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Supervisor’s Foreword

I am very pleased to introduce this Ph.D. Thesis by Dr. Lin Li, who was a graduate
student under the supervision of Prof. Shining Zhu and me, and completed his
Ph.D. in May 2014. His research topic is to study the surface plasmon polariton
(SPP) manipulations on the near-field beam engineering and far-field radiation.

Being in a rapid progress in this nanotech era, optics has stepped into the
micro/nano regime. Plasmonics is an important direction in nano-photonics,
attributing to the special electromagnetic mode on a metal surface with squeezed
optical wavelength and enhanced field intensity. Lin successfully developed a new
strategy to manipulate the SPP propagations (wave-front, beam shape, intensity,
etc.) totally in a planar dimension of metal surface. It is so-called “non-perfectly
matched Bragg diffraction”, which is partially borrowed from the Bragg reflection
for a general wave. Based on this new method, he performed detailed micro/nano
sample designs and fabrications, set up optical settings, carried out the leakage
radiation microscopy investigations, and successfully realized a series of interesting
plasmonic beams experimentally, such as nondiffracting Airy beams,
self-collimated beams, broadband focusing beams. I credit the major contribution of
Dr. Lin Li in these significant works, which surely enhances the people’s capability
in steering the SPP near field.

Nevertheless, Lin further extended the method to manipulate the SPP far-field
radiations. By designing proper scattering nanostructures on a metal surface, the
in-plane propagating SPPs will be scattered out-of-plane with a preferred form in
beam shape and polarization. As examples, Lin demonstrated spatial Airy beams
and multiple polarized focusing beams. These results would possibly benefit the
plasmonic holography and future display technology.
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In recognition of these accomplishments, Lin won “Wang Daheng Optics
Award” in 2013 and “Excellent Doctoral Dissertation of Jiangsu Province” in 2015,
and a number of awards from Nanjing University.

In summary, this Ph.D. Thesis by Lin Li is outstanding, and is a worthy addition
to the Springer Thesis Series.

Nanjing
January 2017

Prof. Tao Li
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Chapter 1
Introduction

Surface Plasmon Photonics is a rising research field. Due to the development of
nanofabrication techniques in the last two decades, it becomes one of the hottest
research fields of optics in the 21st century [1, 2]. Surface Plasmon Polaritons
(SPPs) or plasmonics are the collective oscillation of the free electrons at the surface
of metals. Plasmonics are localized to metal/dielectric interface with highly
enhanced the local field, which will largely enhance the light matter interaction and
provide us a new way to manipulate the optical information in the nanometer scale.
Plasmonics are extensively studied in a lot of areas due to its unique advantage,
such as Surface-Enhanced Raman Scattering (SERS) [3–5], extraordinary optical
transmission (EOT) [1, 6], medical [7], sensing [8], negative refractive index
materials [9, 10], nonlinear frequency conversion [11], solar cell [12], light-matter
interaction [13], nano-laser [14], quantum optics [15, 16], and so on.

In these research fields, the research to realize plasmonic chips with subwave-
length feature size becomes one of the most attractive fields [1, 17–20]. The
development of human society is always associated with rising information hunger,
the faster and powerful transfer and processing ability, which drives people to
develop the science and technology. In the past half century, we experienced the
great development of the electronic industry. The devices have been getting
smaller, faster and more efficient. However, the electronic devices meet some
fundamental problems when further shrinking the size. The RC delay, which is one
of the most important problems, prevents the faster transfer and processing.
Meanwhile, photonic devices have great potential to process information fast and to
have infinite information capacities, which provide an alternative way to deal with
the information. As a result, the photonic devices are wished to replace some of the
electronic devices, especially in some key processing parts. Unfortunately, how-
ever, limited by the optical diffraction limitation, the feature size of the optical
devices (*µm) is much larger than that of electronic devices (*10 nm), which
seriously obstacles the very large scale integrated photonic devices. In addition, the
interconnection between the electronic devices and the photonic devices can hardly
be achieved due to the significant size mismatch. It is quite urgent and important to

© Springer Nature Singapore Pte Ltd. 2017
L. Li, Manipulation of Near Field Propagation and Far Field
Radiation of Surface Plasmon Polariton, Springer Theses,
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find a new technology to break the optical diffraction limit and realize photonic
devices with high density and to interconnect the two different devices. Plasmonics
is a wonderful carrier to combine the advantages of the high speed of photonics
devices and the high integration of the electronic devices, providing a promising
way to solve the problem [1, 21]. Meanwhile, plasmonics will greatly enhance the
light matter interaction because the great field enhancement in nanometer scale, as
well as the advantage in the high optical density of states and the dispersion, which
make it play a very important role in research. Figure 1.1 shows the features of
plasmonics [22], in which the importance of the plasmonic devices is also shown.
Base on the background of plasmonics, this dissertation will study the basic
modulations of plasmonic devices.

In order to realize plasmonic devices, the source, the modulation and the
detection are the three major problems. In terms of the source, it is a great challenge
to couple light to plasmonics since the momentum mismatch between the wave
vectors of plasmonics and the light in free space. However, several coupling
schemes were proposed and demonstrated to couple the light in free space, from
fiber or even from the integrated semiconductor LED to propagating plasmonics.
The coupling efficiency could get as high as about 70*80% for some SPP
waveguides [19, 23, 24]. In the aspect of detection, plasmonics can be coupled into
organic photon diodes [25], metal/semiconductor/metal [26], or integrated silicon
based photon detectors [27] to get detected. Since both plasmonics and traditional
silicon based dielectric devices have merits and demerits, it is more practical to
combine the advantages, so that to realize some key parts in super small size with
plasmonics, and integrated with traditional SOI waveguides and electronic parts
[28]. In addition, it can make good use of the current silicon industry. The key

Fig. 1.1 The feature size and processing speed of electronics, photonics and plasmonic devices.
Figure adapted with permission from Ref. [22], AAAS
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problem is the coupling between the plasmonic modes and the modes of silicon
waveguides. The coupling efficiency can go as high as about 80%.

Although plasmonics show an attractive prospect in subwavelength manipula-
tion and photonic integration, the ohmic loss is an obstacle for real applications.
A lot of methods have been proposed to solve this problem, such as making use of
the low loss or hybrid SPP modes, introducing gain materials or nonlinear effects to
compensate the loss, and so on. On the other hand, as a special two dimensional
(2D) electromagnetic mode, SPP has some unique properties in the field distribu-
tion, propagation, coupling effects, and so on. As a result, there are rich funda-
mental problems on the 2D SPP propagation modulation to study. We can only
further explore the applications in optical information processing, sensing, opto-
electrical effects, and so on, after a clear understanding of these questions.
Therefore, this dissertation will mainly focus on the research of SPP propagation
and the modulation.

Phase modulation is a powerful way to modulate the optical field. Every pro-
gress of phase modulation method will highly improve the modulation abilities on
optical field, such as the binary optics [29], phased arrays [30], metasurfaces [31],
and so on. In the field of plasmonics, some phase modulation methods were realized
based on the coupling process [32–34]. However, the phase modulation with
coupling process is not practical for 2D photonic integration. The practical way
should achieve the modulation inside the waveguide, that is to realize in-plane field
modulation. As a result, it will have great importance to explore new phase mod-
ulation methods for in-plane plasmonics modulation and to realize various field
modulations with it.

One of the important applications of the plasmonics phase modulation is to
achieve special beams. It is gathering a lot of research enthusiasm nowadays to
study the special beam steering, especially the non-diffraction beams [35–37].
These non-diffraction beams provide the possibilities to confine the optical intensity
in a certain collimated or curved trajectory in free space. It is analogous to the
confined optical field with the waveguide in the two dimensional photonic inte-
gration. However, because there is no extra structure to confine the field, it is of
great possibility to reduce the losses. It is more important for plasmonics since the
confinement will induce much higher loss for plasmonics [18]. We also study these
non-diffraction beams in plasmonics with the in-plane phase modulation method.

Meanwhile, it is possible to modulate the far-field radiation with plasmonic
structures compactly since the highly localized plasmonic field [38–40]. The
modulation can be achieved with micrometer sized plasmonic structures, which is a
great advantage comparing to the traditional macro optical components, such as
lenses, spatial light modulator (SLM) and so on. In addition, it is also possible to
modulate the emission of quantum dots, fluorescence, and so on. Furthermore, there
are some special applications with plasmonics in the optical orbital momentum
beams [41], spin orbital coupling [42], polarization control [43], since the special
properties of plasmonics. As a result, it is worth to pay attention to the applications
with plasmonics in the optical field and the information modulation.

1 Introduction 3



This dissertation is concerned with my research work on plasmonics based
optical modulation. It is organized as follows.

This chapter is the brief introduction of the research background.
In Chap. 2 we first introduce the basics of SPP. The basic features, the phe-

nomena, as well as the preliminary propagation modulation of SPP are demon-
strated experimentally.

In Chap. 3 a non-perfectly-matched Bragg diffraction principle is proposed and
experimentally verified. Based on this principle, we propose a new phase modu-
lation method, with which any arbitrary phase distribution can be realized.
A non-diffraction, self-accelerating plasmonic Airy beam is realized with this phase
modulation method.

In Chap. 4 we further discuss the phase modulation method and the applications
with the in-plane phase modulation, realizing broad band SPP focusing and
demultiplexing, collimated SPP beams with controllable intensity distribution, as
well as a non-monotonic SPP beam.

In Chap. 5 we experimentally study the modulation of the far-field radiation with
plasmonic structures. By extending the in-plane phase modulation method to the
modulation in 3D free space, the beam with optical orbital angular momentum with
an integrated radius phase modulation is realized. In addition, we propose a
polarization reconfiguration method with the alternative scattering properties of the
transverse and longitudinal SPP modes, and experimentally verify this scheme and
realize polarization controlled beams (such as directional beaming, Airy beam,
focusing, etc.) based on this method, indicating its exciting applications in infor-
mation technology.

Chapter 6 is the summary and the outlooks.
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Chapter 2
Experimental Basics of Surface Plasmon
Polaritons

Surface plasmon polaritons (SPPs) are propagating excitations that arise from the
coupling of light with collective oscillations of the electrons at the surface of a
metal. SPPs are highly localized to the interface of the metal/dielectric [1, 2], so that
the intensity is greatly enhanced at the 2-dimentional (2D) interface. The
enhancement makes the SPPs very sensitive to the condition of the interface and it
has gathered great research interests in several fields, such as surface-enhanced
Raman scattering (SERS), nonlinear optics, fluorescence enhancement, and so on.
On the other hand, as a natural 2D system, SPP is a promising candidate for the all
optical integrated circuits [2, 3]. It is well known that photon is better than electron
as an information carrier, while photon is not as good as electron in integration. SPP
is a promising carrier to make photonic devices more integrated, so that it becomes
a very hot research topic in photonics.

However, the dispersion of SPP lies to the right side of the light cone. The
wavevector of SPP is larger than that of light, which prevents the direct coupling
between SPP and the light in free space. The problem was solved with the
development of nanofabrication technology. As a result, more and more research on
SPP was carried out, on both theoretical and experimental sides, which provided
people better understanding of SPP. A series of remarkable progresses have been
achieved on the modulation of SPP propagation, which will be very good references
for the future all-optical integration.

In this chapter, we will first introduce the basic physics of SPPs. It will followed
by the introduction of the excitation and the observation of SPPs in experiment. We
will specially discuss leakage radiation microscopy (LRM), which is a very popular
observation method for SPPs and it is also used in our research. With these
experiment preparations, we will then introduce some preliminary in-plane
manipulation of the SPPs with the Bragg’s principle, such as Bragg mirrors,
MZ-interferometers, and so on.

© Springer Nature Singapore Pte Ltd. 2017
L. Li, Manipulation of Near Field Propagation and Far Field
Radiation of Surface Plasmon Polariton, Springer Theses,
DOI 10.1007/978-981-10-4663-6_2
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2.1 Introduction of Surface Plasmon Polaritons

SPPs are a collective electrons density waves at the surface of a metal, which are
intrinsically two dimensional excitation. The electromagnetic field of SPPs decays
exponentially with the distance from the dielectric/metal interface, so that SPPs are
localized to the surface. Figure 2.1 is the scheme of SPPs, which shows the
oscillating nature of the surface charge density and the associated fields. The
penetration depths of the field into the dielectric and the metal are around 100 and
10 nm [1] in the visible range, respectively.

SPPs were first observed by Wood in 1902; he found unexplained features in
optical reflection measurements on metallic gratings, which is called Wood’s
anomaly [1, 4]. Fano attributed the anomaly to the excitation of a surface mode in
1936 [5, 6]. Later on, Stern and Frerell proposed that the surface mode is related to
the coupling between electromagnetic field and the surface plasmon [7]. They
introduced the dispersion of the surface mode for the first time. This surface
electromagnetic mode is SPPs.

The dispersion of SPPs can be derived from the Maxwell equations for
dielectric/metal interface. As shown in Fig. 2.2, there is no boundary orthogonal to

Fig. 2.1 The scheme of SPP. The right panel is the penetration depth of SPP into the dielectric
and metal. Figure adapted with permission from Ref. [2], Macmillan Publishers Ltd.

Fig. 2.2 Infinite
metal/dielectric interface
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Ex, which is conserved across the boundary. While the case for the normal com-
ponent Ez is different, and Dz should be continuous. For the TM (transverse
magnetic) mode at the interface, we have

Hd
y ðzÞ ¼ A2eibxe�k2z ð2:1Þ

Hm
y ðzÞ ¼ A1eibxek1z ð2:2Þ

The electric field can be derived from Maxwell equations as:

Ed
x ðzÞ ¼ iA2

1
xe0e2

k2eibxe�k2z ð2:3Þ

Ed
z ðzÞ ¼ �A1

b
xe0e2

eibxe�k2z ð2:4Þ

Em
x ðzÞ ¼ �iA1

1
xe0e1

k1eibxe�k1z ð2:5Þ

Em
z ðzÞ ¼ �A1

b
xe0e1

eibxe�k1z ð2:6Þ

In which e1;2 are the corresponding permittivities of the metal and dielectric, b is the
wave vector of SPP mode. The relationship between the normal components of the
wavevectors and the dielectric constants in the two media is restricted by the
boundary conditions as

k2
k1

¼ � e2
e1

ð2:7Þ

while

k21 ¼ b2 � k20e1; k22 ¼ b2 � k20e2 ð2:8Þ

By solving the equations 2.7 and 2.8, we have

b ¼ k0

ffiffiffiffiffiffiffiffiffiffiffiffiffi
e1e2

e1 þ e2

r
ð2:9Þ

which is the dispersion of SPPs.
While for the transverse electric (TE) mode, there is no normal solution with

similar derivation. It means there is no surface electromagnetic mode with TE
polarized light incident. It is because TE polarized light only have the electric
component in y direction and it cannot create polaritons at the interface.
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Generally, the relative permittivities of metals follow Drude or Drude-Lorenz
dispersion models in the visible range which we are interested in:

emðxÞ ¼ 1� x2
p

xðxþ icÞ ð2:10Þ

in which xp is the plasma frequency and c = 1/s is the scattering rate which is used
to account for dissipation (through scattering) of the electron motion. xp of silver is
1.37 � 1016 s−1. It is much larger than that of visible light, so that the relative
permittivity has a large negative real part [8]. In this case, the wavevector of SPPs
(kSPPs) is usually larger than that of corresponding frequency in free space (k0). As
shown in Fig. 2.3, the dispersion of SPPs lies completely at the right-side of the
dispersion of light in free space, which means that we cannot couple light to SPPs
directly because of the momentum mismatch [9]. It also represents the non-radiative
or bound nature of the SPPs.

The decaying fields of the SPPs in the dielectric and the metal follow the
equations of 2.3–2.6, which showing the exponential decay. Lm and Ld are the
penetration depth of the SPPs in the metal and dielectric respectively, which defined
by Lm = 1/2k1 and Ld = 1/2k2 where the electric fields fall to 1/e to that of the
interface. In terms of Eq. 2.8, the penetration depth Lm of SPP into the metal is

Lm ¼ 1=2k1 � k=4p
ffiffiffiffiffiffiffi
e1j j

p
While the penetration depth Ld of SPP into the dielectric is given by

Ld ¼ 1=2k2 ¼ k
ffiffiffiffiffiffiffi
e1j j

p
=4pe2

Fig. 2.3 The dispersion of
SPPs at the interface of Ag/air
(solid black curve). The black
dash line is the light cone
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The penetration depth of Lm and Ld are about 12 and 213 nm at the wavelength
of 633 nm in free space. Lm is much smaller than the corresponding wavelength in
free space, which is one of the reasons the SPPs is taken as a two dimensional
mode. Meanwhile, the electromagnetic field is highly enhanced around the inter-
face. As a result, SPP gathering plenty of research enthusiasm in optical integration,
Raman, and so on.

