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Tunable focus and multiple plasmonic bottles from the superposition of half Pearcey plasmons
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In this paper we utilize the half Pearcey function as a means to describe a surface plasmon, the half
Pearcey plasmon. The abrupt autofocusing and self-healing properties from the superposition of the half Pearcey
plasmon are observed and discussed. The tunable focal intensity covers three orders of magnitude and the
autofocusing property can be maintained with the potential well. Additionally, with the = phase offset, we
construct multiple plasmonic bottles with the chirp factor; both the bottle structure and propagating direction are
adjustable. The focusing properties of the plasmon under the chirp depend on the spatial spectrum separation,
resulting in the construction of plasmonic bottles with different positions and sizes. The validity of our results
is confirmed by finite-difference time-domain numerical simulations. Our findings may provide potential for
spectral enhancement, nanoscale plasmonic devices, and plasmonic trapping.
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I. INTRODUCTION

In recent years, nanotechnology and nanomanipula-
tion methods have achieved significant advancements and
progress, among which the study of the surface plasmon
polariton (SPP) has garnered widespread attention [1-3].
The SPP is an electromagnetic wave that occurs at the
metal-electrolyte interface, caused by the oscillation of free
electrons, whose intensity decays exponentially in the nor-
mal direction of the interface. This wave is small in scale,
confining energy at the interface and breaking the limitations
of optical diffraction. Up to now, the exploration on the SPP
has greatly contributed to the development of nanomaterials
[4], acoustic phonons [5], and metasurfaces [6] and it has
potential in particle control [7,8], high-sensitivity sensors [9],
and waveguides [10]. Salandrino and Christodoulides pro-
posed and theoretically elaborated on a new type of plasmon
based on the nondiffracting self-accelerating Airy solution
[11], which propagates with properties of self-acceleration
and self-healing. Since then, various plasmons have been
demonstrated due to their distinctive propagation properties
and practical applications, such as the Bessel-like plasmon
[12], the Airy-Talbot plasmon [13], and the Olver plasmon
[14].

Ring et al. creatively proposed the Pearcey beam inspired
by the Pearcey function of catastrophe theory [15,16]. Also,
the recently proposed Pearcey plasmon [17] exhibits compa-
rable propagation characteristics, including dual self-bending,
self-focusing, and self-healing abilities. Several novel beams
originating from the Pearcey function have been proposed, ex-
panding the family of Pearcey beams [18-20]. Among these,

*wanggh @scnu.edu.cn
fdengdongmei @m.scnu.edu.cn

2469-9926/2024/109(6)/063501(8)

063501-1

the half Pearcey beam extends from the Pearcey beam [21],
with unique characteristics. A significant portion of these
Pearcey beams are used to construct optical tweezers or bot-
tles for particle capture, rotation, and manipulation [22,23].
However, for particles that are small on the surface, the plas-
monic tweezers and bottles show better performance [24].
Wei et al. produced plasmonic void arrays based on a cosine-
Gaussian plasmon beam [25]. In Ref. [26], a plasmonic bottle
with controlled shape based on the self-accelerating plasmon
was generated. So far, the Pearcey plasmon has not been used
to generate plasmonic bottles for particle capture in the field
of nanomanipulation.

In this article we utilize the half Pearcey function as the
initial field of the SPP to investigate its captivating properties.
The highly tunable autofocusing ability and the plasmonic
bottles with potential in nanotrapping are obtained by phase
superposition of 0 and m, respectively. Regarding the 0
phase offset, our observation indicates its strong self-focusing
capability, and it has higher and more concentrated focal
intensity than the Pearcey plasmon. In addition, we validate
its self-healing ability by introducing a one-dimensional (1D)
potential well, and the intensity modulation capable of three
orders of magnitude can be modulated by the decay factor
and width of the potential well. As for the w phase offset,
the SPP constructed on existing trajectories with the chirp
factors features a plane structure resembling a bottle profile.
Also, we observe that the number of chirp factors is not equal
to the number of foci. Under the modulation of the chirp
factor, the low-frequency and high-frequency components of
the plasmonic bottle will each have a distinct focus at dif-
ferent distances. In contrast to the methods used to generate
plasmonic bottles in previous studies [25,26], the bottles gen-
erated with the superposition of the half Pearcey plasmon
and the chirp factor in this article do not require specially
structured coupling devices. The number, size, position, and

©2024 American Physical Society


https://orcid.org/0009-0008-6884-8354
https://orcid.org/0000-0001-7203-1939
https://ror.org/01kq0pv72
https://ror.org/01kq0pv72
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.109.063501&domain=pdf&date_stamp=2024-06-03
https://doi.org/10.1103/PhysRevA.109.063501

JUNXI ZHANG et al.

