function of the topological charge, and the results are graphically
displayed. This analysis illustrates a number of interesting features, including the fact that on increasing the LG beam’s
topological charge the particles increasingly cluster, i.e. the order of the structure is significantly raised — also the
number of minima for which the particles can be trapped is enhanced. Finally, it is shown that similar principles apply
to other kinds of radially structured optical modes.
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1. INTRODUCTION

Recently there has been a heightened interest in the implementation of ‘twisted’ Laguerre-Gaussian (LG) modes in
optical tweezer instrumentation, in a development that has become known as ‘optical spanners’.? In this technique
particles are not only trapped but also rotated as a result of angular momentum transfer from the beam.?® As well as
having a rotational influence, such beams have transverse structures that offer novel possibilities for particle trapping.
Whilst there is a considerable body of work on the forms of optomechanical coupling involved in optical tweezers and
spanners, in which incoming laser light exerts forces on individual particles, it is less recognized that there exist entirely
distinct optically induced inter-particle interactions.*® Last year, by employing a quantum electrodynamical description,
the first detailed research was conducted on the laser-induced force between a pair of particles.>® The latest
developments reported here explore the associated energy-shift — directly illustrating the extent and form of particle
ordering due to an input LG beam. The significance of the twisted structure is considered through a comparison to the
effect of conventional Hermite-Gaussian beams, and the effect of increasing the topological charge, I, is also
investigated. As well as pairs of nanoparticles, possible extensions to three- and four- particle systems are considered.

2. LASER-INDUCED INTERACTIONS

The laser-induced interaction involves the annihilation of a ‘real’ laser input photon at one particle and the stimulated
emission of an equivalent ‘real’ photon at the other, with a virtual photon acting as mediator between the two particles.
This mechanism is represented graphically by two state-sequence diagrams — one of which is shown in figure 1 — or,
equivalently, by 48 time-ordered diagrams (two are given by figures 2 (a), (b)). In this work, a pair of nanoparticles (A



Figure 1. One of two state-sequence diagrams for calculation of the dynamic contributions to the laser-induced interaction,
associated with the annihilation of an input laser photon at A and creation of an output laser photon at B. Key: k — ‘real” photon,
p — virtual photon, O — particle in ground state (particle A is a circle on the left-side of the box and B is on the right) , © — particle in
virtual excited state, === — ‘real’ photon annihilation at A, ==== === — virtual photon coupling event at A,
==:«ammaennes — Virtual photon couplingat Band, = « = « = — ‘real’ photon creation at B.
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Figure 2. Typical Feynman diagrams (each with twenty-three further time-ordered permutations) for calculation of the laser-induced

interaction energy shift due to stimulated scattering by the pair: 0 denotes the ground state level, « and £ are excited levels for
particles A and B, respectively.



Figure 3. Geometry of a particle pair in a Laguerre-Gaussian beam. Here, | =1 and p = 0.

and B) are chosen to be optically trapped in an LG beam with arbitrary I and p =0, i.e. an optical vortex with one radial
node at the beam centre; see figure 3. Further, both particles are equidistant from the beam centre in an optical trap
formed by the high-intensity regions, contained within the same cross-section of the beam. Under these conditions,
from fourth-order perturbation theory it emerges that the laser-induced energy-shift between the particle pair is given by
the expression;®°
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where fi, and Ay, are beam constants defined in ref. 10, « is the polarisability of a spherical nanoparticle (the same for A
and B), ick denotes the input photon energy, ¢ is the angle between the polarization of the input radiation and R (the
vector displacement between the nanoparticles, whose magnitude is the distance R), | represents the irradiance and
Ay =y, —y, is the azimuthal displacement angle. In the short-range region (kR << 1), the leading term of equation
(1) is determined from Taylor series expansions of sin(kR) and cos(kR). As a result AE,, becomes, using the relation
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Here, 7 is a damping factor whose introduction, in place of the unity that emerges from simple trigonometry, prevents
equation (2) rising non-physically to infinity as Ay approaches 0° (the latter being a feature that would signify overlap
of the particles). Treating the term inside the square brackets of equation (2) as constant, for the purpose of this work,
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Figure 4. Plot of AE,C;B against Ay (degrees) for a molecular pair in an LG beam with: (a) | =5 and, (b) | = 10.
Here and in the following figures, 7 =1.1 is employed in the calculations.
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Table 1. Absolute minima (degrees) of AEE\B for differing .

graphs of AEf\B against Ay can be constructed for given values of |, as illustrated in figures 4 (a), (b). On detailed
inspection of such graphs with varying | it can be verified that: (i) at | = 0 — i.e. for a conventional Gaussian laser beam —
the sole minimum is seen at 180°, illustrating that the energetically most favorable position of the particles in the beam
cross-section is where they are diametrically opposite each other, as might be expected; (ii) for odd values of | greater
than 1, only a local minimum (not the energetically most favorable) arises for this configuration; (iii) for even values of
I, a local maximum occurs at 180°; (iv) generally, for | # 0, there are | angular minima and (I — 1) maxima. Additional
features reflect the behavior associated with increasing values of I: (v) the number of positions for which the particle
pair can be mutually trapped increases, becoming less energetically favorable as the angular disposition increases
towards diametric opposition, and; (vi) absolute minima are found at decreasing values of Ay (table 1), physically
signifying a progression towards particle clustering. Note, the data in table 1 (and those following) are determined with
n =1, i.e. no damping, as the results are sufficiently remote from values denoting particle overlap — the results are still
within a few degrees of those produced by the graphs with 7 =1.1 damping accommodated.