The SPPs have limited propagation length since there are no ideal metal in the
real world. Instead, all of the metals have certain ohmic loss and the relative
permittivity is a complex number (2.10). The permittivity can be written in short as
e1 ¼ e1r þ ie1i, while the corresponding wavevector of SPP is a complex number as
b ¼ br þ ibi Generally, the absolute value of the real part of the relative permittivity
of metal is larger than that of the imaginary part in visible range. The real and
imaginary part of the wavevector of SPP can be proximately written as:

br ¼ k0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e1re2

e1r þ e2

r
; bi ¼ k0

e1re2
e1r þ e2

� �3=2 e1i
2e21r

ð2:11Þ

The propagation length of SPP can be obtained from the imaginary part of b. This
propagation length is defined as the distance over which the intensity of the SPPs
mode falls to 1/e of its initial value, is given by dSPP = 1/2 bi. It is:

Lsp ¼ 1
2bi

¼ 1
k0

e1r þ e2
e1re2

� �3=2e21r
e1i

ð2:12Þ

The propagation length is about 20 lm when the free space wavelength is
633 nm [8].

Above is a discussion of an example of the basics of SPPs in an infinite
dielectric/metal interface. However, the discussion is not limited in this system. It
covers a lot of different systems, such as the long range SPP (LRSPP) in a
dielectric/metal/dielectric system with a very thin metal layer in the center [10],
metal/dielectric/metal (MIM) system [11, 12], channel plasmon polariton (CPP) in
the V shaped grooves [13], and even the mode in the metallic nanowires [14]. The
related dispersion relation can be obtained by solving Maxwell equation in a cor-
responding boundary condition, or from a commercial numerical simulation tool.

2.2 Surface Plasmon Polaritons Excitation
and Observation

Generally, the dispersion curve of SPPs lies on the right-side of that of light in free
space, which gives rise to a momentum mismatch (Fig. 2.3). The incident light can’t
be coupled to the SPPs automatically. Various coupling configurations are proposed
to match the momentum of light and SPPs to excite SPPs and measure them, such as
using prism coupler, grating, waveguide coupler and fibers, and so on.
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2.2.1 Optical Excitation of Surface Plasmon Polaritons

Below are the main coupling configurations used to match the momentum mis-
match and couple the light to SPP [8, 9]:

Prism coupling. This coupling scheme includes Kretschmann geometry [15]
and Otto geometry [16] as shown in Fig. 2.4a, b. In Kretschmann geometry, the
metal film on a prism is illuminated through the dielectric prism at an angle of
incidence greater than the critical angle or the total internal reflection angle (ATR).
An evanescent wave is generated and the in plane wavevector is k∥ = nk0sinh. n is
the refractive index of the dielectric and it is larger than nSPP, which is the effective
index of the SPP at the metal/air interface. So that at certain incident angle the
in-plane component of the wavevector in the prism coincides with that of the SPP
on matal/air interface (k∥ = nSPP), which gives rise to the light tunneling through the
metal film and the light is coupled to SPP. In Otto geometry, the metal film is put
close to a prism, where the total internal reflection happens. The evanescent wave
will tunnel through the air and coupled to SPP at certain angle which is analog to
that of Kretschmann geometry. The coupling efficiency can get almost 100% with
these two configurations.

Near field coupling. SPP can be excited with a subwavelength size tip when put
the tip close to the metal surface (Fig. 2.4c). It is possible since all the wavevectors
exist in the light from the tip in the near field, in which the wavevector matches the
SPP also exists [17]. The SPP excitation condition can be achieved with the defect
on the metal surface as well. The mechanism is analog to the coupling with a near
field tip. The scattering light in the near field contains the wavevector which
matches that of SPP, so that SPP can be exited (Fig. 2.4b) [18].

Fig. 2.4 The excitation of SPP. a, b Prism coupling. c, d Near field coupling. e Waveguide mode
coupling. f Grating coupling. Figure adapted with permission from Ref. [9], Elsevier
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Waveguide mode coupling. There is an evanescent field at the near field of a
waveguide. SPP could be excited when a waveguide with a guide mode match the
mode of SPP approaching the metal surface. The metal/dielectric interface should
be put in the evanescent region of waveguide mode in this coupling configuration.
Figure 2.4e is an example of this configuration, where the SPP is excited by
approaching a fiber to a metal surface.

Grating coupling. A periodic grating will provide certain momentum com-
pensation to an incident light, which could match the mismatch between the
momentum of the free space light and that of SPP. That is G = Dk = kSPP − k0,
where G is the reciprocal vector of the grating. SPP excitation condition can be
achieved with the grating coupling (Fig. 2.4f) [19]. We will excite SPP with this
way since it is more convenient to control.

2.2.2 Observation of Surface Plasmon Polaritons

The SPP can’t be coupled to free space light automatically as well because of the
momentum mismatch. A certain way is required to observe the propagation of
SPP. There are some popular ways to observe SPP, such as near field scanning
optical microscope (NSOM) [20], imaging with fluorescent dye [21], and leakage
radiation microscopy (LRM) [22]. NSOM provides a way to directly collect the
information near the metal surface where the SPPs exists. It is straight forward and
trustable, so that a lot of works are measured in this way. However, due to the high
cost, complicated operation, time consuming, limited image area, as well as the
limitation in resolving frequencies, it is not widely used. Fluorescent dye is also
used to image SPPs. Fluorescent dyes are coated to the surface of metal film and
they can be excited by the propagating SPPs, so that the SPPs are recorded by the
fluorescent. This method is limited by the blenching of the fluorescent dye. The
imaging quality is not good as well. LRM is an alternative way to be used to
observe SPPs. The mechanism of LRM is the same as normal microscope so that it
is quite simple to be operated. It is convenient to get a Fourier image of SPPs with
LRM as well as some flexible modifications for special purpose. In addition, there
are no drawbacks of the other two methods and the cost is no high as well. As a
result, more and more groups start to make use of LRM system. In this dissertation,
we also use LRM system to observe the behavior of SPPs on metal surface.

The principle of LRM was first proposed by Hecht et al. [17, 22, 23] and
experimentally verified. It is schematically shown in Fig. 2.5. An incident light is
coupled to SPP with certain structures on silver surface. Some of the SPP will leak
through the silver film to the interface of silver/SiO2 when the silver film is thin
enough (i.e., the thickness of silver film is less than 100 nm). Since the refractive
index of SiO2 is larger than that of SPP (nSPP) at silver/air, the leakage wave will
couple to free space in SiO2 with a certain angle h, where nk0cosh = kSPP. The light
can be collected with an objective with high numerical aperture (NA), where the
NA is larger than nSPP, so that to get the information of the SPPs. The LRM is not
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Fig. 2.6 The experiment setup of LRM system

Fig. 2.5 The scheme of LRM system

limited to observe SPPs, but also can be used to observe some waveguide mode
which can’t be directly observed with normal microscope.

The optical system is shown in Fig. 2.6. An incident light is focused on the
structure on the metal surface by an objective lens O1 (50�, NA is 0.55) and is
coupled to SPPs. Part of the SPPs will leak through the metal film to the SiO2 side
when the SPP propagates along the interface. This part of SPP will be collected
with an oil immersion objective lens with high NA (O2, 100�, NA is 1.40) and
projected to a charge-coupled-device (CCD) camera (CCD1). Meanwhile, the back
focal plane (or the Fourier plane) of the oil immersion objective is also projected to
another CCD camera (CCD2) simultaneously. In addition, a beam blocker can be
put in the imaging plane or the Fourier plane at the position of F2 to filter the
information in the real space or the reciprocal space (k-space) so that to get better
contrast for the information we want [24, 25]. We will discuss more about it in the
following chapters.
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Figure 2.7 is a typical image of SPP propagation observed by LRM system.
The SPP was excited by the light from a He-Ne laser with the wavelength of 633 nm
by a periodic grating with the depth of 20 nm. The period of the grating is 610 nm,
which is close to the corresponding wavelength of the SPPs. The SPPs propagate to
both side of the grating and they are perpendicularly to it. It is clear to see the
propagation in 50 lm from the grating on both sides. There is another grating with
period of 610 nm and depth of 30 nm at 50 lm away from the in-coupling grating
to couple the SPP to light in free space. The intensity of it is much larger than the
nearby SPP observed by LRM, which means only little part of SPP can be observed
with the LRM. However we can still study the behavior of the SPP with LRM.

Figure 2.8 is the SPP excited with a hexagonal hole array observed with LRM.
There are SPPs in six directions because the match condition are achieved in the six
directions with the hexagonal lattice. Meanwhile we can also observe the corre-
sponding image in the Fourier plane. There are six sharp arcs, which are the
corresponding wavevectors of the SPPs.

2.2.3 The SPP Fringes Observed with LRM

There is a periodic intensity pattern closed to the out-coupling grating in Fig. 2.7,
which was not reported with other measurement methods, such as NSOM, but can
be observed with LRM usually as shown in Fig. 2.9a. The period of the pattern is

Fig. 2.7 The typical SPP propagation image measure with LRM system
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around 2 lm. Actually, when we reduce the depth of the out-coupling grating, a
different periodic pattern can be observed as shown in Fig. 2.9b. Is there any
relationship between the two fringes? What’s the physics behind the phenomenon?

Fig. 2.8 SPP coupling with hexagonal nanoarray. a SPP propagation in real space.
b Corresponding image in the reciprocal space

Fig. 2.9 SPP interference fringes observed with LRM. The out-coupling grating is deep (a) and
shallow (b)
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Aswe all know, an interference will happen when two waves meet with each other
and caused a periodic intensity pattern which is called beat pattern. There is beat
pattern in optics since light is an electromagnetic wave. In our experiment, we didn’t
use any other light except the incident laser light with the wavelength of 633 nm.
There is no strong nonlinear conversion set up as well, so that the periodic pattern
should come from the light with the same frequency but different wavevectors.

We first considered the condition with shallow gratings shown in Fig. 2.9b since
there is less disturbing information. Figure 2.10a is the intensity distribution of an
arbitrary line along the propagation of the SPPs and a periodic pattern can be
roughly observed. A Fourier transformation is performed to get a better analysis.
The result is shown in Fig. 2.10b, where a peak is shown and it is related to a period
of 305 nm in real space. It means the intensity pattern is periodic and the period is
about 305 nm, which is half of the wavelength of SPPs. Two counter propagating
SPP can generate an intensity pattern with the period of half wavelength of the
SPPs.

SPPs will be reflected when it meets obstacles, such as a slit or grating. The
reflectance will be much higher when the period of the grating is an integer multiple
of the half wavelength. The reflected SPPs and incident SPPs will propagate toward
each other and the intensities are similar near the out-coupling grating. As a result a
clear interference pattern with the period of half wavelength can be observed near
the grating. However, since SPP will attenuate quickly when it propagates, the
intensities of the forward and backward SPP will be quite different, so that the
visibility of the interference pattern close to the in-coupling grating is not as good as
that close to the out-coupling grating, which agrees well with the result shown in
Fig. 2.9. Thus it is clear that the periodic intensity pattern in Fig. 2.9b is caused by
the interference of the forward SPP and the backward SPP reflected by the
out-coupling grating. A similar work was reported by Drezet et al. [26], which
proved above explanation.

A similar analysis can be performed to Fig. 2.9a. The intensity of the SPP along
the propagation in Fig. 2.9a is shown in the inset of Fig. 2.11a. There is a fringe

Fig. 2.10 The first type of the SPP interference fringes. a The fringes in the real space. b The
Fourier transformation result of the fringes

2.2 Surface Plasmon Polaritons Excitation and Observation 17



with smaller periodicity except for the relative larger periodicity mentioned above
(*2 lm). With the similar approach used above, we got several intensity distri-
bution of the SPP along the propagation and performed Fourier transformation to
them. Figure 2.11a, b are the typical results with the transformation for the two
periodicity, where the red arrows indicate the peaks related to the periodicities. The
corresponding period are 1.87 and 0.26 lm. The two periodicities are caused by
waves with two different “wavevectors”, and one of the wave is SPP. The two
periods can be deduced from the principle of beat pattern as:

Kl ¼ kSPP � ku
kSPP � ku

����
����; Ks ¼ kSPP � ku

kSPP þ ku
ð2:13Þ

where ku is the wavelength of the unknown wave. Based on the observed data, the
unknown wavelength ku is about 460 nm deduced from Eq. 2.13, which means the
beat pattern is caused by the interference between the SPP and a wave with the
“wavelength” of 460 nm. However there is no such wave in our system. Where
does it come from?

To further analysis the special phenomenon, a modification is made to the LRM
system. We can set certain blockers in the optical system to block the information in
the real or the reciprocal space (k-space or Fourier space) so that to get a clearer
analysis for the images as we discussed before. Figure 2.12 are the images of the
real and the corresponding k-space after certain blocking set ups. Figure 2.12a are
the images observed without any blocking and Fig. 2.12b–d are the images
observed after blocking the intensity of the −1st, 0th and the 1st diffraction orders
from the k-space. When the −1st order is blocked, the down going SPP disappears
(Fig. 2.12b), while the upper going SPP disappears when the 1st order is blocked.
When the 0th order is blocked, the SPP seems not been impacted and we can only
observe some reduction of the intensity from the grating. It is clear that the SPPs
correlate well with the 1st and the −1st intensity in the k-space and the “beat
pattern” is related to the down going SPP.

Fig. 2.11 The Fourier transformation results of the second SPP interference fringes. The results
for the fringes with larger periodicity (a) and smaller one (b). The inset of a is the typical
interference fringe to be transformed
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Fig. 2.12 The results with space filters added in the measurement system
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Similarly, we blocked the information in the real space as shown in Fig. 2.12e, f,
where the area near the out-coupling grating and the in-coupling grating were
blocked respectively. The 0th and the −1st order were changed a lot while the 1st
order just has little intensity change in the image of the k-space (Fig. 2.12e) when
the area around the out-coupling grating was blocked. The image is analog to the
image without out-coupling gratings shown in Fig. 2.8, which means the intensity
from the out-coupling grating is mainly around the area in the k-space. When the
in-coupling grating was blocked, no significant change in k-space except the
intensities. It is concluded that the beat pattern is mainly come from the appearance
of the out-coupling grating. The pattern will be weaker when the grating is shal-
lower or even disappear. The pattern is formed by the interference between a wave
with the wavelength of around 460 nm and the SPP, and it probably come from the
signal around 0th order and the −1st order in the k-space.

On the other hand, the wavevector is ku = 2p/ku � 1.38k0 for the wave, where
the ratio 1.38 is quite close to the NA of the oil immersion lens 1.4. As a result, the
beat pattern is probably related to the restriction of the numerical aperture of the
objective.

To sum up, the out-coupling grating induces a strong background from the 1st to
the −1st of the diffraction in the k-space. The background is limited by the
numerical aperture of the objective. As a result, except for the direct transmission of
the incident laser, there’re two components observed in LRM system. One of them
is the propagating SPP SðkSPPÞ, while the other is the background caused by the
out-coupling grating BðkuÞ. The observed pattern is caused by the interference of
the two components. We analyzed the intensity distribution under this assumption.
BðkuÞ is the intensity of the background which is limited to �k0NA\ku\k0NA by
the numerical aperture of objective in k-space. Assume the background intensity is
uniform in k-space and

BðkuÞ ¼ a; ð2:14Þ

a is the test intensity of the background,

SðkSPPÞ ¼ 1
2p

d k � kSPPð Þþ i
kSPP

@

@k
d k � kSPPð Þ

� �
ð2:15Þ

The intensity of the real space can be deduced from the inverse Fourier transfor-
mation to 2.14 and 2.15,

FT�1 SðkSPPÞ½ � ¼
ffiffiffiffiffi
2
px

r
ei kSPPx�p=4ð Þ ð2:16Þ

FT�1 BðkuÞ½ � ¼
Zk0NA

�k0NA

aeikxdk ¼ a
x

eik0NAx � e�ik0NAx
� 	 ð2:17Þ

20 2 Experimental Basics of Surface Plasmon Polaritons



The overall intensity distribution is the interference of the two components:

I / E xð Þj j2 ¼
ffiffiffiffiffi
2
px

r
ei kSPPx�p=4ð Þ þ a

x
eik0NAx � e�ik0NAx
� 	�����

�����
2

ð2:18Þ

The intensity pattern from formula 2.18 is a “beat pattern” caused by two

wavevector of kSPP and k0NA. The larger and smaller period are Kl ¼ kSPP � kk0NA
kSPP�kk0NA

��� ��� ¼
1:747 and Ks ¼ kSPP � kk0NA

kSPP þ kk0NA
¼ 0:26, which are very close to the previous experi-

mental results, in which kSPP is the wavelength of SPP and kk0NA is the effective
wavelength determined by the numerical aperture of the objective lens. We tried
a with different value and the calculation results are shown in Fig. 2.13, where the
periodicities are coincident very well with the above experimental results. The
visibility of the interference pattern is weak when a is small and it gets higher when
a gets larger, which is the reason that there is no obvious “beat pattern” when there
is no out-coupling grating or the grating is shallow.

Furthermore, we observed similar beat pattern by objectives with different NA.
Different periodic patterns were observed with different objectives and the results
are shown in Table 2.1, together with the theoretical analysis results. The analysis
results are coincident well with the experimental ones, which proved the hypothesis
above. That is, the strong background comes from the out-coupling grating interfere
with propagating SPP and induce the beat pattern observed with LRM system.

