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In designing an optical waveguide with metallic films on a nanometer scale, the random scattering by the natural
roughness of the thin film is always ignored. In this paper, we demonstrate that for the ultrahigh-order modes (UOMs) in
the symmetric metal cladding waveguide, such a scattering leads to drastic variations in their spatial distribution at different
incident angles. Owing to the high mode density of the UOMs, the random scattering induced coupling can be easily
related to different modes with different propagation directions or wavenumbers. At small incident angles, the intra-mode
coupling dominates, which results in a spatial distribution in the form of concentric rings. At large incident angles, the
inter-mode coupling plays the most important role and leads to an array-like pattern. Experimental evidence via optically

trapped nanoparticles support the theoretical hypothesis.
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1. Introduction

Ultrahigh-order modes (UOMs) are the unique oscillat-
ing modes confined between two metallic films in a slab op-
tical waveguide on a millimeter scale in thickness, which
is also known as the symmetric metal-cladding waveguide
(SMCW).I'I' These modes can be excited via free space
coupling,? and their high intensities due to the enhancement
of the waveguide have been applied successfully to precision
metrology,>*#! biomedical detection,® Raman scattering, 67!
etc. Besides, the UOMs are also interesting in many
other aspects, such as Goos—Hanchen shift, 3! magneto-optical
effect,’®! slow light,HO] and so on. To the best of our knowl-
edge, the spatial distribution of the UOMs has not been in-
vestigated, which may be crucial in various potential applica-
tions relating to the mode-matter interaction, e.g., the optical
manipulation of massive nanoparticles.!!!l In this paper, ex-
periments are carried out to investigate the spatial distribution
of the UOMs via optically trapped nanoparticles, whose den-
sity is proportional to the local field intensity. In principle, a
well collimated laser beam can only excite one specific UOM,
whose propagation constant matches well with the transversal
component of the incident wavevector. However, the pattern
of the trapped nanoparticles reveals that multi-modes are ex-
cited, which, we believe, is due to the random scattering from
the natural roughness of the nanometer thick metallic coupling
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layer. Furthermore, experiments demonstrated two different
patterns under different incident angles, which indicates that
the spatial distribution of the UOMs is angular dependent.
The ability to control and adjust the optical field land-
scape is important when achieving ultra-gentle manipulation
of the small trapped objects, which has aroused a widespread
current interest. For example, holographic optical tweezers
(HOTs), 2131 which rely on the use of holographic elements
to create a specific function of the optical field, provide an
effective method to generate a variety of optical traps for dy-
namic manipulation!'*!31 of the colloidal particles, biologi-
cal cells, virus, etc. Other technologies adopt Ince—Gaussian

sI1%1 or doughnut beams!!”!

beam: to increase the versatility in
arange of possible optical landscapes. Consequently, our find-
ing may prove the possibility of optical manipulation of col-
loidal particles via slab waveguides, which possesses many
advantages such as field enhancement, versatile structural de-
sign, easy modulation, and has not been applied to this field
yet. The rest of this paper is arranged as follows. In Section 2,
the physics behind the two coupling mechanisms is discussed
in detail after a brief summary of the UOMs. Then in Sec-
tion 3 we describe the experimental process and discuss the
observed phenomenon. Finally, some conclusions are drawn

from the present studies in Section 4.
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2. Theoretical analysis

The basic structure of the SMCW chip is composed of a
guiding layer and two metal films, which are used as cladding
layers. The SMCW used in this paper is shown in Fig. 1, where
the 30-nm-thick upper silver film is deposited on a 0.3-mm-
thick thin glass slab and used as coupling layer. Another 200-
nm-thick silver film works as a substrate, and a 0.7-mm-thick
sample room with inlet and outlet design is also filled with
nanoparticle colloid.

silver

coupling
layer

(30 nm)

£ (200 nm)
upper glass slab

(0.3 mm)

Fig. 1. (color online) Schematic diagram of the hollow-core metal
cladding waveguide.

The mode eigenequation of the SMCW can be approxi-
mated by a simplified three-layer model, i.e., the leakage from
the coupling layer is ignored. For the TE mode, the eigenequa-

tion can be written as!!8!