PHYSICAL REVIEW A 109, 063501 (2024)

propagation direction of the bottles can be modulated conve-
niently and flexibly by regulating the initial field or filtering
out a specific spatial spectrum. Finally, we perform numerical
simulations using the finite-difference time-domain (FDTD)
method, which yields results consistent with the theoretical
results.

The structure of the paper is as follows. The theoretical
model for exciting the SPP is introduced in detail in Sec. II.
Then we discuss the propagation properties of the half Pearcey
plasmon and the superposition of two half Pearcey plasmons
with different phase offsets, respectively. Here we obtain a
tunable self-focusing as well as multiple plasmonic bottles in
Sec. III. In Sec. IV we utilize FDTD numerical simulation to
realize the generation of the superposition of the half Pearcey
plasmon. We summarize in Sec. V.

II. THEORETICAL MODEL

We solve the scalar Helmholtz equation governing the
electric field in the paraxial approximation, at the interface
between a metallic substrate and a dielectric medium, with
dielectric constants &, and &, respectively,

V2E, + kje4E, = 0, (1)

where V? is the Laplace operator and kg is the wave number
in vacuum. The SPP wave is excited at the x-z plane and
propagates along the z axis, exponentially decaying away
from metallic substrate along the y axis. According to the
electric fields of the transverse magnetic wave, we separate
the variables and obtain the expressions

Ey(x,y,2) = ¥ (x, 2) exp(ik:z) exp(—aqy),

E.(x,y,2) = —l;:—dw(x, z)exp(ik;z) exp(—aqy), (2)
Z
where k, represents the wave vector in the z direction,
which is linked to the dispersion relations of the SPP: k, =
ko~/€q€m/(eq + &) and aj = kg — kgsd. Additionally, the
evolution of the transverse wave profile is determined by the
potential-free linear Schrodinger equation

G T N i {C RO
9z 2k, ox2
where ¥ (x, z) represents the complex envelope amplitude of

the incident wave. Consequently, the remaining transverse
electric-field component can be derived as

0, 3)

_ g exp(ik.z) exp(—aqy) 0y (x, 2)

4
2(k3eq + aqa?) ax @

Ei(x,y,2) =

We explore the distinctive propagation characteristics of the
SPP with various combinations of the half Pearcey functions.
The Pearcey function is defined by an infinite integral [16]

+o0

Pe(X. V) = f dsexplis + Y 45X, (5)

—0o0

where X and Y are dimensionless. We set the Pearcey function
in the initial field as Pe(wio, 12)‘—'0) in physical space, where
wop 1s a scalar representing the wave waist size. Since the y
component of the electric field of the SPP is a swift field,

we only consider the intensity distribution in the y = 0 plane.

The Pearcey function can be decomposed into two func-
tions within one coordinate: f0+°° dsexpli(s* + wiosz)] and

fi)oo dsexpli(s* + wiosz)]. Obviously, since the integrand is
an even function, the two prior integrations are equivalent,
either of which can be called a half Pearcey (HP) function
Pehalf(wio, 0). Next we introduce a decay factor a > 0 to en-
sure the inclusion of an infinite SPP tail, guaranteeing the
physical implementation of this wave. The initial input can
be formulated as follows:

2
¥ (x, 0) = Pehef <wi 0) exp <—a%>. 6)
0

0

To ensure the convergence of the integrals, we use a contour
rotation as a means of numerical simulation [15]. In the dielec-
tric region, we obtain the full vector expression of the electric
field related to the surface plasmon

1 ix
Eg=—||9- —2—2 |y
€a ,/ké&d +O€L21
o aq oY (x,2)
— X

2AGeataz) O

x exp (iz,Kea + o) exp(—aay). (D)

where X, ¥, and Z denote the unit coordinate vectors. The in-
tensity distribution and propagation trajectory of the plasmon
can be obtained via Eq. (7).