In fact, Hohenau et al. also found similar beat pattern phenomenon with LRM
system [27]. They had a good explanation for it with the background contribution.
However, there was no other structures except the in-coupling hole array structures
and the pattern was quite weak. It is known from above analysis that the

Fig. 2.13 The beam pattern
results under different
background intensities

2.2 Surface Plasmon Polaritons Excitation and Observation 21



background intensity a is critical to the visibility of the beat pattern. It will be hard
to observe the pattern if the background is too weak. In their experiment, the
background comes from the scattering caused by the defect in the film, which is
very weak. However, there will be plenty of out-coupling light when the
out-coupling grating is introduced into the experiment. The grating is far from the
imaging center so that one of the diffraction order will contribute to the background,
which will induce an obvious beat pattern.

So far we explained and proved the reason for the two kind of fringes observed
with LRM system. The phenomenon will exist in LRM system when observe the
SPP or other waveguide system. A deep understanding will be helpful for better
characterizing the phenomenon with LRM system.

2.3 The Propagation Control of SPP

SPPs are localized to a thin layer along metal/dielectric interface (*10 nm in metal
and *100 nm in air in visible range), so it is a natural 2-dimentional subwave-
length system and a promising carrier to the future integration optics. In the past
decades, plenty of works in controlling SPP propagation were published and some
SPP devices were realized, such as unidirectional coupling [28] and collimated
coupling design for SPP [29], SPP focusing [30], demultiplexer [31, 32],
Mach-Zehnder interferometer [33], and even the non-diffraction SPP Airy beam
[34]. These researches make a deeper understanding to SPP and make SPP well
prepared for the future application. In this section, we will discuss the basic control
methods of SPP propagation.

2.3.1 In-plane Manipulation of SPP

The manipulation methods in previous researches mentioned above are mainly rely
on the coupling process. A typical example is shown in Fig. 2.14, a SPP is launched
with a special structure and a phase distribution for the SPP is generated with the
structure simultaneously so that a manipulation to the SPP is realized [32].
However, the future integrated photonic chips should be a compact 2-dimensional

Table 2.1 The periodicities observed with objectives with different NA

NA Ks

(theory)
Ks

(experiment)
Ks

(theory)
Ks

(experiment)

1.40 0.260 0.26 1.747 1.87

1.32 0.268 0.27 2.242 2.39

1.25 0.277 0.28 2.982 3.19
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system as that in the integrated circuit, so that an in-plane manipulation is a more
appreciated way rather than the out-plane control for the integrated photonics.

There are several works studied the in-plane SPP manipulation and realized
some functions, such as SPP reflection, demultiplexing. The basic principle of
in-plane SPP control is from Bragg’s law [35]. The scheme is shown in Fig. 2.15, in

Fig. 2.14 SPP focusing and demultiplexing realized with coupling process. Figure adapted with
permission from Ref. [32], ACS

Fig. 2.15 The principle of Bragg’s reflection. Figure adapted with permission from Ref. [35],
APS
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which an incident SPP (kinc

!

) is reflected to a new direction by a periodic grating and

the wavevector becomes kr
!
. The reciprocal vector G

!
of the grating satisfy the

expression of G
!¼ kr

!� kinc

!

, so that to match the momentum difference between
the incident and the reflected SPP.

Figure 2.16 is a typical image for SPP reflection by a Bragg grating measured
with NSOM. The incident SPPs propagate to the periodic grating from the right side
and are reflected to the vertical direction. It is analog to reflect light with a mirror,
so that the grating is called Bragg mirror. Figure 2.17 is the demultiplexing result
demonstrated by Drezet group with the same principle [31]. A 2-dimensional hole

array provide two different reciprocal vector f1
!

and f2
!
, which match the difference

between momentum of the incident SPP and the reflected SPP of 784 nm (red) and
730 nm (blue) accordingly. The SPP was reflected to two different direction by the
match condition and realized the demultiplexing function.

With this principle, we realized the in-plane reflection of SPPs and measured the
process with LRM system. Figure 2.18 is a typical in-plane reflection of SPP. The
left panel is the design scheme of SPP reflection, in which the two dimensional dot
array provides two reciprocal vectors with angle of 45° to horizontal direction as in
the inset. The two reciprocal vectors match the momentum difference between the
incident SPP and the reflected SPPs, in order to reflect the incident SPP to the left
and right side to the array. In experiment, the structure was fabricated with FIB
(focused ion beam, FEI). The in-coupling structure is grating as we used in previous

Fig. 2.16 SPP reflection with Bragg grating observed with SNOM. Figure adapted with
permission from Ref. [35], APS
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experiment and the nanoarray is composed of nanocaves with diameter of 200 nm
and depth of 20 nm. Figure 2.18b is the result observed with LRM system, in
which we can see the left and right propagating SPPs which are the reflected
part. Meanwhile, there is an up-propagating SPP as well, which is the transmitted
SPP through the array. This structure can be taken as a SPP beam splitter, which
splits the incident SPP to left, right and upside. The out-coupling gratings can be
fabricated in these directions and couple the signals out. The splitting ratio of
different component can be tuned by the parameters of the reflection array as well.

Fig. 2.17 SPP demultiplexing with Bragg nanoarray. Figure adapted with permission from Ref.
[31], ACS
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This flexible in-plane splitter will have great application in the future signal pro-
cessing, especially in quantum optics [36].

We realized some more complicated manipulation of SPP as well. Figure 2.19 is
the experimental result of manipulating of SPP propagation with hexagonal lattice,
where we made the reciprocal vector in ГM direction to match the momentum
difference between the incidence and the reflected SPP. Because of the symmetry of
the lattice, the match condition of SPPs in six directions will get matched simul-
taneously (including the forward and reflected backward SPPs), so that to get

Fig. 2.18 SPP reflection realized with 2D Bragg nanoarray. a The schematic of the refraction
nanoarray. b SPPs reflection observed with LRM

Fig. 2.19 SPP reflection realized with hexagonal nanoarray in the real space (left) and the
corresponding k-space (right)
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reflected SPPs in the six directions. The left picture is the result in the real space, in
which we can see SPPs in four different direction except for the forward and
backward SPPs. The right picture is the result in the k-space, where we can see four
smaller arcs as well as two larger ones, which corresponded to the SPPs in the four
directions and the forward and backward SPPs in the left picture. The forward and
backward arcs are larger because the SPPs reflected and transmitted by the array are
mixed with the original SPPs coupled in by the grating, whose intensity is much
stronger. It is clear that the Bragg’s law in 2D SPP is not only effected in one
direction, but can be effected for multiple directions, as long as the momentum
mismatch between the incidence and the reflected SPPs can be compensated.

We completed a serial of design and measurement for SPP and realized some
interesting functions as well. Next, we will introduce the measurement of the
wavelength of SPP and the realization of SPP Mach-Zehnder (MZ) interferometer.

2.3.2 The Measurement of the Wavelength of SPP

The wavelength of SPP is a critical parameter to design the coupling, manipulating
structures. The coupling and reflection efficiency will related to the accuracy of the
design wavelength of SPP. However, the wavelength of SPP will be different when
the metal film is prepared with different method. A precise measurement for the
wavelength will be a very helpful reference for the experiments.

We use the principle of Bragg reflection to measure the wavelength of
SPP. Figure 2.20a is the principle scheme of Bragg reflection in the k-space, where
the incident SPP is reflected by the help of the reciprocal vector G1,1. It will be
easily to get that when the vertical component of G1,1 is equal to the wavevector of
the SPP (kSPP), the reflected SPP will be in the horizontal direction. The vertical
period of the corresponding array will equal the wavelength of SPP. It is clear that
the reflected SPP will be a small arc in the k-space from the previous discussion,
which will be easily measured precisely.

We need to know the wavevector of incident SPP as the reference in this
measurement. However it is not easy to get the wavevector very precisely from the
previous result in the k-space. To solve this problem and measure the wavelength
more precisely, we designed symmetrical nanoarrays with respect to the in-couple
grating to reflect the SPP symmetrically. Then we can measure the angle between
the two reflected SPP from the small arcs, without the request for the reference of
the incident SPP. The upper and lower arcs will overlap with each other when the
two nanoarray have the vertical period with the wavelength of the SPP.

The SEM image of the sample is shown in Fig. 2.20b. The nanoarray in both
side of the grating have the same distance from the grating. The period in horizontal
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and vertical direction are 700 and 560 nm respectively. Here we still use a He-Ne
laser with the wavelength of 632.8 nm as the source of SPP. Figure 2.20c is the
result observed by LRM system in the real space, and Fig. 2.20d shows the cor-
responding result in the k-space, where the four small arcs are shown.

To measure the direction of the reflected SPPs, we connected the center of the
arcs in two side separately and measure the angle between the two lines. The angle
is twice of the reflected angle. We designed a serial of nanostructures with different
vertical period with the step of 10 nm. The arcs of the design with 610 nm have the

Fig. 2.20 Measurement of the SPP wavelength with Bragg reflection. a The principle scheme of
Bragg reflection in k-space. b The SEM image of the sample for symmetrical reflection (c, d). The
reflection images observed with LRM in the real space (c) and k-space (d)
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best overlap result, which means the wavelength of SPP is close to 610 nm. A more
precise wavelength can be deduced by the angles of the serial results. However, the
precision is good enough for our experimental research for SPP later and we will
use 610 nm as the wavelength of SPP when we use the laser of 633 nm and the film
deposited with the same method.

2.3.3 SPP Mach-Zehnder Interferometer

Mach-Zehnder (MZ) interferometer is a widely used device to determine the rela-
tive phase shift variations between two collimated beams derived by splitting light
from a single source. It is quite sensitive to the subtle change of refractive index. It
is used to measure the phase difference between the two beams caused by a sample
or a change in length of one of the paths. The device is frequently used in mea-
surement of the temperature, density or pressure of fluid, gas, shock wave, heat
transfer, and so on. MZ interferometer is a highly configurable and flexible device,
so it always attracts great research enthusiasm, even in the field of quantum
entanglement [37]. It is of great importance to realize MZ interferometer and
control it in the field of SPP [33].

The key to the MZ interferometer is the precise splitting ratio and the relative
phase difference between the two arms. They can be easily controlled by the design
of the nanostructure for the splitter for the SPP as we discussed in the previous
part. The SPP is coupled from 633 laser with grating as in the previous experiments
and it will be split to upper and lower propagating SPPs evenly when the incidence
illuminate to the center of the grating. The Bragg nanoarray is fabricated and used
as reflectors for SPP in both side of the grating as in Fig. 2.20b. A grating is
fabricated in the position where the SPPs meet each other at the right side of the
in-coupling grating and performs as a splitter to realize about 1:1 split ratio for the
SPPs from both side. It is a standard SPP MZ interferometer and the relative phase
of the two arms can be changed by the position of the two nanoarray. The
experimental results are shown in Fig. 2.21, in which Fig. 2.21a–c show the results
with no relative phase difference and the relative phase difference of ±p/2,
respectively. The relative intensity after the splitter of the two arms are equal
(Fig. 2.21a), or has a high ratio [only have the upper branch (Fig. 2.21b) or the
lower branch (Fig. 2.21c)] with different relative phase, respectively. There’s no
structure at the left side of the in-coupling grating and we can see the interference
pattern in the overlap area caused by the two reflected SPPs. It means that it is an
easy way to control the relative position to control the relative phase difference of
the MZ interferometer. Since SPP is a subwavelength system, the size of the
SPP MZ interferometer can be further reduced, even shrink to less than 10 lm. It
will have great importance to the future integration optics.
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2.4 Summary

In this chapter, the basic properties, the excitation and measurement methods of
SPPs are introduced. The excitation of SPPs is successfully realized experimentally.
We set up an LRM imaging system and observe the propagation of SPPs both in the

Fig. 2.21 SPP MZ interferometer
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real space and in the reciprocal space (k-space). Some special phenomenon such as
the beat pattern are successfully explained. Furthermore, some preliminary
manipulations of SPPs are realized with Bragg’s principle, such as reflection, MZ
interferometer, which will have good applications in the integrated optics.
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Chapter 3
Non-perfectly-matched Bragg Diffraction
and the Realization of Airy Plasmon

In recent years, non-diffraction beam became a hot research area, especially Airy
beam [1, 2]. Except for non-diffraction, Airy beam has some other unique amazing
properties, such as self-accelerating [2], ballistic dynamics [3], self-healing [4, 5],
and so on. These unique properties will have a serial of possible applications, such
as particle clearing [6], curved plasma channel [7], and so on. Intensive studies have
been carried out on its novel properties and the potential applications, while the
research enthusiasm to Airy beam still keeps growing. Since SPP is a probable
candidate for the integration optics, it is of great importance to realize SPP Airy
beam for manipulating the trajectory of SPP.

The Bragg’s principle shows the importance in in-plane manipulation of the
propagation of SPP. However, there is a great restriction with the principle which
will limit the manipulations on plane wave, so that the functions realized with this
principle are quite limited. In addition, the principle will limit the function to very
narrow bandwidth as well. It will limit the applications in the all-optical integration
with SPP. An alternative method must be proposed for the SPP manipulation. There
is a principle called reciprocal lattice rod theory, which is well established in
diffraction kinetics [8]. Based on the principle, a constructive diffraction will
happen even when the Bragg’s condition is not perfectly matched. This principle
can be used in SPP as well. It can help to realize a nonlinear phase modulation, so
that greatly improve the abilities of in-plane SPP manipulation.

In this chapter, we will first discuss a diffraction phenomenon called
non-perfectly-matched (NPM) diffraction, which is based on the reciprocal lattice
rod theory. By taking advantage of this NPM diffraction, the phase and amplitude
of the SPPs can be manipulated. We then propose an in-plane nonlinear phase
modulation method with this principle and successfully realize a plasmonic Airy
beam, which reveals all the major properties of Airy beams.
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3.1 Non-perfectly-matched Bragg Diffraction

3.1.1 Reciprocal Lattice Rod

Reciprocal lattice rod is used in the kinetic theory of electron diffraction and X-ray
diffraction [8, 9]. Since some realistic samples may have special shapes and limited
size, the corresponding reciprocal lattice spots are not ideal dots, but elongated in
some directions. The smaller the size is in the real space, the larger the size is in the
reciprocal space. Usually, it will be hard to have the dot located exactly on the
Ewald sphere to get the diffraction patterns if the reciprocal lattice spots are ideal
dot. People usually prepare the samples into film so that the reciprocal spots will be
elongated to rods (Fig. 3.1) in the direction perpendicular to the film. So that the
rods will have much more possibility to intersect with the Ewald sphere. The
electron diffraction will happen corresponding to the cross intensity when the high
energy electron beam incident and the diffraction pattern can be observed.

There are some different types of samples that can generate diffraction pattern as
well. The reciprocal spots will become reciprocal plate for the rod samples, and
become reciprocal sphere for the powder samples. These enlarged reciprocal pattern
will increase the opportunity for the intersection between the pattern and the Ewald
sphere so that to get the diffraction pattern. The reciprocal rod, plate or sphere break
the hard restriction of Bragg’s law and increase the opportunity for the diffraction,
pave a way for better research and understanding of materials’ properties.

Fig. 3.1 Reciprocal rod in
electron diffraction
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3.1.2 Non-perfectly-matched Bragg Diffraction in SPP

We want to break the restriction of Bragg’s law in SPP system as well, so that to get
more flexible and versatile manipulation of SPP system. Is it possible to realize it in
SPP? The reciprocal rod, plate and sphere come from the limit size in certain
dimension so that similar effects exist in SPP as well. SPP is a two dimensional
system and we can limit the size of the structures in the two dimensions. However, if
we shrink the size of the structure in both dimension, it will perform as a point
defect and the SPP will be scattered to all direction evenly. It will not be helpful for
the manipulation of SPP. As a result, we will just shrink the size in single
dimension. Here we shrink the size of the nanoarray in the direction which is normal
to the propagation direction of the incident SPP. In the extreme case, the array will
be shrink to an one dimensional line. Certain diffraction will happen with the dot
line. However, the efficiency will be quite low and it will limit the practical
application. Meanwhile, it is hard to tune the amplitude distribution as well. As a
result, a nanoarray with a limited width is more practical for real application.

We experimentally tested the scheme which is shown in Fig. 3.2a. An SPP wave
propagates to a periodic nano-array and is diffracted to a new direction. Figure 3.2b
is the corresponding lattice in the reciprocal space when the Bragg’s law is matched,
where the reciprocal spots lie on the Ewald sphere [10]. As a result, the incident SPP
will be reflected to the direction with the angle of h with respect to the horizontal
direction by the reciprocal vector of G−1,1. In fact, the incident SPP has a limited
width of about 2–4 lm, so that the nano-array which experiences the incident SPP is
limited in the lateral direction and the corresponding reciprocal spots will be elon-
gated to reciprocal rods along this direction, which are shown in Fig. 3.2c, d. In this
situation, there are crosses between the reciprocal rods and the Ewald circle and there
are corresponding diffractions determined by the reciprocal vectors of G1,0,G2,0, and
so on, even when the reciprocal spots are not exactly on the Ewald circle.