K1d = mm + 2arctan (?) , €))
1

while for TM mode, the eigenequation takes the form of

&1
K1d = m7 + 2arctan (”) , 2)
&K

where kj is defined by k; = 1/]((2)81 — B2, o is the decay fac-
A/ ,32 — k%ez, d
is the thickness of the guiding layer, m denotes the mode index,

tor in metallic film and can be written as op =

€1 and & are the dielectric constants of dielectric and metal,
respectively. The propagation constant 8 = ko/€gsin 6; is re-
lated to the effective index ng of the UOM, and can approach
to zero,

0<neff:kﬁo<¢a, 3)

which indicates that there is also no lower limit for the excita-
tion angle 0 of the UOM. Free space coupling technology can
be used to excite the UOMs, where a laser beam is transmitted
directly from free space to the coupling film of the waveg-
uide. It should also be noted that the UOMs are polarization

independent, for the guiding layer thickness is on a millime-
ter scale, i.e., both the second terms on the right-hand side of
Egs. (1) and (2) can be ignored for large value of m (~103).
Theoretically, a well collimated laser beam can only excite one
mode, i.e., the eigenequation can only present one propagation
constant 3 when the ky and 0, are fixed. However, the prac-
tical case is significantly different due to the mode coupling
mechanism and the random scattering by the roughness of the
thin coupling film.

In order to discuss the coupling between different UOMs,
we consider the UOM excitation and coupling in k-space. As
shown in Fig. 2(a), the direction of the incident plane wave is
specified by spherical angle (0, ¢), and f3 is the in-plane com-
ponent of the incident wave vector kg. Let 3, and 3,1 denote
the wavenumbers of the (m 4+ 1)-th and m-th UOMs, respec-
tively, which form two concentric rings by varying the azimuth
angle ¢ as shown in Fig. 2(b). Here in this paper, a specific
UOM of (m+ 1)-th order is imagined to be excited via the
incident laser beam, whose wavenumber is plotted as 3,1 1.
In Fig. 2(b), it is clear that two different kinds of couplings
exist due to the effect of random scattering, i.e., one scatters
the wavenumber 3,11 to B, by Aky, and the other scatters the

wavenumber fB,,11 to B/ | by Ak;. In the first case, the mode

m+1
order is changed, while the propagation direction remains un-
changed, and we refer to this case as inter-mode coupling. In
the second case, the mode order is not varied but the propaga-
tion constant is different, and this effect is called intra-mode
coupling. Both scattering wavenumbers Ak} and Ak, can be
attributed to the scattering by roughness on the coupling film.

The scattering AKiyeer is related to the adjacent UOMs of
different orders, which can be solved approximately by the

eigenequation, which can be written as

A /k%el —B2d = mm, “)

This equation has ignored the polarization and it follows

\/kger— B2

d
AKinter = ﬁz—ﬁﬂ
n
T &
SR . 5
d\ gsin®6,, )

where 0, is the excitation angle of m-th UOM and &, denotes
the dielectric constant of the free space. So from Eq. (5), the
AXGneer decreases as the incident angle increases. The minus
sign in Eq. (5) is due to the fact that |B,,+1| < |Bm|, which is
also shown in Fig. 2(b). A similar conclusion can be drawn
from the reflection spectrum calculated by the transfer matrix
method, where the mode density, i.e., number of UOMs per
degree of incident angle is much lower at small incident an-
gle. It is obvious from Fig. 3 that the mode density in the
range [18°, 20°] is much higher than the range of [0°, 3°],
which indicates that the wavenumber difference between adja-
cent UOMs decreases monotonically. It can be strictly proved
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that the interval between two adjacent excitation angles of the
UOMs decreases monotonically as long as the incident angle
is smaller than 45°, while in our experiments the excitation

angle of the UOM will not exceed this limit.
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Fig. 2. (color online) Mechanism of the intra-mode and inter-mode
coupling. (a) The wave vector kg of the incident beam and the in-plane
propagation constant 3 in the three-dimensional coordinate system. (b)
The intra-mode and inter-mode coupling on the XY plane.
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Fig. 3. Numerical simulated reflectivities in ranges of [0°, 3°] and [18°,
20°], respectively. The parameters in the simulation are given as fol-
lows: the silver film thickness is d,g = 30 nm, the thickness values of the
two layers in the guiding layers are dgjass = 30 mm and dyir = 0.7 mm,
respectively, the incident wavelength is 785 nm, and the dielectric con-
stants are €z = —23.82 4 1.781, &a55 = 2.283, respectively.