III. DISCUSSION

The HP plasmon in our research propagates at the inter-
face between the silver substrate and the vacuum. We choose
silver because it demonstrates lower loss in the visible spec-
trum than that of other noble metals, such as gold [27]. The
permittivity of the silver substrate in the low-energy region
can be described using the Drude-Sommerfeld free-electron

model &,(w) = g5 — #%wr [28]. By means of the split-step
Fourier algorithm method [29], we calculate the theoretical
trajectory of the HP plasmon. In our analysis, we take the scale
wo = 600 nm and the wavelength A = 632.8 nm. As depicted
in Fig. 1(a), the HP plasmon autofocuses as it propagates
in the z direction. It then inverts and is reconstructed under
reverse acceleration, with opposite intensity distributions at
autofocusing distance Z, = 2kzw§, which corresponds to the
Pearcey beam [15]. Meanwhile, the transverse intensity dis-
tribution upon propagation of the HP plasmon only varies in
scale, indicating that the HP plasmon retains the property of
being form invariant [17]. Figure 1(b) illustrates the intensity
curve of the HP plasmon at different propagation distances
Z,. To further investigate the unique propagation properties
of the HP plasmon, we superpose two symmetrical half
Pearcey functions with scaling factors wy and —wy. Specif-
ically, for the case of 0 phase offset, the initial input can be
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FIG. 1. (a) Intensity distribution of the HP plasmon with @ = 1/250 in the x-z plane when y = 0. (b) Cross-section strength curve of the
HP plasmon propagating different distances z,,. Here cd denotes candela.

derived:
w(x’ O) — [Pehalf <i, O) + Pehalf (_i’ O>i|
wo wo
2
X exp <—a—2>. (8)
wg

By substituting the simulated solution v (x, z) obtained via
the split-step Fourier algorithm into Eq. (7), we can clearly de-
scribe the propagation profile of the superposition of the half
Pearcey (SHP) plasmon at the y = 0 interface. As depicted
in Fig. 2, the intensity distribution of the SHP plasmon can

be interpreted as constructive interference between two HP
plasmons, resulting in a more rapid increase in focal inten-
sity. Notably, according to Fig. 2(b i), the maximum intensity
is nearly 11 times higher than that in the initial field. This
surge in intensity results from the lateral acceleration of the
HP plasmons prior to interference, wherein energy conveyed
by waves rushes towards the focal point in an accelerated
manner. Furthermore, a large portion of the energy comes
from the sidelobes, which gradually converge and overlap at
the focal point during propagation, until they reappear after
autofocusing. It is worth emphasizing that both the number of
sidelobes and the focal intensity can be controlled through the
decay factor a, as illustrated in Fig. 2(b 1). The focal intensity

-10 0 10 -10 0 10 -10 0 10
X (um)
50 N 50 =
(bi) a=1/2500 (b ii) ——— SHP Plasmon
401 —-—- a=1/250 40f = = = HP Plasmon
- = a=125 | | 1 e Pearcey Plasmon

I(cd)

30

20

FIG. 2. (a) Intensity distributions of the SHP plasmon with different decay factors a: (a i) a = 1/25, (a ii) a = 1/250, and (a iii) a =
1/2500. (b i) Maximum intensity curves of the SHP plasmon in the z direction with different decay factors a. (b ii) Comparison of the
maximum intensity plots of the SHP plasmon, the HP plasmon, and the Pearcey plasmon propagating in the z direction with a = 1/2500.
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FIG. 3. Intensity distributions of the SHP plasmon with different widths y of the 1D Gaussian soft well: (a) y = 1 um, (b) ¥y = 3 um, and

(¢) y =6 um.

diminishes with an increase in the decay factor, primarily
due to the inhibition of energy carried by the sidelobes. Fig-
ure 2(b ii) presents the intensity curve of the SHP plasmon
during propagation, allowing for a comparison of its char-
acteristics with the Pearcey plasmon and the HP plasmon.
Clearly, the focal intensity of the SHP plasmon is significantly
higher and more concentrated than the Pearcey plasmon.

The self-healing feature permits the SPP to reconstruct itself
after being disturbed by dents or protrusions on the metal
surface. To further explore the self-healing ability of the SHP
plasmon, we introduce a 1D Gaussian soft-well function as an
absorption obstacle placed at the z = 0 plane, defined as

2
W(x)=1—exp <—ﬁ> 9)

where y is the width of the Gaussian soft well. Figure 3
displays the intensity profile affected by different widths of
the soft well, with a = 1/25. Apparently, the energy from
the sidelobes converges into the absorption obstacle region
and the mainlobe reconstructs the focus. By referring to
the position and the intensity of the maxima, we note that the
increasing width of the well only weakens the latter, while the
former is almost unchanged. These findings demonstrate that
expanding the width of the soft well significantly enhances
the adjustable range and flexibility of the focal intensity.
Taking Fig. 2(b 1) into account, the adjustable intensity covers
three orders of magnitude and theoretically even higher.
Except for the phase offset of 0, we propose another SPP
by superposing the HP plasmon with the m phase offset,
namely, the modified-SHP plasmon. Figure 4 shows the prop-
agation images of the modified-SHP plasmon when the decay
factor a is taken as 1/250. In contrast to the single autofocus-
ing SPP, the initial field of the modified-SHP plasmon can be

formulated as
w(x’ 0) — [Pehalf <i7 0) _ Pehalf <_i’ 0)}
wo wo

2
X exp <—ax—2). (10)

Figure 4(a) shows that the modified-SHP plasmon consists of
two mainlobes. As it propagates, the modified-SHP plasmon
spontaneously converges into a focus before the two lobes