In experiment, the same scheme were used as we discussed in Sect. 2.3.2.
The SPP is coupled in by a grating with the light from a He–Ne laser. Two
nano-arrays were fabricated in both side of the grating symmetrically to diffract the
incident SPPs. The precise angle measurements were taken in the reciprocal space.
We fabricated a serial of nano-array with the period in the horizontal direction of
Pz = 700 nm and the periods in the vertical direction are from 400 to 1100 nm. The
Bragg’s condition will not be matched in most of the diffraction arrays. Figure 3.3
shows the typical images observed with LRM system, in which Fig. 3.3a, c are the
SPPs in the real space with the vertical period of Px = 390 nm (a) and 790 nm
(c) respectively. There is some directional diffraction when the Bragg’s condition is
not perfectly matched. Figure 3.3b, d are the corresponding images in the reciprocal
space, which are in good agreement with Fig. 3.2c and d, confirming our theoretical
analysis. Moreover, for the sample of Px = 790 nm, a better matched condition is
revealed for a higher ordered reciprocal vector G−2,1 (shown in Figs. 3.2d and 3.3d),
it consequently results in a stronger diffraction beam in this order, as shown in
Fig. 3.3c. It also confirms our prediction of the intensity sacrifice from the mis-
match. By carefully measure the diffraction angles of all samples in their reciprocal
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Fig. 3.2 Non-perfectly-match diffraction. a Scheme of SPP diffraction by periodic array. b The
situation in k-space when Bragg’s condition is perfectly matched. c–d The situations when Bragg’s
condition is not perfectly matched in the case of the 1st order (c) and the 1st and the 2nd order
diffraction. Figure adapted with permission from Ref. [10], APS

space, we obtained the whole experimental data, which are in extremely good
agreement with the calculated ones from Eq. (3.2) as shown in Fig. 3.4. It proved
our hypothesis about the diffraction. That is the diffraction will exist even when the
Bragg’s condition is not perfectly matched in our experiment system and the
diffraction angle is determined by the period of the vertical direction. We call this
principle as non-perfectly-matched Bragg diffraction.

3.1.3 The Amplitude of Non-perfectly-matched Bragg
Diffraction

There is another conclusion that the amplitude of the diffraction are different from
the nano-array with different period from above experiments, which is clearer from
the results in the reciprocal space. It is due to the different intensities at the inter-
sections of the reciprocal rods and the Ewald circle. We performed Fourier
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Fig. 3.3 SPP diffraction under non-perfectly-matched Bragg’s condition. a, c SPP propagation in
real space, b, d corresponding images in the reciprocal space. Figure adapted with permission from
Ref. [10], APS

Fig. 3.4 SPP diffracted
directions under diffracted
arrays with different periods.
Figure adapted with
permission from Ref. [10],
APS
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transformation to an array with limited size, in which the period in the horizontal
direction is px = 700 nm and that in the vertical direction is py = 600 nm. The
number of the periods are 7 � 15 in horizontal and vertical direction, respectively.
The transformed result is shown in Fig. 3.5a, where the reciprocal spots are not
ideal dots but elongated to rods. The intersection between the rods and the Ewald
sphere are not dots but arcs, which are shown in Fig. 3.5b. As a result, the diffracted
SPPs in the reciprocal space are arcs in the experiments as shown in Fig. 3.3. The
intensity distributions on the arcs determined the amplitudes of the diffractions.
Figure 3.6 shows the relation between the diffraction intensity and the period of the
vertical direction, where the period in the horizontal direction is still 700 nm and
the periods in the vertical direction varying from 360 to 1000 nm. The red and blue
dots are the highest intensities of the arcs in the reciprocal space for the 1st and 2nd
order diffraction from the experiments, respectively, while the black and green dots
are the corresponding calculated intensities with Fourier transformation. The
experimental results are well coincident with the calculated results, which indicate
that the diffraction amplitude can be estimated by the calculation with Fourier
transformation.

Fig. 3.5 a Fourier transformation result for finite array. b The corresponding situation in the
k-space

Fig. 3.6 Diffracion intensity
under arrays with different
period. The red and blue dots
are the highest intensities of
the arcs in the k-space for the
1st and 2nd order diffraction
from the experiments, while
the black and green dots are
the corresponding calculated
intensities with Fourier
transformation
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There are a lot of beams or optical manipulation request special amplitude dis-
tributions, (e.g. Airy beam request an amplitude distribution of x−1/4). It is hard to
realize the amplitude distribution with Bragg’s principle. However, it is possible to
change the period of the corresponding structure so that to manipulate the amplitude
distribution. This method provide more flexible in-plane manipulation to SPP.

There is no doubt that there are other methods to tune the diffraction amplitude,
such as change the depth, shape, size of the unit nanostructure [11]. These
parameters will change the reciprocal lattice and change the diffraction amplitude.
However, it will be hard to have a good control of them with current fabrication
method. Further research and optimization for these parameters will be performed
in practical application in the future.

In summary, a constructive SPP diffraction still exists on the condition that the
Bragg’s condition is not perfectly matched. The diffraction direction is determined
by the period of the structure in the propagation direction of the incident SPP in our
system. It provides a good opportunity for more flexible tuning of SPP, which is to
tune the phase of the SPP with the vertical period of the structure and to tune the
amplitude with the horizontal period. This new method open up a new avenue in
planar photonic modulations and integrations. We will further study this method in
the following sections.

3.2 Generation of SPP Airy Beam

Diffraction is a nature of any wave [12]. In nature, waves with limited energy will
spread due to the diffraction, e.g. a Gaussian beam will gradually spread after its
waist. The diffraction nature of light limits the delivery of the energy or information
in free space. Researchers try to suppress the diffraction of beams, even in a certain
range. In 1987, Durnin et al. realized Bessel beam, which is the first realization of a
non-diffractive beam [13]. The research enthusiasm to non-diffractive beams was
light up and several similar non-diffractive beam were realized and studied, as well
as a lot of practical applications in biological, nonlinear optics, optical manipula-
tion, and so on. Meanwhile, Berry and Balazs predict a different non-diffractive
beam, Airy beam in 1979. Airy beam is the only nontrivial 1D solution for a wave
propagation maintaining the non-spreading property, which was deduced from
Schrödinger equation in quantum mechanics for a free particle9. Airy beam is a
novel beam with properties of self-accelerating or self-bending [14], self-healing as
well as non-diffraction. However, due to the complex phase and amplitude
requirement, it was not observed until 2007 [1]. The special beam provide us an
opportunity to control the delivery path of the energy of optics in free space. As a
result, since its recent observation in optics, intensive studies have been carried out
on its novel properties, such as self-accelerating, ballistic dynamics, self-healing [2–
5, 15], as well as the recent nonlinear generation [16] and possible applications [6,
17, 18] (e.g., particle clearing, curved plasma channel). Some new methods were
proposed to generate Airy beam, even in electron [19] and plasmon [7] systems.
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3.2.1 Airy Beam and Its Realization

In 1979, Berry and Balazs proposed a beam which can be non-diffractive,
self-accelerating inspired by solving Schrödinger equation in quantum mechanics
for a free particle, which is Airy beam [14]. Actually, Airy beam can be deduced
from Helmholtz equation. In Helmholtz equation

r2uþ k2u ¼ 0 ð3:1Þ

where assume uðx; y; zÞ ¼ / x; y; zð Þeikz. A proximate Helmholtz equation under
paraxial condition can be deduced by neglecting the high order items as Eq. 3.2

@2/
@x2

þ @2/
@y2

þ 2ik
@/
@z

¼ 0 ð3:2Þ

Assuming a 2 dimensional system where the field in y direction is homogeneous,
Eq. 3.2 will be reduced to:

@2/
@x2

þ 2ik
@/
@z

¼ 0 ð3:3Þ

It is analog the Schrodinger equation � �h2

2m
@2w
@x2 ¼ i�h @w

@t for the free particle’s
movement. Both of the two equations have the form of Airy equation:

y00 � xy ¼ 0 ð3:4Þ

The solution of Airy equation is y ¼ C1AiðxÞþC2BiðxÞ, in which

AiðxÞ ¼ 1
p

Z1

0

cos
t3

3
þ xt

� �
dt

BiðxÞ ¼ 1
p

Z1

0

exp � t3

3
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� �
þ sin
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3
þ xt

� �� �
dt

BiðxÞ is not convergent. People usually consider the solution of y ¼ AiðxÞ. Make
/ ¼ Aiðf1Þ expðf2Þ, in which f1 and f2 are functions of x, z. Then we can deduce the

form of @/
@z ,

@2/
@x2 and put them into Eq. 3.3. Meanwhile, Ai00ðxÞ ¼ xAiðxÞ. By com-

paring the coefficients of corresponding items of the equations, we can have the
following equations:
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: ð3:5Þ
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To get a diffraction free solution, of which the wave packet keeps the same when
propagating along z-direction, f1 ¼ axþ f3ðzÞ need to be satisfied, in which f3 is a
function of z. After plugging the equation into the Eq. 3.5 and considering the
initial conditions, we can get the solutions:

f1ðx; zÞ ¼ ax� a4z2

4k2
; ð3:6Þ

f2ðx; zÞ ¼ i
a6z3

12k3
� i

a3xz
2k

; ð3:7Þ

f3ðzÞ ¼ � a4

4k2
z2: ð3:8Þ

Plug these solutions into /, and

/ðx; zÞ ¼ Ai ax� a4z2

4k2

� �
exp i

a6z3

12k3
� i

a3xz
2k

� �
ð3:9Þ

It is the nondiffraction Airy beam, in which
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3 x
3
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p
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Figure 3.7 is the intensity of Airy beam when it propagating in free space, in
which s and n are the reduced coordinates in the start and propagating direction.
The inset is the intensity at the start plane with n = 0. The shape of the wave packet
doesn’t change along n. The trajectory of the main lobe is a parabolic trajectory and
it is self-bended, or we call it self-accelerating.

Fig. 3.7 Airy beam in free
space. Figure adapted with
permission from Ref. [1],
APS
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At the start plane,

/0 xð Þ � �p2x
	 
�1=4

sin 2=3 �xð Þ3=2 þ p=4
h i

¼ Aþ
0 expðikwþ

o ÞþA�
0 expðikw�

o Þ
¼ /þ

0 xð Þþ/�
0 xð Þ

ð3:11Þ

In which kw�
o ðxÞ¼ � 2=3 �xð Þ3=2 þ p=4

h i
, A�

0 ðxÞ ¼ � i=2ð Þ �p2xð Þ�1=4. From

ray optics, the rays emerging from /�
0 xð Þ will propagate to the left, while the rays

emerging from /þ
0 xð Þ will propagate to the right (SB+) and converging to a caustic

along the curving main beam trajectory as shown in Fig. 3.8[20]. The Airy beam is
a caustic beam, which is comprised by a serial of rays in different direction. The
rays are mainly come from /þ

0 xð Þ.
Although Airy beam was proposed theoretically in 1970s, it was first observed

experimentally in 2007 since its complicate form. Siviloglou et al. made a Fourier
transformation to Eq. 3.9

UðkÞ / expð�ak2Þ expðik3=3Þ ð3:12Þ

which is clearer and it means applying a cubic phase to a Gaussian beam. In
experiment, a spatial light modulator (SLM) was used to generate the cubic phase
for Gaussian beam and realized Airy beam in real space by applying Fourier
transformation by a lens to the beam from the SLM. Figure 3.9a, b are the gray map
of SLM to generate 1 and 2-dimensional cubic phase. The experiment set up is
schematically shown in Fig. 3.9c. An ideal nondiffraction beam requires infinite
start plane and energy so that to compensate the diffraction. However, it is

Fig. 3.8 Caustic scheme of
Airy beam. Figure adapted
with permission from Ref.
[20], OSA
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impossible to make it in real world and all the nondiffracted beams are generated in
finite range, including the Bessel beam. The Airy beam realized in above works are
also finite nondiffraction beams.

3.2.2 Airy Beam Realization on Metal Surface

Airy beam provides a new avenue to manipulate the energy and information of light
because the special properties such as nondiffraction, self-bending and self-healing.
However, the previous realizations of Airy beam were in 3-dimensional free space.
More interesting physics and applications will be explored if we can realize Airy
beam in 2D SPP system. Salandrino et al. theoretically predicted the possibility of
SPP Airy beam [21]. However, the conventional scheme to generate Airy beam is
hard to be performed in 2D system. An SLM will be required to generate a cubic
phase for a Gaussian beam and a lens will be required for the inverse Fourier
transformation to get Airy beam in real space. The SLM and lens are hard to be
realized in the metal surface. An alternative way is to couple an Airy beam gen-
erated in free space into SPP. However, there’re some problems, and a good
coupling result is hard to get as well.

A 1.5 power phase for the start plane is a key to generate Airy beam from the
analysis in Sect. 3.2.1 [20, 22]. We proposed a method for nonlinear phase

Fig. 3.9 Generation of Airy beam with SLM. a, b Phase profile of SLM with cubic phase in 1D
(a) and 2D space (b). c scheme of Airy beam generation with SLM in free space
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modulation based on non-perfectly-matched Bragg’s condition as discussed in
Sect. 3.1. The intensity distribution could be controlled with this method as well. Is
it possible to generate a 1.5 power phase with a non-periodic lattice, so that to
generate Airy beam in 2D system? We tried this and proved the possibility.

First of all, we experimentally proved the hypothesis of nonlinear phase modu-
lation with non-perfectly-match diffraction with non-periodic array. The non-
periodic nano-array is periodic in z-direction, while it is gradient in x-direction (the
gradient is D = 10 nm). Figure 3.10a is the SEM image of the graded nano-array
fabricated with FIB. The non-perfectly-match diffraction is expected to be still
effective in this small gradient case. A laser light from a He–Ne laser (k = 632.8 nm
in free space) was used as the source of SPP and we measured the result with LRM
system. Figure 3.10b is the experimental result, where a self-bending, non-spreading
beam is shown. A theoretical calculation was performed based on Huygens-Fresnel
principle. Every nano-hole was considered as a point source and the total field will
be the integration of the field from each point source [23, 24]. The theoretical result
is shown in Fig. 3.10c, which coincident very well with the experimental result. To
make a quantitative evaluation on the experimentally achieved self-bending beam,
profiles at different propagation distances (marked with white dash lines in
Fig. 3.10b) are plotted in Fig. 3.10d, from which a set of Airy-like wave profile are
clearly manifested. The main lob keeps at a narrow width of about 1.3 lm, showing
non-spreading property in a propagation range of 30 lm, which is long enough for
an SPP wave at the wavelength of 632.8 nm. The decay speed is much less than that
of normal SPP. In this regard, it behaves like a lateral confined in-plane waveguide
and suggests possible applications in guiding SPP waves.

To further analyze the Airy-like beam achieved by non-periodic array, we
deduced the phase evaluation of the graded array. The phase evaluation in
x-direction can be obtained with non-perfectly-match principle, that is, an extra

Fig. 3.10 Generation SPP Airy beam with graded nano-array on metal surface. a SEM image of
the fabricated sample, b The experimental result observed with LRM and c The corresponding
calculation result, d The profiles of the beams at the corresponding locations marked with white
dash line in b. Figure adapted with permission from Ref. [10], APS
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phase change of 2p from every local lattice is yielded. The phase for the diffracted
beam at the mth row is /(x) = /0 + ksppx + 2 mp, in which /0 is an arbitrary
reference. There is an angle of h (h * 20°) between the main lob and z-axis, which
means the lattice boundary (line z = 0) is not the start line of this SPP Airy beam.
The phase evaluation along x-direction can be deduced to the direction of the start
plane of Airy beam in n-axis, which is normal to the tangent of trajectory of the
main lob of Airy beam as shown in Fig. 3.11a.

/ nð Þ ¼ / xð Þ � ksppb ¼ 2mpþ ksppx� ksppb; ð3:13Þ

In which

b ¼ � x tan h0ð Þ
cos hxð Þþ tan h0ð Þ sin hxð Þ ; n ¼ x

cos h0ð Þ 1þ tan hxð Þ tan h0ð Þð Þ ; ð3:14Þ

sin h0ð Þ ¼ kspp � a0
a0

; sin hxð Þ ¼ kspp � ax
ax

ð3:15Þ

In which ax is defined as the local lattice determined by the mean value of two
distances before and after the lattice of x. According to the experimental results of
the position of original point of O (a0 * 450 nm) and initial angle (h * 20°), we
calculated the transformed phase /(n) shown in Fig. 3.11b together with the results
of 1.4, 1.5, and 1.6-power phase modulation. It is clearly seen that the deduced data
from the graded array matches the 1.5 power relation considerably well. It well
explains the outcome of Airy-like SPP beam. In addition, the intensity of diffraction
from every local lattice is dominated by the matching condition, i.e., the better
Bragg’s condition satisfied, the stronger diffraction formed. Thus, the location of
the main lobe is usually near the match point, which is in coincidence with the Airy
function. Unfortunately, the precise modulation of intensity for this graded case is

Fig. 3.11 a Scheme of the phase transformation from the x axis to a virtue n axis, which can be
designed with respect to the beaming angle h for the main branch of SPP Airy beam. b Deduced
phase distributions in the starting n axis together with the 1.4, 1.5, 1.6-power phase modulations.
Figure adapted with permission from Ref. [10], APS
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rather complicated and remains a problem to be further explored. Nevertheless, at
this moment we mainly study the phase modulation, which is considered as the
critical factor to achieve the Airy beam.