The two-particle analysis based on the configuration shown in fig. 2 is easily extended to a three-particle

arrangement. In this case AE?

asc 1S determined by summing the pairwise laser-induced interactions of the three

particles with each other, employing variables Ay, and Ay, as the azimuthal displacements between particles A-B and
B-C respectively. Here, Ay, and Ay, are in the interval (0,180°) and the corresponding angular disposition between
A-C is dependent on Ay, + Ay, unless this exceeds 180°, in which case the dependence is 360° —(A% +A://2).
Note, the term inside the square brackets of equation (2) gives the same values for the interaction of particles A-B, B-C
and A-C, except for its dependence on ¢; although this varies for the differing directions of the inter-particle
displacement vector, the variation is slight and for simplicity it is not accounted for. Contour plots of AEfiBC against
with | = 0 attain the
expected values of 120° for both angles (equidistant particles). For higher values of |, as earlier, clustering is observed,;

Ay, and Ay, are exhibited in figures 5(a)-(d). Calculations of the absolute minima of AE,‘iBC

for example | = 4 gives the values Ay, = Ay, ~30°.

0

Extending the analysis to a four-particle system, the corresponding energy-shift AE,;.,

is determined using a
similar procedure to that outlined above with the additional variable Ayw,, the angle between particles C and D.
Determination of the minima of AE,,

here the value | = 4 gives clustering with Ay, ~ 30°, Ay, ~ 29° and Ay, ~ 30° —see fig. 6. Physically, this

with | = 0 confirms equidistant values of 90° for each pair displacement angle;

demonstrates that the inner particle pair (B and C) clusters to a greater extent than the other pairs due to the additional
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Figure 5. Contour graphs of AE,;. against Ay, (x-axis)and Ay, (y-axis) for three molecules in an LG beam with:

0
ABC *

(@) 1=4, (b) =10, (c) I =20 and, (d) | = 20 (close-up). Here, lighter shading denotes higher values of AE



Figure 6. Clustering of nanoparticles in an | = 4 Laguerre-Gaussian beam

influence of the outer particles (A and D). Further analysis of the three- and four- particle systems for varying values of
I reinforces the above features in that: (i) Ay,, Ay, for the three-particle case and Ay, Ay, for four particles give
similar results — for example, ~ 60° for |1 =2 and ~ 12° for | = 10; (ii) in comparison Ay, is of smaller value for the
physical reasons given above — for example, ~ 56° for | =2 and ~ 11° for | = 10; (iii) there is greater particle clustering
for increasing I. It may be observed that three-body coupling between the particles is omitted from consideration in the
above analysis. However, the complex analytical extension required for its inclusion'*‘? is not justified since it
involves higher order perturbation theory and generates only insignificant corrections.

4. DISCUSSION

Although the given results have exemplified cases where p = 0, the methods employed will also apply directly to cases
with other values of p, signifying one of the other beam topologies permissible for a given topological charge (the index
p determines (p+1) ring-shaped intensity maxima). Experimentally, however, there would be a technical problem in the
possibility of particles being optically trapped in one of the other annular intensity regions of the beam. LG modes with
p > 0 are in a sense similar in nature to higher-order Bessel modes, a type of beam also currently employed in optical
tweezer systems.’® By extension, theory can also be formulated for such beams — except that fi, in equations (1) and (2)
are substituted for an 1™ order Bessel function — but the same technical difficulty nonetheless arises if two or more
annular regions are populated with nanoparticles. Of further interest are other novel light beam structures endowed with
orbital angular momentum that could also be applied to optically order nanoparticles.***> For both LG and higher-order
Bessel beams, it is of additional interest to note recent studies on optical vortex production with non-integer 1.16 In
connection with optically-induced inter-particle forces, this is a ground for future exploration.

To conclude, we emphasize that the above findings illustrate the operation of laser-induced mechanisms that are
significantly different from those of established ‘optical spanner’ methods — not least because, here, there is no orbital



angular momentum transfer from the laser beam. Distinctions can also be drawn against the self-trapping structures of
superficially similar appearance that are exhibited by the so-called ‘necklace-ring” beams, mathematically equivalent to
superpositions of twisted beams with equal but opposite topological charge, which can be formed in self-focusing Kerr
media.t”® In the trapping mechanism described above, the light configuration is stable without a supporting medium
and there is no need to accommodate complex beam propagation dynamics. The bead structures exhibited by necklace-
ring beams signify localized regions of high intensity, but they are not amenable to particle trapping, primarily because
of their necessary spatial localization in the condensed phase. Lastly we note that, assuming the nanoparticles are
transparent to the throughput laser radiation, our scheme does not suffer the limitations associated with trapped particles
circulating around the annular high intensity region, as in some holographic optical tweezers schemes.?° Given the clear
advantages of the mechanism we have described, and the relatively straightforward optical setup required, it is hoped
that future work by experimental groups will identify the ordering and clustering features identified in this paper.
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