0 10 20

FIG. 4. Propagation of the modified-SHP plasmon with different
quantities of the chirp factor ¢, and the dislocation factor /, with
a = 1/2500. The white vertical dash-dotted lines mark the foci con-
trolled by the chirp factors, with ¢; = —0.1, ¢; = —0.2, ¢c; = —0.3,
(a) without the chirp factor, (b) with ¢, (c) with ¢; and ¢,, and (d) and
(e) with ¢y, ¢, and c3. In (e) the dislocation factor / is taken as —1.
The dashed line in (e) serves as a guide to the eye.
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FIG. 5. Low-frequency part and high-frequency part of the modified-SHP plasmon under the influence of different chirp factors after
filtering out part of the k, spectrum. (a) Separation of the spatial spectrum from Fig. 4(a). (b) Modulation effect of chirp factor ¢; added on the
low- and high-frequency parts independently, corresponding to Fig. 4(b). (c) Modulation effect of chirp factors ¢; and ¢, added on the low-
and high-frequency parts independently, corresponding to Fig. 4(c). Here the white vertical dash-dotted lines mark the foci controlled by the
chirp factors. The figures are obtained by filtering (a i)—(c i) the high-frequency part and (a ii)—(c ii) another frequency domain.

accelerate in symmetric directions. For the bottle-shaped in-
tensity distribution, the target particles will be trapped in the
interior of the bottle by the gradient force, which provides a
theoretical model for trapping particles on the surface [30]. To
construct a two-dimensional plasmonic bottle, we introduce a
quadratic weak chirp factor that enables secondary focusing
without any grating structures [31]. In addition, we introduce a
dislocation factor [/ to flexibly control the position of the bottle
and the propagating direction of the modified-SHP plasmon.
The initial expression of the modified-SHP plasmon can be
rewritten as

¥(x,0) = [Pehalf<i, 0) — Pehalf<_i, 0)}
wo wo

X2 x
X €xp <—a—2> exp <—z—>C(x), (11
wo wWo

where [ is the dislocation factor used to alter the off-axis
angle and C(x) is the quadratic chirp expression, which can
be represented as

N 2
C = exp <—icn%), (12)
P 0

where ¢, is the chirp factor. The quadratic chirp behaves like a
lens, causing an additional focusing of the beam, and it shares
similarities with the SPP. The 1D chirp factor is equivalent to
passing the initial field of the SPP through a cylindrical lens,
resulting in an extra focus. The focal length can be determined

as ]ZZ% [32]. Here we take the modified-SHP plasmon in
Fig. 4(b) as an example, as it is expected to converge again,
forming a plasmonic bottle. Figures 4(b)—4(d) showcase the
modified-SHP plasmon regulated by the chirp factors with
different quantities and values. As expected, the SPP modu-
lated by the chirp factor exhibits multifocusing behavior. The
low-energy region surrounded by the high-intensity profile
forms the plasmonic bottles, resembling the aforementioned
light bottles. In addition, a comparison between Figs. 4(d)
and 4(e) reveals that the dislocation factor [ = —1 results in
the modified-SHP plasmon propagating off-axis at a tunable
angle, greatly improving the regulation flexibility. However,
the focal length is unaffected while the focal points experi-
ence transverse displacement, further indicating that the foci
through the dash-dotted line in the figures are only control-
lable under the chirp factors. Also, it is deduced that the
dislocation factor will stretch the bottle shape. Nevertheless,
if there is more than one chirp factor, we notice the number
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FIG. 6. Intensity distribution in FDTD numerical simulations corresponding to (a) Fig. 2(a 1), (b) Fig. 4(a), and (c) Fig. 4(b) for (a) the
SHP plasmon, (b) the modified-SHP plasmon, and (c) the modified-SHP plasmon with chirp factor ¢ = —0.1.