It is proved that the non-perfectly-matched diffraction is still effective in
non-periodic array in above result, so that a nonlinear phase modulation can be
achieved with a non-periodic array. Next we will get further understanding of this
phase modulation method. More precise and versatile Airy beam generation will be
achieved with the method.

Figure 3.12 is the scheme of the realization of Airy beam with our nonlinear
phase modulation method, in which a groove grating is used to couple a He–Ne
laser beam (632.8 nm) into an in-plane propagating SPP wave, which subsequently
incidents into a non-periodically arranged nanocave array. By appropriate
arrangement, diffracted SPP waves from nanocaves will interfere and ultimately
form two SPP Airy beams on both sides. The inset is the Airy beam we realized in
above experiment.

Based on the analysis above, SPP Airy beam with a defined beaming direction
(for the main lobe) can be generated by a proper non-periodic array. With a
beaming angle of h, the corresponding phase along the x axis is retrieved as

Fig. 3.12 Scheme of Airy beam generation with non-periodic nano-array. Figure adapted with
permission from Ref. [10], APS
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w xð Þ ¼ � 2
3

� n
n0

� �3=2

� p
4
� k

n sin h
cos h� hnð Þ ; ð3:16Þ

where x ¼ n cos hð Þþ n sin hð Þ tan h� hnð Þ; hn ¼ arcsin @n/ nð Þð Þ, and n0 is a con-
stant determines the acceleration of Airy beam. According to the equivalent phase
by diffraction /mðxÞ ¼ kxþ 2mp, we can deduce the location of the mth diffraction
unit by solving /mðxÞ ¼ wðxÞ, and ultimately retrieve the arrangement of nanocave
array. Figure 3.13a, b are the designed array data and calculated results of the SPP
Airy beam with the angle of h = 0 and −7°, respectively. The corresponding

Fig. 3.13 Designable generation of SPP Airy beam. a, b Designed non-periodic lattice in
x-dimension (scaled with respect to the bottom of the array) for a horizontal beaming h = 0° with
Pz = 640 nm, n0 = 1.08 and b down-inclined beaming h = −7° with Pz = 650 nm, n0 = 1.33. c,
d Calculated results and e, f Experimental results respectively. Figure adapted with permission
from Ref. [10], APS
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experimental results are subsequently shown in Fig. 3.13e, f, which agree well with
the calculated ones. By carefully examining these beaming profiles, a set of upper
branches with considerable strong intensities are exhibited besides Airy beam
features revealed in main parts. It is actually due to another matched condition
corresponding to the reciprocal G−2,1 in the larger ax region. So far, of importance is
that SPP Airy beams are realized in a designable way by proper phase modulation,
where the non-spreading, self-bending properties are well demonstrated. As for the
precise intensity modulation, we believe it may be improved by carefully tuning the
diffraction elements. The achieved SPP Airy beam further proved the efficient of the
nonlinear phase modulation method.

3.2.3 Characteristics of Plasmonic Airy Beam

We analyzed the characteristics for the achieved plasmonic Airy beam with the
angle of h = 0°. First of all we examined the nondiffraction property, with which
the width of the main lob will keep the same. Figure 3.14a is the measured result of
the width of the main lob in Fig. 3.13e, in which the width is kept in around 1.3 lm
in the propagation range of about 50 lm except a fluctuation near the start position.
50 lm is very long considering the propagation length of the SPP respect to the
wavelength of 632.8 nm, which means the realized Airy beam is a non-diffraction
beam.

Fig. 3.14 Properties of plasmonic Airy beam. a Non-diffraction. b Ballistic trajectory. c,
d Self-healing properties. Figure adapted with permission from Ref. [10], APS

48 3 Non-perfectly-matched Bragg Diffraction and the Realization …



Next the self-bending property is examined. We plot the trajectory of the main
lobe, which is shown in the red curve in Fig. 3.14b, while the theoretical trajectory
corresponding to the experimental design parameter n0 = 1.08 is shown in blue
curve of Fig. 3.14b. The experimental trajectory shows considerable coincidence
with the analytical parabolic curve. The deviation is because of the finite size of
nanocave array.

In addition, we studied the self-healing property. Self-healing is a very inter-
esting property of Airy beam. If Airy beam is block by some obstacle, it will be
recovered after a certain distance from the obstacle. We artificially introduced two
blocks in the beam paths to test the self-healing property, as shown in Fig. 3.14e
and f for blocks of small (1.5 � 0.6 lm2) and large (2.2 � 0.6 lm2) rectangular
holes, respectively. It is evidently that the SPP Airy beams really heal up by
themselves for both cases, showing good self-healing property.

Non-diffraction, self-bending and self-healing properties are the most important
properties of Airy beam. The achieved plasmonic Airy beam shows all the three
properties, which means, there is no doubt that a well-developed SPP Airy beam is
accomplished in a designable way.

The Eq. 3.2 is deduced under the paraxial condition, that is Airy beam can only
exist in the paraxial condition [25]. According to the paraxial condition, the larger
n0 value is, the better condition is satisfied, which is proved by our calculation using
Eq. (3.4) in Ref. [24]. We calculated the beam profile with different constant n0 and
the results are shown in Fig. 3.15. The beam will maintain a very good
non-diffraction status in a very long propagation range when n0 is large (n0 = 2.16)

Fig. 3.15 Profiles of Airy
beams under different paraxial
condition (n0). a n0 = 2.16,
b n0 = 1.08 and c n0 = 0.54.
Figure adapted with
permission from Ref. [10],
APS
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as shown in Fig. 3.15a. However, if n0 is small (n0 = 0.54), the non-diffraction
status will collapse to a featureless background quickly. Here we chose a median
constant with n0 = 1.08. The main lob can maintain the non-diffraction status in a
propagation range of about 70 lm as shown in Fig. 3.15b. 70 lm is a good number
for our experiment since the SPP suffers serious propagation loss and the propa-
gation length is about 20 lm in the wavelength of 633 nm. When n0 gets larger, the
accelerating rate will be reduced as shown in Fig. 3.15a, so that it will depress the
distinguishable of the self-bending property of Airy beam for such a lossy SPP case.
Overall, we chose n0 = 1.08, so that the beam can be remarkably distinguished
without loose the Airy beam characteristics in a considerable propagation distance.

We further studied the energy variation during the propagation of the beam. The
normalized intensity evolution along the main lob of the experimentally achieved
plasmonic Airy beam is shown with the black squares in Fig. 3.16, while the
intensity evolution of SPP Gaussian beam (shown in the inset of Fig. 3.16 recorded
by LRM) is shown with red spots. Here we define the distance for the intensity to
decay to 1/e as the propagation length. It is well demonstrated that Airy beam has a
much longer propagation length (*50 lm) than the Gaussian beam (*15 lm),
although its beam width preserves at a much smaller one. The plasmonic Airy beam
doesn’t change the propagation length of SPP. It only change the energy distri-
bution on the surface. However, it will be quite helpful to the propagating and
processing of the optical information.

We achieved plasmonic Airy beam with the nonlinear phase modulation method
flexibly in previous section. However, the 1.5 power phase evolution is just the
/þ
0 xð Þ part of formula 3.11. A good non-diffraction main lob of Airy beam can be

realized with the 1.5 power phase evolution. But it is not a complete Airy beam.
The /�

0 xð Þ part is also essential to the formula 3.11, with which a complete Airy
beam can be realized. The complete phase evolution can be realized with our
nonlinear phase modulation method as well. We designed two set of non-periodic
nanoarray as shown in Fig. 3.17a, in which the blue one is for the positive 1.5

Fig. 3.16 Propagation length
of SPP Airy beam. Intensity
evolution with propagation
length of SPP Airy beam
(black squares) and regular
SPP Gaussian beam as the in
set image (red dots).
Figure adapted with
permission from Ref. [10],
APS
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power phase evolution to realize /þ
0 xð Þ part, while the green one is for the negative

1.5 power phase evolution to realize /�
0 xð Þ part. They are put together to realize

both /þ
0 xð Þ and /�

0 xð Þ simultaneously to get a sine wave packet for a complete
Airy beam. Figure 3.17b are the design data for both positive and negative phase
evolution. The SEM image of the fabricated sample is shown in Fig. 3.17b.
Figure 3.17d is the result recorded by LRM. Comparing to the previous Airy beam
with only the phase of /þ

0 xð Þ part (Fig. 3.17e), the main lob of Airy beam in
Fig. 3.17d of the complete design is much better, and the sub-lobs are clearer as
well. It is closer to the ideal Airy beam. It is concluded that the non-perfectly-match
phase modulation method can not only realize the monotonic phase evolution, but
can realize more complicated phase evolution as well. The phase modulation
method is a general method which has an universal applicability.

In the same time Zhang et al. in UC Berkeley and Minovich et al. in Australian
National University realized plasmonic Airy beam independently [26, 27]. Zhang
generated Airy beam in free space and coupled it into SPP, while Minovich gen-
erated the wavefront of Airy beam with the coupling process between light and
SPP. Their generation of plasmonic Airy beam relied on the out of plane process,
which is not applicable for the 2D photonics integration. While our generation is
completed totally in the 2D in-plane system, so that it will be more applicable for
the realistic photonics integration.

In conclusion, non-perfectly-match diffraction is still effective in non-periodic
arrays. With the non-perfectly-match diffraction, we can not only realize monotonic
phase evolution, the more complicated non-monotonic phase evolution can be
realized as well. With this phase modulation method, we achieved plasmonic Airy

Fig. 3.17 Realization of sine phase evolution. a Scheme of design for sine phase realization.
b The designed lattice data for the nano-array. c SEM image for the nano-array fabricated by FIB.
d Airy beam generated with sine phase evolution, comparing with e Airy beam generated with
monotonic 1.5 power phase evolution
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beam by in-plane process. It provides a helpful inspiration to the in-plane manip-
ulation of the optical energy distribution in 2D system without any structure
restriction.

3.3 Summary

To break the restriction of Bragg’s law, we proposed a method called
non-perfectly-matched diffraction. The constructive diffraction exists even when
Bragg’s condition is not perfectly matched. The diffraction direction is determined
by the lattice constant in the propagation direction and it was experimentally
proved.

Based on the non-perfectly-match diffraction, a nonlinear phase modulation
method was proposed with non-periodic array. The non-perfectly-match diffraction
is not only effective in the periodic array, it is also effective in the non-periodic
array. The phase modulation method breaks the restriction of Bragg’s law, which
can only realize a linear phase modulation. With this new method, we realized a
1.5 power phase evolution and a plasmonic Airy beam was demonstrated for the
first time in the in-plane process. The achieved plasmonic Airy beam has the
properties of ordinary Airy beam, such as non-diffraction, self-bending and
self-healing. Meanwhile it can compensate the propagation loss of SPP. It is worth
to notice that the phase modulation method together with the achieved plasmonic
Airy beam are all in-plane processes, which will be more applicable to the future
integration photonics than conventional manipulation method with the coupling
process. Furthermore, this phase modulation method is not only useful for SPP
manipulation, it can also be applicable to modulation the other waves.
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Chapter 4
SPP Beam Engineering Based
on Non-perfectly-matched Bragg
Diffraction

Phase modulation is a high effective method to manipulate electromagnetic waves.
Optical elements, such as lenses, gratings, zone plates and etc. are commonly used
to modulate the phase of wave. In 1980s, researchers at MIT Lincoln Laboratory
developed binary optics [1], a way of steering light propagation using phase-only
modulation method, which has promoted optical researches, applications and the
development of technologies in many areas. In 2011, Capasso’s group in Harvard
University proposed the concept of metasurface [2], which use a thin layer of metal
structures to modulate the phase of light. Instantly, it gave rise to a new exciting
upsurge of using phase to modulate light propagation. Non-perfectly-matched
(NPM) Bragg diffraction method is also a new phase modulation method which
achieves the non-linear phase modulation of in-plane SPP [3]. Thus we can expect
that it will provide new opportunities for two-dimensional optical systems. Since
the observation of self-bending Airy beam, people’s enthusiasm for beam engi-
neering rose again. Besides Airy beam, nonparaxial nondiffracting beams [4, 5],
arbitrary nondiffracting beams [6–8] and etc. were proposed and realized. Among
them, there are two kind of beams attracted particular attention. One is the colli-
mated nondiffracting beam which has realistic significance in applications of optical
integration; another is nonmonotonic beam, which reflects the capability of con-
trolling the energy distribution of light in free space, which is important both in
scientific researches and applications.

In this chapter, we will further reveal the physics and the applications of
non-perfectly-matched diffraction phase modulation method. We first realize col-
limated SPP beams and propose a new method to control the intensity distribution
of the collimated beams. Furthermore, we extend the method to beam generation
with curved trajectories and successfully realize non-monotonic beams. We then
achieve broad band SPP focusing, which can be used as demultiplexer with high
spatial resolution. All these schemes and results can be extended to SPPs of other
forms such as point sources, indicating the generality of our method. The flexibility
of the phase modulation method in designs and applications will also be discussed.

© Springer Nature Singapore Pte Ltd. 2017
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4.1 Collimated SPP Beam with Controllable Intensity
Distribution

Nondiffracting beams have attracted great research interests in recent years. They
reflect people’s capability to control energy and information of light in free space
and will probably have significant applications in future information technologies.
We expect to achieve nondiffracting beams in SPP system, which is one of the
possible carrier of future all-optical integration, and will be of great importance both
in fundamental scientific researches and applications. As mentioned in the previous
chapter, Airy beam is one kind of nondiffracting beam. Actually, manipulations of
nondiffracting beams, such as arbitrary accelerating caustic beams [6, 7], non-
paraxial beams [4] and etc., have attracted increasing attention recently. In some
sense, nondiffracting beams can be regarded as a particular kind of focusing keeping
a preserved focal spot during beam propagation. Hence it is well worth controlling
elaborately. However, the well demonstrated self-bending nondiffracting beams
such as Airy beam would not be so applicable in on-chip integrations. To generate a
straight beam with strong field confinement and controllable intensity would be
more important in practical applications.

4.1.1 Collimated SPP Beam

In principle, a collimated SPP beam can be formed by the interference of two
intersecting plane waves, just like the generation of Bessel beam in free space [9]. It
was realized on metal surface by Lin et al. as shown in Fig. 4.4. They call this kind
of nondiffracting beam Cosine-Gauss beam [10]. Two intersecting placed gratings
were designed to couple the incident laser to two Gaussian SPP beams with planar
wavefronts. They will intersect at certain angle and interfere with each other.
The coupled SPP beams are uniform within a certain region. Thus the intersecting
part is nondiffracting leading to a collimated and nondiffracted SPP beam (Fig. 4.1).

However, as we all know plane wave has a linear-phase wavefront which is quite
different from the 1.5-power phase type of Airy beam. By carefully investigating
we can easily find that the self-bending feature of Airy beam should attribute to its
phase distribution (1.5-power phase in x < 0 while exponential decay in x > 0).
This asymmetric phase distribution leads to the asymmetric beam. Thus, we would
intuitively consider whether we can use the 1.5-power phase to generate a colli-
mated nondiffracting SPP beam. If yes, it would possibly contain novel physical
ideas and thus open up a new avenue to engineer nondiffracting beams.
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4.1.2 Collimated SPP Beams Generated
by Non-perfectly-matched (NPM) Bragg
Diffraction Method

Here we investigate this scheme experimentally. Firstly, we utilize the NPM Bragg
diffraction method to establish a symmetrical 1.5-power phase distribution which
will lead to a symmetrical beam as shown in Fig. 4.2a [11]. The design parameters
of the nanoarray are calculated by solving /m xð Þ ¼ wðxÞ, here wðxÞ ¼ cx1:5

(c = 0.6) is the symmetrical 1.5-power phase distribution. The result is depicted in
Fig. 4.2c. The local lattice (ax) of the nanoarray varies from 477 to 826 nm. The
retrieved phase distribution along x direction (red dots) in Fig. 4.2d is consistent
with the desired phase distribution (black curve). The sample with these parameters
was fabricated on a silver film by FIB. Figure 4.2b shows the SEM image of the
sample, where each unit is a rectangular nanohole with a size of 240 � 120 nm2,
depth of 20 nm and transversal period Pz = 610 nm. The white arrow indicates the
symmetric position (x = 0), where the corresponding local lattice ax = 610 nm
matches the Bragg’s condition, and the lengths of the array on both sides of the
symmetric position are almost the same (*9.7 lm).

In experiment, we used a 633 nm He–Ne laser as the incident light. It was
coupled to the SPP wave by grating on the metal surface. Figure 4.3a shows the
image recorded by LRM system: two collimated SPP beams symmetrically dis-
tribute on both sides of the structure. For a clearer analysis of the generated beams,
we retrieved the intensity distributions of the right beam at certain positions as
plotted in Fig. 4.3b. It can be seen that a nearly nondispersive main lobe keeps the
FWHM at 1.5 lm during propagating (*30 lm before it vanishes) and has a high
contrast compared with the surrounding lobes. More interestingly, the peak inten-
sity of the main lobe increases gradually during propagating and then decreases
suddenly at 30 lm as shown in the inset in Fig. 4.3b.