The Akinra corresponds to the coupling between UOMs
in different propagation directions, and from Fig. 2(b) it can
be approximated by

AKingra = ﬁmA(P = kO\/%A(p sin 6,,. (6)

Clearly, the intra-mode coupling requires a scattering magni-
tude proportional to the sine of the incident angle. So Egs. (5)
and (6) prove that the scattering magnitudes for the two cou-
pling mechanisms depend differently on incident angle. Now
we assume that the average magnitudes of the random scat-
tering by the metal film roughness are the same in all the di-
rections, and the incident angle of the laser beam is invariant.
Then at small incident angle, AKipya is smaller than Akiyeer,
indicating that the intra-mode coupling is easier than the inter-
mode coupling. A contrary conclusion can be obtained that
the inter-mode coupling is easier at larger incident angle. Fur-
thermore, the spatial distribution of the excited UOMs is not
difficult to determine, which is experimentally illustrated by
the trapped nanoparticles in the next section. Obviously, at
small incident angle, the spatial distribution of the UOMs is of

a concentric ring structure when the intra-mode coupling dom-
inates. At large incident angle, inter-mode coupling manifests
itself by an array-like distribution of the UOMs.

3. Experiments and discussion

Figure 4 shows the experimental setup. The incident laser
beam (Pypax = 100 mW, A = 785 nm, TE polarized) is focused
directly onto the thin silver film of the SMCW chip after it has
passed through two apertures. Then the reflected laser beam
is recorded by a photoelectric detector. The SMCW chip is
placed on a computer controlled 6 /26 goniometer to carry out
angular scanning for best coupling. Based on the polarization
independent characteristics of the SMCW chip, the polariza-
tion of the reflected beam is not considered. Gold nanoparticle
solution is injected into the sample room, whilst the particles
are optically trapped due to the field enhancement effect of the
waveguide structure. The central size of the nanoparticles is
40 nm following the normal distribution and the density of the
solution is 0.0019 pg/ml.
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1 2
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Fig. 4. (color online) Schematic diagram of the experimental setup.

In experiment, the reflectivity is detected so that a specific
UOM can be well excited by fixing the incident angle to a re-
flection dip. Then the experimental setup is kept unchanged
until the liquid in the sample room is evaporated completely.
The room temperature is fixed at 20° by an air condition. Fi-
nally, we remove the upper glass slab carefully and observe the
micro-structure formed by the trapped nanoparticles, which
has the same pattern as the optical distribution.

Figure 5 illustrates a concentric ring structure of the
nanoparticles, whilst the incident angle is around 4°. This
result fits well with our hypothesis and proves that the intra-
mode coupling dominates at a small incident angle. A con-
centric ring structure of the nanoparticles is formed in Fig. 5,
which is in good accordance with the theoretical prediction
of the intensity distribution of UOMs discussed above. It
is also noted here that the whole structure is small, for the
propagation constant is very small at a near-normal incidence.
We have used this feature of UOMs to realize the slow light
effect.['% Hence, a circle is formed by the same order of UOM
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propagating in all the directions, while different circles are re-
lated to UOMs of different orders.

excited at small incident angle (insert shows the amplified image of a
local structure).

15.0kV 5.6mm x75 SE

Fig. 6. SEM image of the guided mode assembled morphologies of the
trapped particles at large incident angle.

For the second illustration in Fig. 6, the UOMs are ex-
cited with an incident angle around 18°, and the SEM records
a pattern of the trapped nanoparticles in an array-like form.
This phenomenon agrees well with the above theoretical as-
sumption, and can be explained by the fact that the inter-mode
coupling is easier at large incident angle. The particle density
on the left-hand side of Fig. 6 is higher, and this can be ex-
plained by the fact that the SMCW chip is vertically placed,
so the particle density is higher near the bottom. Based on
Eq. (6), the scattering magnitude for intra-mode coupling is
bigger at large incident angle, so the propagation direction is
nearly the same as that for the UOMs of the same order, i.e.,
the magnitude of A is small. This can be used to explain the

almost-straight lines in Fig. 6, while different lines correspond
to different orders of the UOMs.

4. Conclusions

By using the SMCW structure, we experimentally
demonstrate that the optical distribution pattern can be dras-
tically varied in assisting the random scattering by the natural
roughness of nanometer metal film. For this specific waveg-
uide structure, the physics behind the inter- and intra-mode
coupling and their relationship with incident angle is thor-
oughly discussed. Through observing the patterns formed by
the optical trapped nanoparticles, we find that the intra-mode
coupling at small incident angle leads to a concentric ring
structured pattern, while the inter-mode coupling at large in-
cident angle produces an array-like structure. This work is in-
teresting since such a random scattering is usually considered
to be undesirable in waveguide design and the applications
in optoelectronic devices, communication or sensing. This
work may enable potential applications of the traditional slab
waveguide in fields such as optical manipulation and optoflu-
idics.
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