of chirp factors is not equal to the number of foci. With the
introduction of chirp factors, the positions of foci generated
are not only at the focal length % of the chirp, but also
at shorter distances than the original autofocusing distance
Z.. For instance, in Fig. 4(c), focal points 3 and 4 result
from the convergence of the modified-SHP plasmon by chirp
factors ¢, and ¢y, respectively, while focal points 1 and 2 are
obtained by shifting the original self-focusing focus forward
by different distances. The modified-SHP plasmon without
the chirp factor can be divided into plane waves of different
spatial frequencies. We divide the initial field into two equal-
energy parts of the frequency spectrum to ensure the energy
present in the high-frequency part and the low-frequency part
contributes equivalently to the intensity distribution of the
modified-SHP plasmon. In particular, the boundary between
the low-frequency part and the high-frequency part for equal
energy is set to 2.5 um~'. The propagation trajectories of the
high-frequency and low-frequency parts of the modified-SHP
plasmon obtained by spatial frequency domain filtering are
shown in Fig. 5. Figure 5(a) showcases the low-frequency
part and the high-frequency part of the modified-SHP plasmon
without the chirp factor. It is obvious that the high-frequency
part gradually aggregates in intensity and undergoes self-
focusing during propagation, while the low-frequency part
is not related to it. The results indicate that the property of
self-focusing is generated by the high-frequency part. Sub-
sequently, the quadratic chirp factor is actually equal to a
lens, and we introduce the chirp factor modulation on the two
frequency parts independently. As shown in Figs. 5(b) and
5(c), when the chirp factor ¢, acting as a lens is introduced,
the low-frequency part focuses at the focal length of the
chirp factor. Simultaneously, the position of the autofocusing

point generated by the high-frequency part changes due to
the chirp factor, which can be derived as ﬁ = %
from the lens imaging formula. Therefore, the increase in
the number of foci as well as bottles can be attributed to
the self-focusing property of the modified-SHP plasmon. The
positions of focal points 1-4 in Fig. 4(c) are consistent with
those in Fig. 5(c). When introducing n (n = 1, 2, 3, ...) chirp

factors, the low-frequency part generates n focal points and
the high-frequency part also focuses at n positions due to
the difference in focal lengths, leading to a total of 2n — 1
bottles. This implies we can achieve more foci with fewer
chirp factors and the generated multiple plasmonic bottles of
different sizes can accommodate more particle sizes. In addi-
tion, the exact position of each focal point can be calculated
for precise control. These findings provide rich inspiration
for the capture or confinement of nanoscale particles on the
plane [8].

IV. FDTD NUMERICAL SIMULATION

In order to further verify our theoretical results, we utilize
FDTD numerical simulations to confirm the characteristics of
the superposition of the HP plasmon. Numerous schemes for
generating the SPP have been proposed [33-35]. Considering
the complexity involved in the phase spectrum of the HP
plasmon and the generation device, we use periodic gratings
[36] to compensate for the momentum of the incident beam
and excite the plasmon at the interface between the silver
substrate and the vacuum. The incident beam, carrying phase
information, is directed normal to the periodic grating with
A =632 nm and wy = 600 nm. The period of the grating
in the propagation direction is A, and the silver layer has a
thickness of 250 nm. The simulation results are presented in
Fig. 6. It is worth noting that the slight discrepancies between
the simulated and theoretical results can be attributed to the
interference disruption of the HP plasmon and the energy loss
caused by metal absorption.

V. CONCLUSION

In summary, based on the paraxial approximation con-
dition and dispersion relationship in the Drude model, we
have researched the unique properties of the HP plasmon,
whose propagation trajectory displays an odd symmetric form
relative to the focal point. For the superposition of the HP
plasmon without any phase offsets, the obtained plasmon
exhibited strong self-focusing and self-healing abilities. The
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tunable focus intensity of such a plasmon was higher and
more concentrated than that of the Pearcey plasmon. Also, the
self-healing property was verified by introducing the poten-
tial well. This allowed the plasmon to keep the propagation
stable in the presence of surface irregularities, and the width
of the potential well acted as a modulating factor to reduce
the focus intensity. Alternatively, when a m phase offset was
introduced, the plasmonic bottle was constructed under the
modulation of the chirp factor. By manipulating the chirp
factor and dislocation factor, we constructed a kind of mul-
tiple plasmonic bottle with tunable number, size, position,
and off-axis angle. By filtering a specific spatial spectrum,
we found that the self-focusing property and extra foci are
controlled by the high-frequency component, explaining the
phenomenon that the number of foci is not equal to the num-
ber of chirp factors. This discovery is expected to provide
an alternative perspective for plasmonic trapping. Ultimately,

we confirmed the validity of our results by FDTD numerical
simulation.
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