Fig. 4.1 Cosine-Gauss SPP beam. Figure adapted with permission from Ref. [10], IOP
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A detail analysis is taken to the formation of the main lobe. The result of
theoretical calculation based on Huygens–Fresnel principle is shown in Fig. 4.4.
The SPP attenuation length is about 15 lm according to our previous experiments
in last chapter. As we can see, the beam trajectory, profile and evolution of the
intensity in the experiment are in good agreement with the theoretical results. It’s
easy to understand that symmetric phase distribution will undoubtedly form sym-
metric beam. And constructive interference always occurs in the center line because
of equal phase, thus forming the main lobe. However, what’s the underlying
physics of the interesting intensity distribution? As it has been said in the NPM
Bragg diffraction, a different local lattice will lead to an optimum diffraction angle
(h). The angle can be derived from the differential of the corresponding phase
distribution, as

sin h ¼ � 1
k
@wðxÞ
@x

¼ cn
k
xn�1 ð4:1Þ

Fig. 4.2 Symmetrical 1.5-power phase distribution generated by NPM bragg diffraction method.
a Schematic diagram of symmetrical phase in SPPs system. b SEM image of the sample. c Design
data for the phase generation. d The corresponding phase designed (red dots). Figure adapted with
permission from Ref. [11], APS
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Fig. 4.3 a The propagating
image of SPP recorded by
LRM. b The intensity profiles
at different positions within
the white region in a, the inset
depicts the intensity of the
main lobe along propagation.
Figure adapted with
permission from Ref. [11],
APS

Fig. 4.4 Theoretical
calculated SPP beam, where
the inset image shows the
intensity variation of the main
lobe against the propagation
length. Figure adapted with
permission from Ref. [11],
APS
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where wðxÞ ¼ �cxn. The diffracted SPPs can be regarded as a cluster of geometrical
rays, intersecting with z axis. Thereby, the relation of the intersections and the
corresponding source positions in the x axis can be derived as

za ¼ xa cot h ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k
cn

x2�n
a

� �2

�x2a

s
ð4:2Þ

Here, (0, za) and (xa, 0) are the coordinates of the intersection and the corresponding
source position, respectively (as shown in Fig. 4.5a). Calculating Eq. 4.2 with
n = 1.5, c = 0.6 as before, we get a curve as shown in Fig. 4.5b. The slope increases
gradually with the increasing of z. As the diffracting sources along the x axis
distributed evenly, we can then conclude that more sources contribute to enhance the
intensity of the main lob as the beam propagates. The blue dash line in Fig. 4.5b
represents the boundary of the designed array (*9.7 lm). Thus no source out of the
structure will contribute to the beam, leading to an abrupt drop in the intensity at
about 34 lm. The analysis is consistent with the above theoretical and experimental
results, indicating a close relation between Eq. 4.2 and the beam formation.

Furthermore, we calculated the cases of other symmetric phase distributions with
n changing from 1.0 to 1.8. Figure 4.6a–d shows the experimental results of the

Fig. 4.5 The relation
between sources and
intersections. a The schematic
of a ray propagation. b The
relation of source to beam (the
intersection). Figure adapted
with permission from Ref.
[11], APS
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Fig. 4.6 a–e SPP beams at the case of n = 1.8, 1.6, 1.4, 1.2 and 1.0, respectively. f The beam
intensity at different z positions at the case of n = 1.0. g The source-to-beam relation curves for all
cases with constant c = 0.6. Figure adapted with permission from Ref. [11], APS

samples with c = 0.6 and n = 1.8, 1.6, 1.4 and 1.2, respectively. A clear evolution
from a strong focusing to a nearly nondiffracting beaming is demonstrated.
However, with the decrease of n, the length of the beam will be longer and longer
and the intensity will be too disperse to be observed. So we increase the constant c
to get a much more concentrate intensity in the case of smaller n. In Particular, we
studied the case with c = 1.5 and n = 1 showing in Fig. 4.6e. That is equivalent to
the case of two plane waves intersecting with a certain angle, which is similar to
Lin’s method to generate Cosine-Gauss beam [1]. Figure 4.6f shows the beam
intensity at different positions along propagating. The width was preserved during
propagation, indicating the feature of nondiffracting. Besides, we also calculated
their source-to-beam diagrams in the case of different phase distributions showing
in Fig. 4.6g. Expect the linear case of n = 1.0, all the others are curves with
different increasing tendency. The same as the previous n = 1.5 case, there is a
cutoff in the main lobe due to the finite structure, as indicated by the blue dash line.
Actually, the light beam is truly nondiffracted only at the case of n = 1.0. However,
as indicated in the experiment, the beam widths in other cases are nearly change-
less, which can also be regarded as nondiffracting to some extent.
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According to the discussion above, we can find out the substantial effect of
source-to-beam relation in the process of beam formation. For a further under-
standing, we will investigate several special kind of beams firstly. Their
source-to-beam relations can be obtained from Eq. 4.2 as:

z ¼ �x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k
cn

� �2

�1

s
; ðn ¼ 1Þ; ð4:3Þ

z2 þ x� 1
2

k
cn

� �2
" #2

¼ 1
4

k
cn

� �4

; ðn ¼ 1:5Þ; ð4:4Þ

z2 þ x2 ¼ k
cn

� �2

; ðn ¼ 2Þ: ð4:5Þ

As we can see, for the case of n = 1 (i), the source-to-beam relation corresponds
to a straight line; However, for the case of n = 1.5 (ii) and n = 2 (iii), they are two
circular curves with different radiuses and centers, as shown in Fig. 4.7a. With the

Fig. 4.7 a Source-to-beam relation at the case of c = 0.6. b Source-to-beam relation at the case of
different n and c. c Source-to-beam relation at the case of n = 2.0. Figure adapted with permission
from Ref. [11], APS
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same constant c, the radius of curve (ii) is much larger than the radius of curve (iii).

When c = 0.6 as adopted in our experiment, the corresponding radiuses are rðiiÞ ¼
1
2

k
cn

� �2¼ 65:49 lm and rðiiiÞ ¼ k
cn

� � ¼ 11:44 lm, respectively. Hence we didn’t
compare these two cases in our experiment due to their high contrast.

For other values of n, the corresponding source-to-beam relations can be cal-
culated numerically. As discussed above, the ultimate relation curves are deter-
mined by the values of coefficient c and phase factor n. To locate the curves in our
desired range, the coefficient c was appropriately selected for different n. The results
are shown in Fig. 4.7b. As the source position increases, all the curves experience
maximum values which indicate the maximum length of the corresponding beams.
These curves start from z = 0, that is to say the corresponding beams also starts
from the initial place of z = 0 regardless of the beam intensity, which is signifi-
cantly different from the case of n = 2.

In the case of n = 2, the intersection of the ray and z axis moves from the focus
position to the negative direction of z. In fact, the method using 2-power phase to
achieve focusing is just in paraxial approximation, which is clearly shown in
Fig. 4.7c. The black arc represents the result of n = 2 and c = 0.6. In this case, if
source region has a range of −10 lm < x < 10 lm, the corresponding beam will
cover a wide range of 0 < z < 8.5 lm. That is not a typical focusing. But if we
shrink the source region to −2 < x < 2 lm, indicated by the black dashed lines, the
arc will project a small region in z axis leading to a good focusing as the paraxial
approximation is fulfilled. In order to design a better focusing, a much smaller
coefficient c is needed to get a longer focal length, thus satisfy the paraxial
approximation in a much wider range. For example, as the red arc with c = 0.2
showed in Fig. 4.7c, the intersections concentrate around 25 lm leading to a good
focusing with focal length of 25 lm.

4.1.3 Intensity Modulation of Collimated SPP Beam

As has been discussed above, the beam intensity is influenced by the
source-to-beam relation which is determined by the initial phase distribution. So we
wonder whether we can change the beam intensity by phase design. As we know,
the applications of SPP wave are limited by its large propagation loss. As a result, to
compensate or reduce the loss will play an important role in SPP applications.
Indeed, in the case of c = 0.6 and n = 1.5, the formed SPP beam has already been
compensated and even strengthened in a certain region. Actually, by modulating the
source-to-beam relation, we can achieve arbitrary intensity distribution including
intensity-preserved SPP beams. While knowing the source-to-beam relation, we can
deduce certain phase distribution for a desired intensity distribution from the
relation of source-to-beam relation. The phase distribution can be further achieved
by certain phase design method, such as the NPM phase modulation method.
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According to the previous discussion, we know that the ray density q(z) through
one position of z-axis is proportional to the slope of the source-to-beam relation at
the corresponding point (as shown in Fig. 4.8b), i. e. q zð Þ / dx=dz. Assuming an
SPP beam with a propagation length of l and a source with even intensity distri-
bution along x-direction, the beam intensity in the z axis contributed by a unit
source can be expressed as:

Ii / expð�r=lÞ ¼ expð�x =l sin hÞ ð4:6Þ

Here r is the propagation length from source to beam. We want to get a lossless SPP
beam, that is the beam intensity is fixed along the propagation as IðzÞ ¼ qðzÞIi ¼ c
by certain phase design. That is:

dx=dzð Þ expð�x =l sin hÞ ¼ c ð4:7Þ

By solving Eqs. 4.1, 4.2 and 4.7, we get the phase distribution for a lossless SPP
beam. The calculated result with l = 15 lm is shown by the red line in Fig. 4.8c
together with the 1.5-power phase distribution (black line) for comparison. As we
can see, the designed lossless one has a smaller curvature than the case of 1.5-power
phase. It is reasonable for the latter has an increased intensity along propagation.
Figure 4.8a is the theoretical calculated propagation image for the designed phase
distribution based on Huygens Fresnel principle, with the intensity distribution of

Fig. 4.8 The realization of lossless SPP beam. a The theoretical calculated propagation image.
b The experimental image recorded by LRM. c The corresponding phase distribution of lossless
SPP beam (red line) compared with the 1.5-power case (black line), The calculated (d) and
experimental (e) intensity distributions of the corresponding main lobes. Figure adapted with
permission from Ref. [11], APS
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the main lobe depicted in Fig. 4.8d. Clearly, the intensity keeps almost unchanged
during propagation. (It should be noted that the SPP source points were evenly
selected from the derived phase distribution and radiate cylindrical waves on the
metal surface. Different from the previous method using metal nanostructures as
radiation source, here the propagation image was generated by the point sources
with certain phases.)

Next, we use the previous NPM phase design method to design nano arrays and
carry on the corresponding experiments. Figure 4.8b is the image recorded by
LRM, which is almost the same with the theoretical result showing in Fig. 4.8a.
Figure 4.8e is the intensity distribution of the main lobe with a preserved intensity
within 35 lm, except for a strong disturbance in a small range near the structure.
Thus, an intensity-preserved and nearly nondiffracting SPP beam is well demon-
strated through the above critical design.

From the discussion above, it is easy to conclude that any intensity distributions
might be realized by using the source-to-beam relations. Assuming an arbitrary
intensity distribution F(z), we can get the required phase distribution by solv-
ing IðzÞ ¼ qIi ¼ cFðzÞ. Here, we take an exponential increasing beam with FðzÞ ¼
exp z�z0

l0
� �

as example, where l′ is a coefficient and z0 is a start point. Figure 4.9a
depicts the designed phase distribution in the case of l′ = 20 lm, z0 = 10 lm,
which has a much greater curvature compared with the phase distribution of the
lossless SPP beam. The theoretical calculated result is shown in Fig. 4.9b with
intensity of the main lobe retrieved (red line) in the inset, where an exponential
increase profile is clearly presented from z = 10 to 40 lm. Here we didn’t carry out
corresponding experiment, because the source range (−24 < x < 24 lm) in the
calculation is relatively larger than the practical SPP propagation length. However,

Fig. 4.9 a The required phase distribution for an intensity exponential increasing beam. b The
propagation image by theoretical calculation. Inset is the calculated intensity of the main lob and
that of a cos-Gauss beam in the same situation. Figure adapted with permission from Ref. [11],
APS
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as long as the source is large enough, we believe that beams with arbitrary intensity
distributions can be achieved using the method above, which would possibly imply
particular applications in some particular areas (e.g., in optical trapping). Notably,
this design scheme is valid not only for the lossy SPP but also for other beam
systems, only replacing the item of exp(−r/l) with a more general form.

The achieved collimated SPP beams also have self-healing property as the Airy
beam, which is demonstrated experimentally with the phase parameters c = 0.6 and
n = 1.4 as shown in Fig. 4.10. Big holes (6–8 wavelength in size) were fabricated
by FIB in the SPP beam path to block the side lobes (Fig. 4.10a) and the main lobe
(Fig. 4.10b), respectively. The blocking and self-healing processes of the left beams
are clearly observed compared with the intact ones on the right side. However, the
situation of the self-healing is not so much consistent with the above explanation of
source-to-beam relation because the obstacles could not block the SPP beams
totally. However we can still find the relation between the blocked source and the
corresponding beam by comparing the left beams at the same positions in
Fig. 4.10a, b. It should be mentioned that the NPM Bragg diffraction method and
the phase-ray relation described by geometric optics are both based on average
effects. Thus they will not be so suitable when consider a precise position. Here the
self-healing property of this kind of collimated SPP beam is well demonstrated.

In summary, we achieved a series of collimated SPP beams including non-
diffracting ones by utilizing symmetrical phase distribution. Meanwhile, we pro-
posed an understanding about the source-to-beam relation and explained the beam
formation successfully. Moreover, according to the explanation, we proposed a new

Fig. 4.10 Self-healing property of the collimated SPP beam. Figure adapted with permission from
Ref. [11], APS
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intensity modulation method by phase, subsequently achieving collimated SPP
beams with preserved and exponential increased intensities distributions,
respectively.

4.1.4 Research on Nonmonotonical Beams

In the previous section, the constructive interference always occurs along the
optical axis due to symmetrical phase distribution, forming collimated SPP beam. It
is easy to extend the model to a much general case. As shown in Fig. 4.11a, the
straight optical axis is transformed to a bending one. And the phase distribution on
both sides of the relative positions are still symmetrical about the new axis. As a
result, arbitrary bending beams with high contrast can be achieved due to con-
structive interference along the curving axis. Furthermore, we can enhance the
beam-background contrast by design more rays that constructively interfere and
superimpose on the beam as shown in Fig. 4.11b.

According to the scheme, we calculated the required phase distribution of a
certain beam with a bending trajectory and obtain such phase distribution by NPM
Bragg diffracting method. Both theoretical and experimental results are presented in
Fig. 4.12a, b, where the beam with the designed bending trajectory is well
demonstrated.

However, we are just achieving some preliminary results. There are still a lot of
deficiency on contrast, beam intensity and so on in these results, which need further
optimization and improvement. But the results above have already shown the
advantages of the method on unconventional beam generation. In recent years, the
researches on beam steering have attracted a lot of attention and several special
beams have been achieved successively. Besides the beams discussed above, the
non-paraxial nondiffracting beam [4, 5, 12], the arbitrary beams with monotonic
trajectory [6–8, 13] and so on were realized as well. Some new methods of beam
modulation have also been proposed, including holographic method [14–16],

Fig. 4.11 a The general and b Improved schemes of the symmetrical phase method
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caustic method [7] and so on. Comparing with these methods, our method has a
clearer physics and might achieve much higher contrast. We can expect that it will
have specific applications and significances on the modulations of beams with
curving, even non-monotonic and arbitrary trajectories and inspire the research on
optical field modulations.

4.2 Focusing and Demultiplexing of SPP Beam

Focusing is one of nature’s most common and important optical phenomena. It can
gather energy or information at the focal point to achieve a much higher intensity,
which is rather useful in processes of collecting, detecting and so on. SPP focusing
also attracted a lot of attention. Arc-shaped slit [17], grating [18–20], V-shaped
waveguide [21], conical-shaped structures [22, 23] and so on have been proposed to
convert free space light to subwavelength focused SPP. Zhang’s group have pro-
posed a binary plasmonic method to design different binary plasmonic structures,
which can be used to realize single and multiple SPP focal spots [24, 25]. However
as we have discussed before, these methods to achieve SPP focusing are based on
3D coupling process, which is not applicable in 2D photonic integration. It is
required to achieve in-plane SPP focusing without coupling process. Though the
in-plane zone plate was proposed to obtain SPP focusing on the metal surface
[26, 27], it requires a relative wide SPP beam which is a disadvantage for optical
integration. A more applicable method for in-plane focusing is needed.

On the other hand, demultiplexer is a critical device in optical information and
technologies, which is used to divide light of different frequencies to different
channels. Since the increasing requirement of information capacity, a much higher
frequency resolution is desired and different frequencies need to be separated to
different ultra-narrow channels. Due to the subwavelength confinement, SPPs
provide great opportunities to increase the resolution. The Bull’s eye structures
[28], the metal/dielectric/metal (MIM) structures [29] and so on have been proposed
to realized frequency division by SPPs. However, all of these results were realized

Fig. 4.12 a Calculated and b Experimental results of an arbitrary bending beam by symmetrical
phase method
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in 3D space, which are not applicable to 2D photonics integration. Recently,
Zhang’s group, Tanemura and etc. have realized SPP demultiplexing in the form of
focusing by designing coupled structures on the metal surface [30, 31]. Due to the
process of focusing, they can separate the SPPs with different frequencies to much
narrower regions and achieve higher resolution. Unfortunately these focusing and
demultiplexing are rely on the coupling process which is not practical for the 2D
system as well. As in the realm of in-plane manipulation, plasmonic crystal was
designed to realize double-wavelength demultiplexing [32]. However, this kind of
plasmonic crystal is based on Bragg’s principle, thus is only valid for the design
wavelength, not to mention the resolution. To achieve the more data channels with
high resolution, we try to realize the focusing as well as the demultiplexing through
in-plane manipulation.

4.2.1 Focusing of SPP

First, we would demonstrate the SPP focusing of a single wavelength on the metal
surface. As we have known in the previous chapter, NPM Bragg diffraction method,
written as /(x) = /0 + ksppx − 2mp, can be used to realize various kinds of con-
tinuous phase modulations. Based on this method, we can achieve focusing through
a quadratic phase evolution. The desired structure parameters can be deduced by
solving equation /m(x) = w(x), in which w(x) = −kx2/2f0 is the quadratic phase
distribution with a focal length of f0.

Figure 4.13a, b are the schematic diagrams of our design [33]. An SPP wave
launched by a focused laser with grating coupling method incidents directly into a
non-periodic nanocave array. By appropriately designing the nanoarray, the dif-
fracted SPP waves will process square phase distribution and focus to spots in both
sides of the array. Figure 4.13c depicts the local lattice data along x direction,
which is the distance between two adjacent nanocaves along the propagation
direction of the SPP. The period in the z direction was chosen as pz = 640 nm to
make diffracting intensity almost even within the whole structure and get a well
focus. The designed sample was fabricated by FIB on a 60 nm thick silver film.
Both of the grating and nanoarrays have a depth of 20 nm. Each nanocave has the
size of 120 nm � 240 nm and the long side is long x direction. Here the
rectangle-shaped nanohole is chosen, which is different from the structure adapted
in the last chapter, to get a more even diffracting intensity distribution. The
well-demonstrated SPP focusing with a focal length of 40 lm recorded by the LRM
system is shown in Fig. 4.13d. Further, we did theoretical calculation with the
corresponding structure based on Huygens-Fresnel principle and the result is shown
in Fig. 4.13e, which is in good agreement with the experimental one. Figure 4.13f
illustrates the profiles of the focal spots, whose full widths at half-maxima (FWHM)
in experiment are about 12.2 and 0.93 lm in longitudinal (z) and transverse
(x) dimensions, respectively, agreeing well with the calculated values of 9.35 and
0.82 lm accordingly. It is worth to mention that the SPP intensity at the foci (about
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60 lm away from the SPP source—the grating coupler) is as strong as the intensity
only 20 lm away from the source due to a focusing effect. As we all know, SPPs
were limited in practical applications due to their strong propagation loss, which
however can be overcome to some extent by the property of the focusing.

4.2.2 Broad Band Focusing and Demultiplexing of SPPs

As shown in Fig. 4.13c, the designed lattice parameters, which determine the
diffracting directions and phase distribution of the SPP at corresponding wave-
length, have almost a linear increment against the corresponding lattice numbers in
a certain range. In other words, our design may be applicable to SPPs with different

Fig. 4.13 SPP focusing by NPM Bragg diffraction method (a) Schematic of focusing propagating
SPPs. b, c Designed non-periodic lattice parameters in x-dimension for horizontal focus.
Experimental (d) and Theoretical (e) result of SPPs focus. f Intensity profiles of the focal spots in
d (solid line) and e (dash line). The red and green lines are the longitudinal profiles and the blue
and black lines are the transverse ones (scale bar = 10 lm). Figure adapted with permission from
Ref. [33], ACS
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wavelengths around the designed one, leading to broad band effect, which was also
demonstrated in our experiments. The structure was designed to generate focusing
with a focal length of 40 lm for an SPP of 560 nm (the corresponding free space
wavelength is about 580 nm) and the design parameters along x direction is
depicted in Fig. 4.14a with a lateral period of pz = 560 nm. A five-color He–Ne
laser (543, 594, 604, 612 and 633 nm) was used as the incident source and the
corresponding results were shown in Fig. 4.14a–e, where the focusing of SPPs of
wavelengths from 543 nm (green) to 633 nm (red) are well demonstrated, indi-
cating a broad band responses of about 100 nm. The lateral FWHMs of the focal
spots change from 0.9 to 1.3 lm as the incident wavelength increases as illustrated
by red dots in Fig. 4.15.

To better demonstrate the realization of focusing for all these wavelengths, we
retrieved the phase distributions for the five wavelengths at the original position

Fig. 4.14 Broad band focusing of SPPs. a Design parameters of the structure. b–f The
experimental focusing images detected by LRM with the laser wavelengths of 543 nm (b), 594 nm
(c), 604 nm (d), 612 nm (e), and 633 nm (f), respectively. Figure adapted with permission from
Ref. [33], ACS
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according to the practical measured focal lengths and directions. The results depicted
by square dots in Fig. 4.15 are in good agreement with the theoretical required
quadratic phase distributions for focusing (shown as blue lines in Fig. 4.15), which
explains why we can get the focusing results within the wavelength range in the
experiments. Nevertheless, the phase deviation from the theoretical required phase
distribution trends to increase when the operating wavelength is far from the
designed one, leading to a worse focusing result in the experiment. However in
practical applications, a better focusing effect can be fulfilled with a careful trade-off
between the required bandwidth and the design wavelength. Here, our design is
enough to realize a focusing with a bandwidth of 100 nm in the visible range.

Also our structure can be used as a demultiplexer for the property that the SPPs
of different wavelengths are focused to different positions. For a clear demonstra-
tion, we introduce another He–Ne laser (633 nm) as a reference together with the
previous five-color laser, which then incident onto the coupled structure as a
dual-wavelength SPPs source. Figure 4.16a–c are the experimental results corre-
sponding to the incident laser beams of 633 nm together with 594, 604, and 612 nm
in turn, where the variation of the distance between the focal spot of the corre-
sponding SPP and that of the reference SPP was clearly observed. The lateral
cross-section of the intensity at the focal spots are shown in Fig. 4.16d by aligning
the focus positions of the reference SPP. The relation between the wavelength
differences (Dk = k − kref) and the focal distances (d) can be obtained as Dk(d).
We can also get the average FWHMa of the focal spots around the wavelength
range. Thus the resolution of the SPP demultiplexer can be written as:

R ¼ Dk d ¼ FWHMað Þ ð4:9Þ

Fig. 4.15 The analysis of broadband focusing. Red dots represent the foci FWHMs of different
wavelengths; blue dots represent the retrieved phase distributions from experimental results; green
lines represent the theoretical required phase distributions. The lines from bottom to top correspond
to the cases of 543, 594, 604, 612 and 633 nm, respectively. Figure adapted with permission from
Ref. [33], ACS
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Strictly speaking, it is not a very accurate method to use an average FWHM to
determine the resolution of the device, because the FWHM is also a function of SPP
wavelength. However, the practical FWHMs of the focal spots of the nearby
wavelengths change very little, thus having limited influence on the resolution. So
the definition of resolution from the Eq. 4.9 is suitable. As for our results of the
concerned SPP wavelength of around 600 nm, the retrieved resolution is about
12 nm. A higher resolution is reasonably expected by more careful modulation of
the relating parameters (e.g. larger NA, longer focal length and etc.).

4.2.3 Further Modulation on Focusing

As we know from discussion in previous chapter, we can use NPM Bragg
diffraction method to obtain the wavefronts for any reference directions. Here we
can realize SPP focusing with optical axis deviating from the propagation direction.
The design schematics in Fig. 4.17a, b correspond to up-inclined and
down-inclined focusing, respectively. According to the principle of geometric
optics, we can deduce the phase of the nonperiodic nanoarray to a new coordinate n
(perpendicular to the expected optical axis), which can be written as:

Fig. 4.16 Experimental results for dual-wavelength beams. LRM detected SPP focusing of
reference wavelength k1 = 633 nm and operating wavelength k2 = a 594 nm, b 604 nm,
c 612 nm, respectively. d The lateral profile of the focal spots. Figure adapted with permission
from Ref. [33], ACS
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w nð Þ ¼ w xð Þ � ksppb ¼ ksppxþ 2mp� ksppb ð4:10Þ

Here, w nð Þ is the desired phase for focusing.

b ¼ � x tan h0ð Þ
cos hxð Þþ tan h0ð Þ sin hxð Þ ð4:11Þ

is the direct distance from the intersection of the geometric ray and n axis to the
corresponding structure,

n ¼ x
cos h0ð Þ 1þ tan hxð Þ tan h0ð Þð Þ ð4:12Þ

sin h0ð Þ ¼ kspp � a0
a0

; sin hxð Þ ¼ kspp � ax
ax

ð4:13Þ

We can obtain the design parameters of the nanoarray as above method by
solving /mðxÞ ¼ wðxÞ. Figure 4.17c, d are the experimental results of the SPP
focusing. They are SPP focusing with f = 30 lm and upward offset angle of 10° in
panel c, and f = 40 lm and downward offset angle of 10° in panel d, respectively,
which well realized our design expectation.

Fig. 4.17 Schematic diagrams of a up-inclined and b down-inclined focusing, and the
corresponding experimental results of c up-inclined and d down-inclined focusing.
Figure adapted with permission from Ref. [33], ACS
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Inspired by the above designs and results, a more flexible wavelength demul-
tiplexer with further improved resolution is proposed. The schematic diagram is
shown in Fig. 4.18a, where two sets of sublattice A (blue) and B (green) are
included corresponding to two SPP wavelengths of 610 and 570 nm, respectively.
According to our phase modulation method, the SPP focusing trajectories will be
maintained if the longitudinal lattice parameters (ax) are keeping unchanged, while
the focusing intensity will be determined by the lateral lattice period (pz).
Figure 4.18b shows the intensity variation of two SPP beams with respect to dif-
ferent lateral period pz, where blue and green curves are intensities corresponding to
lattice A and B respectively, and the solid and dotted lines are intensities corre-
sponding to design wavelength 570 and 610 nm respectively. According to the
intensity curves, we select 650 nm for lattice A and 550 nm for lattice B as the
lateral periods to get a strong intensity contrast at both of the two different
wavelengths.

With this idea, we proposed an improved demultiplexer for SPPs with the
wavelength of 570 and 610 nm. The design parameters for these two wavelengths
and the corresponding experimental image are shown in Fig. 4.19a–c, where the
distance between the two focal spots is about 7 lm, much larger than 3 lm in
Fig. 4.16.

Moreover, we can use the sublattice structures to realize confocal for SPPs with
different wavelengths as well. Figure 4.20a, b are the focusing images of SPPs with
free space wavelengths of 633 and 594 nm, respectively, with focal spots designed
at the same position. Figure 4.20c is the image in the case of dual-wavelengths,
where two focal spots are completely overlapped. Thus the confocal of two
wavelengths based on the sublattice structure are well demonstrated.

The realization of the two functions above well demonstrate the flexibility and
validity of our sublattice design in beam modulations. However, in this kind of
sublattice design more noises are usually introduced compared with the
uniform-lattice design as the above results show. In this regard, the uniform and
sublattice designs can be selectively adopted for specific design purposes to better
fulfill the requirement.

Fig. 4.18 Schematic diagram of the sublattices. Figure adapted with permission from Ref. [33],
ACS
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Fig. 4.20 Confocal of two SPP beams with different wavelengths. Focusing of single SPP beam
with a k = 633 nm, b k = 594 nm, respectively. c Results of two incident beams

Fig. 4.19 Improved demultiplexer. a, b The design parameters for wavelengths of 570 and
610 nm. c The corresponding experimental result of the improved demultiplexer
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So far, based on the principle of NPM Bragg diffraction, we have realized SPP
focusing completely by in-plane manipulation. This kind of focusing has a
broadband effect, which is about 100 nm wide in the visible range. It can also be
used as demultiplexer with a resolution as high as 12 nm. Besides, it is flexible to
upgrade our uniform design to a sublattice design, which can be used to increase the
resolution of the demultiplexer or realize confocal function. All of the results as
well as our design schemes will provide significant inspirations for 2D all-optical
integrations.

4.3 Modulations of SPPs from a Point Source

By far, a lot of SPP functions and SPP beams have been realized, providing
inspirations and preparations for SPP manipulations and integrations. However,
most of those functions rely on either the out-of-plane coupling process or SPP
plane wave incidence. A probable part of future integrated photonic circuits would
be such a device that SPPs are generated by the source from one port, then
manipulated and injected to another port [34]. For example, SPP can be excited by a
quantum dot or a narrow waveguide. In this situation, these SPPs possess nonzero
NA and should be regarded as point source instead of plane waves. Thus a method
is required to modulate this kind of SPPs generated from point source to realize
focusing, various of beams and so on.

We extend the NPM Bragg diffraction method to the SPP from point source [35].
In the previous discussion, we use the NPM Bragg diffraction method to realize
phase modulation. In fact, this kind of method is based on planar wavefront as
illustrated in Fig. 4.21a. However, according to the principle of diffraction, the
method is still valid for the SPPs from a point source, that is, every diffracting unit
will produce an extra 2p phase change. But the initial phase of every diffracting unit

Fig. 4.21 Schematics of diffraction principle for SPPs from a plane-wave, and b point source.
Figure adapted with permission from Ref. [34], OSA
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will be different from that in the case of plane wave incidence. As Fig. 4.12b
shows, because of the point source, the initial phase difference of two diffracting
units with a distance of b away is: Du = ksppbsinh. For two adjacent diffracting
units, that is: Du = ksppbsinh − 2np, which is Du = ksppb − 2np under plane wave
incidence. Here, h is the intersection angle between incident SPP and z direction,
which changes with the locations of the diffracting units as:

sin hn ¼ x0 � lnffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x0 � lnð Þ2 þ z20

q ¼
x0 �

P
n
bnffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x0 �
P
n
bn

� �2

þ z20

s ð4:14Þ

In which (x0, z0) is the location of the point source, bn is the distance between nth
and (n − 1)th units, and ln is the x coordinate of nth unit. Thus we can obtain the
phase evolution in the case of point source as:

un ¼
X
n

Dun ¼
X
n

ksppbn

x0 �
P
n
bnffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x0 �
P
n
bn

� �2

þ z20

s � 2np ð4:15Þ

According to this new phase diffraction law, we can design all kinds of point
source based nanostructures to realize beam modulations that we need.

First, we would demonstrate the focusing of SPPs from one point source (O1) to
another point (O2) by our designed structure. The schematic diagram is shown in
Fig. 4.22a. We first calculated the horizontal positions (zm) of the nanoarray along
z axis (x = 0) according to the phase modulation method for plane waves as
mentioned before. Under this arrangement, we can focus the SPPs propagating
along z axis to O1. Such SPPs can be considered as beams emitted by O2 and
propagate along z axis. According to the principle of reciprocity, it is easy to get
that all SPPs emitted from O1 will have the same phase (or phase difference of 2mp)
when they pass through O2. Then we got the positons of nanoarray at the line of
z = zm by solving un = W(x), where un is the phase evolution of the SPPs from
point source after passing through the structure and W(x) = −ksppx

2/2(f0 − zm) is
the phase evolution for focal length of (f0 − zm). Here, f0 is the focal length of the
entire structure measuring from z = zc. So that all the SPPs excited by point source
O1 will focus to O2 after diffracting by the nanocaves of all lines and the focus of
every line will have the same phase, finally realizing the focusing of SPP beams
from point source O1.

In experiments, we fabricated the well-designed nanohole array by FIB on a
silver film. A series of concentric circle grooves are designed to couple the incident
laser beam to the SPP beam, which works as the SPP point source. Figure 4.22b is
the SEM image of the sample with a datum line of zc = 5 lm and a focal length of
f0 = 30 lm. The concentric circle grooves with inner circle radius of 3 lm and
incremental of 610 nm are centered (the location of the point source) at z0 = 0 lm,
x0 = −25 lm, which are used to couple the incident He–Ne laser beam with a
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Fig. 4.22 SPP focusing from a point source. Figure adapted with permission from Ref. [34], OSA

wavelength of 633 nm to SPP beams. The coupling result is shown in the inset of
Fig. 4.22c, which is similar with the circular wave generated by point source. Each
nanohole has a diameter of 240 nm and a depth of 20 nm. The propagation of SPPs
detected by LRM system is shown in Fig. 4.22c, which agrees well with the cor-
responding theoretical calculation result based on Huygens–Fresnel Principle (as
shown in Fig. 4.22d). As in Sect. 4.2, we plot the longitudinal and transverse
profiles of the focal spot in Fig. 4.22e, which is as good as the previous focusing
result based on plane wave, demonstrating the realization of SPP focusing from a
point source.

Notably, the realized focusing here exists only at one side of the designed
structure which is quite different from the focusing with symmetrical focal spots on
both sides of the structure in Sect. 4.2. This is a unique unidirectional SPP focusing
design based on a structure with an almost rectangle shape. Thus the focal intensity
is much higher than that of the previous bidirectional focusing design based on
plane wave at the same condition, which is quite useful in restraining the power
consumption and would have practical significance in optical integrations.
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With this method, we can also realize previous-mentioned nondiffracting,
self-accelerating Airy beam from a point source. Based on the previous results, we
know that the critical condition to generate Airy beam is the 1.5-power phase
distribution. With the corresponding phase evolution of a point source, we can
obtain the design parameters by solving un = W(x), where

w xð Þ ¼ � 2
3

� x
xa

� �3=2

� p
4

ð4:16Þ

is the phase distribution of Airy beam and xa = 1.08 lm is a scale factor same as
that in Sect. 2.2. The point source is located at z0 = 5 lm, x0 = −25 lm. The
calculated vertical positions along x direction are shown in Fig. 4.23c and the
horizontal period is set as Pz = 520 nm to get the proximate amplitude distribution
of the Airy beam. Next, theoretical calculation based on Huygens–Fresnel principle
and corresponding experiments were performed. The results are shown in
Fig. 4.23a, b, respectively, which are in good agreement with each other. The
experimental trajectory of the main lobe and the parabolic trajectory of an ideal
Airy beam are plotted together in Fig. 4.23d, which are in good coincidence,
indicating the realization of plasmonic Airy beam from point source.

Fig. 4.23 The realization of plasmonic Airy beam from point source. Figure adapted with
permission from Ref. [34], OSA
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Finally, we demonstrated the realization of a finite SPP plane wave from a point
source based on the above method. A plane wave is a constant-frequency wave with
parallel wavefronts normal to the propagation direction. What we realized here is a
plane wave propagating along z direction with a finite wavefront. The design
process is similar with the previous realized focusing from point source. We first get
the structure positions zm at the axis of x = 0 according to the principle of recip-
rocal. Then the structure positions at the line of zm are determined by solving
un ¼ WðxÞ, where WðxÞ is the phase distribution of a plane wave written as
WðxÞ ¼ 0. The designed parameters for point source at x0 = −30 lm, z0 = 0 lm
are shown in the inset of Fig. 4.24a. Similarly, we carried out theoretical calcula-
tions and experiments, which are shown in Fig. 4.24a, b, respectively. In spite of
the intensity attenuation of the experiment result due to the propagation loss of SPP,
the theoretical and experimental results are in good agreement, indicating the
realization of finite SPP plane wave from point source.

In conclusion, we successfully extended the in-plane phase modulation method
for plane wave incidence to the case of point source incidence, and realized SPP
focusing, Airy beam and finite plane wave with the SPP from a point source.
Furthermore, different from the previous demonstrated bidirectional focusing and
Airy beam, all the realized beams here are unidirectional, indicating the beneficial
of our design in power consumption. All of the above results indicate the exten-
sibility and generality of our in-plane phase modulation method in other systems.
The method together with the above achieved functions are expected of promising
applications in future beam manipulations and optical integrations.

4.4 Conclusion

In this chapter, the physical intension and applications of the non-perfectly matched
Bragg diffraction method were further revealed. With this method, we realized
collimated SPP beams. We also proposed our understanding on a source-to-beam

Fig. 4.24 The realization of finite SPP plane wave from point source. Figure adapted with
permission from Ref. [34], OSA
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relationship, with which we came up with a method to realize intensity controllable
beams, such as lossless and exponential increasing SPP beams. Furthermore, we
extended the method to beams generation with curve trajectories, realizing non-
monotonical beams and successfully restraining the background noise at the
inflection points of the SPP beams. We also achieved broad band SPP focusing,
which can be used as demultiplexer with high resolution. All the methods and
results can be extended to SPPs of other forms such as point source, indicating the
generality of our method. Moreover, we showed the flexibility of our phase mod-
ulation method in designs and applications. Focusing with inclined optical axis and
improved demultiplexer are such examples that fully demonstrate the usefulness
and capacity of the NPM diffraction method. The methods and results in this
chapter are totally 2D based, which have more application possibilities in future
optical integrations than the common cases relying on out-of-plane coupling pro-
cesses. All of these methods and results provide us good references and prepara-
tions in optical integrations and manipulations.
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Chapter 5
Far-Field Beam Modulations by Plasmonic
Structures

SPPs are beneficial to spatial field modulations in the micro-nano scale due to their
subwavelength property and field confinement abilities, which are superior in
integration and device miniaturization than traditional optical elements like lenses,
spatial light modulators and so on. Thus spatial beam modulations by SPPs have
attracted great research enthusiasm. In fact, the NPM phase modulation method
utilizing the diffractions of plasmonic micro-structures not only work for the
in-plane optical fields, but also work for the out-of-plane optical fields scattered by
these structures, with which we can also achieve spatial beam modulations.

Optical vortex is an very important and interesting research field of optics. In
1989, Coullet et al. first proposed the concept of “optical vortices” [1]. In 1992,
Allen et al. demonstrated that light beams with an phase dependence of exp(inh)
carry an orbital angular momentum (OAM) equal to n �h under the paraxial
approximation (that is optical vortex) [2], which began to attract people’s great
interests on optical vortices and provided theoretical foundations for the future
applications of OAM of optical vortices. In 1994, they demonstrated that the OAM
was also equal to n �h even at the non-paraxial situation [3]. Later, the optical vortex
beams were applied to numerous areas, such as optical manipulations [4, 5], optical
computations [6], especially in the area of optical communications [7–9], where the
optical vortex beams provide new degrees of freedom and greatly improve the
information capacity. Optical vortex is being a research focus in optical commu-
nication since then. To achieve more integrated optical vortex beams with sub-
wavelength, plasmonic structures must bring new vitalities into the research and
applications with this kind of beams.

Unlike beams in free space, the SPP modes include two parts: transverse field
and longitudinal field, which carry quite different properties, especially in the sit-
uation of being scattered by micro/nano structures into space: much of the trans-
verse field is still bound to the metal surface, while the longitudinal field is scattered
into space [10]. This property makes SPPs quite unique in spatial field modulations,
providing wide space and new methods for the polarization modulations to the
spatial beams.
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In this chapter, we will first discuss the NPM phase modulation method in the
conversion of the SPPs and the spatial beams. It is followed by the OAM beam
generation with this method. We propose a phase modulation in the radial direction
so that to integrated tune the properties of the realized OAM beam, such as
non-diffraction, focusing, off-axial ejection, splitting, and so on. At last, we propose
a plasmonic polarization generator that can reconfigure an input polarization to all
kinds of states based on the interference of the in-plane (longitudinal) field of the
SPPs. With a well-designed nanohole array, the in-plane field of SPPs with proper
polarization states and phases can be selectively scattered out to form desired light
beams in the free space, such as the plane wave, focusing or Airy beams, and so on.
More importantly, the scheme provides a new dimension of polarization control,
which can co-work with other polarization control systems (such as the coupling
system, metasurface etc.).

5.1 The Conversion Between SPPs and Spatial Beams

In recent years, spatial beam modulations using plasmonic structures have become a
popular research subject. Since the pioneer work of beam focusing with metal bull’s
eye structure [11], plasmonic structures were used to tailor radiation beams to
realize collimation, focusing [12], even holographic imaging [13, 14] and modu-
lations of fluorescence emission [15, 16]. Compared with traditional modulation
methods, the plasmonic based modulation can be achieved in much smaller scale,
instead of occupying a large space, like lenses, SLM and so on, due to the high
confinement and subwavelength properties of the SPPs.

We have already demonstrated the high effectiveness of our NPM diffraction
method in in-plane modulations in the previous discussion, which can be extended
to spatial beam modulations as well. With this method, spatial Airy beam with a
1.5-power phase distribution was realized in our previous work [17]. The phase
distribution for spatial beam modulation with nanoarray on metal surface is
written as:

/n xð Þ ¼ /0 þ ksppx� 2np ð5:1Þ

Which is completely the same with the in-plane phase evolution. But for spatial
beam engineering, the required phase distribution corresponds to the free space
wavelength instead of SPP wavelength in the case of in-plane, which should be
noticed when using plasmonic structures to modulate spatial beams.
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5.2 The Realization and Modulation of Optical Vortex
Beams by Plasmonics

5.2.1 Optical Vortex Beams

As we all know, a photon in natural space carries a linear momentum of �hk0. It
carries a spin angular momentum (SAM) of ��h if it is right hand or left hand
circular polarized. In 1992, Allen et al. demonstrated that light beams with an
azimuthal phase dependence of exp(inh) will carry orbital angular momentum
(OAM) of n�h [2], which can be much larger than the spin angular momentum (n is
an arbitrary integer and h is the azimuthal coordinate). Different from ordinary
circular polarized beams, OAM beams have helical phase fronts as shown in
Fig. 5.1, with the number of helices and handedness determined by the topological
number n. It’s easy to get that the Poynting vector, which is perpendicular to the
wavefront plane, always has azimuthal component and thus cause the existence of
OAM [18].

The electric field of a light beam propagating along z axis with topological
number n can be written as:

Eðr; h; zÞ ¼ E0ðr; h; zÞ expðinhÞ expð�ikzÞ ð5:2Þ

where E0ðr; h; zÞ is the amplitude at position z. From the expression, we can see that
the electric field has a azimuthal phase of exp(inh) and a phase change of 2np

Fig. 5.1 The phase fronts of OAM beams with a n = 0, b n = 1, c n = 2, d n = 3. Figure adapted
with permission from Ref. [18], OSA
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around the vortex center. At the center of the helix there is a phase singularity,
where the amplitude is zero and thus no energy exists. Different light fields of OAM
beams will lead to different modes. The most common mode of which is
Laguerre-Gaussian mode [19]:

LGpl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2p!
p pþ lj jð Þ!
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=z2R
	 
1=2

is the beam waist of a Gaussian beam with an
initial phase of w 0ð Þ at position z and zR is the Rayleigh radius. l and p are the
quantum numbers to characterize the modes: l is the azimuthal quantum number
representing a photon with an OAM of l�h; p is the radial quantum number repre-
senting a beam with concentric rings with the number of (p + 1). Figure 5.2 shows
the phase distributions and light intensities of several Laguerre-Gaussian modes.

Different from SAM (carried by circular polarized beams) with only two
orthogonal states, OAM can have unlimited ones theoretically, providing more
freedom for optical communicating and enlarging the communication capacity
greatly, thus becomes one of the hot topics in applied research field [7, 8, 20–22]
and also attracting a lot of attention in the field of quantum information [23, 24].
The traditional methods to generate OAM beams utilize large optical elements, such
as spiral phase plate, lenses, SLMs and so on, which cannot satisfy people’s
requirements to generate and control OAM beams in a much smaller scale with
the development of all-optical integrations. People have been trying to generate
OAM beam with more compact structures as well as the function integration.

Fig. 5.2 The intensity and phase profiles of Laguerre-Gaussian beams: LG01, LG11 and LG21
from left to right. Figure adapted with permission from Ref. [18], OSA
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Cai et al. demonstrated a method to generate OAM beams by grating in an
integrated silicon microcavity with a radius of only 3.9 lm [25]. Arie’s group
utilized QPM with nonlinear crystals to generate OAM beams compactly [26].
Capasso’s group demonstrated phase modulation method with metasurface and
generated OAM beam with a thin metasurface [27]. They also integrated fork metal
gratings onto a silicon detector, realizing OAM detection with SPPs [13]. Zhan’s
group realized OAM beams at micron scale using Archimedes spiral structures [28]
and further modulated the direction of the achieved OAM beams by changing the
relative positions of the quantum dots to the spiral structure [29]. There’re some
works to generate OAM beams with propagating SPPs. Arie’s group designed fork
gratings with holography on metal surface to scatter the propagating SPPs into
far-field OAM beams [30]. Ebbesen’s group also used metal spiral structure to
generate OAM beams near the metal surface. In addition, different from the pre-
vious mentioned methods to generate near-field OAM beams, their structure is able
to radiate the OAM beams to far field [31].

5.2.2 The Realization of Optical OAM Beams by Plasmonic
Structures

In fact at almost the same time of the work of Ebbesen’s group, we demonstrated a
similar method to generate OAM beams. Different from their work, we integratedly
introduced phase design in radial direction to further modulate the generated OAM
beams, so that to achieve more flexible modulations.

In our previous work [17], our nonlinear phase modulation method is still
applicable to spatial beam modulations and the corresponding phase distributions
satisfy Eq. 5.1 for 1D. To get phase modulation in 2D, we only need to arrange the
phase distribution at the 2D planer. For OAM beams, a phase distribution of
w r; hð Þ ¼ w rð Þþ nh is required, in which r and h are the radial and azimuthal
coordinates, respectively, n is the arbitrary integrator and w rð Þ is the radial phase
distribution. As it was introduced above, such phase distribution can generate an
OAM beam with the topological number of n. Meanwhile, the profile of the
achieved OAM beams can be modulated as needed by designing w rð Þ. However, in
Ebbesen’s group’s work, the structure along radial direction is just a grating with a
period of the wavelength of the SPP. Thus the formed beams in their work are
similar with Gaussian beams, which will diverge gradually when radiating from the
metal surface to far-filed.

Figure 5.3b is the typical structure we designed. A nanohole with a diameter of
150 nm was fabricated through a Silver film with thickness of 200 nm in the origin
of coordinates to generate a point SPP source. The positions of the radial structures
along different direction u are calculated by solving Eq. 5.1, which satisfies
/n r; uð Þ ¼ w r; uð Þ with /n r; uð Þ ¼ /n rð Þ. Finally a grating structure is formed as
shown in Fig. 5.3b by connecting these discrete points successively. In experiment,
the depth of the grating was 50 nm.
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Fig. 5.3 Experimental realization of OAM beam. a The experimental measurement set up. b The
SEM image of the sample. c Experimental image of the typical OAM beam with n = 1

Figure 5.3a shows the schematic diagram of our experimental set up. The
incident laser modulated by a polarizer and a quarter-wave plate incidents into the
nanohole from the substrate of the sample through a 50� microscope objective to
generate SPPs, which are then scattered by the spiral grating. The scattered light is
then collected by a 100� microscope objective, detected by a quarter-wave plate
and a polarizer, and finally imaged by a CCD camera. Figure 5.3c is the experi-
mental image of an OAM beam with topological number of 1 in the case of 633 nm
incidence, where a hollow donut-shaped beam is clearly presented.

We also performed theoretical calculation based on Huygens-Fresnel principle to
estimate the result of our design. A series of points on the spiral structure are evenly
selected as the sub-sources, which uniformly radiate spherical waves to the space
and mutual interfere to form the final beams. According to this, the electric field at
any point in space can be written as:

Etotðx; y; zÞ ¼ E0

X
m;n

cos#
rm;n

exp½iðksppRm;n þ k0rm;nÞ� ð5:3Þ

with E0 the intensity of every sub-source Om,n, Rm,n the distance from the
sub-source to the origin, rm,n the distance from sub-source to the point P(x, y, z),
and h the intersection angle between ray Om,nP and OP. Usually Rm,n is small
enough for us to ignore the propagation loss of SPPs. Figure 5.4 shows the
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calculated result, which agrees well with the experimental result (Fig. 5.3c), indi-
cating the validity of the method in predicting the field distribution in 3D space.

The intensity of the directly transmitted light through the nanohole is comparable
with the scattered light, leading to mutual interference and influence the field dis-
tribution of the final beam. The field distribution in this case was calculated by the
above method as well. A spherical-wave source with an intensity of 100 times of
the sub-source on the grating was located at the center, representing the directly
transmitted light through the nanohole, which interfered with the beam generated by
the structure with topological number of 2. The calculated result is shown in
Fig. 5.5a, where a spiral shape with two arms is clearly seen. The experimental

Fig. 5.4 Calculated OAM beam with n = 1 by Huygens-Fresnel principle

Fig. 5.5 a The theoretical and b experimental results of the interference image between a
spherical wave and an OAM beam with n = 2
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image of the same structure near the metal surface is shown in Fig. 5.5b, which is
consistent with the calculation result, indicating the practical existence of such
interfered field distribution. With the increase of the distance from the surface, the
directly transmitted light will diverge soon and its disturbance to the OAM beams
will decrease rapidly. On the other hand, in Fig. 5.5 we noticed that the number of
the arms of the light field after interference is equal to the topological number of the
OAM, which provide us a convenient method to verify the generated OAM beams
and their topological number.

5.2.3 The Modulations of OAM Beams

Our phase modulation method can not only modulate the azimuthal phase distri-
bution but also modulate the radial phase distribution w rð Þ to achieve beams for
more practical applications. As we mentioned above, the OAM beam generated by
the grating with the period of SPP wavelength will diverge gradually, which will be
a disadvantage in practical applications. As we all know, however, the Bessel beam
is a kind of nondiffraction beams and its high order beam is the OAM beam.
Besides a certain phase distribution along the azimuthal direction, a linear phase
relationship along the radial direction is required, which can be written as
w rð Þ ¼ �ar, with –a the negative slope. Then the total phase distribution can be
written as w r; hð Þ ¼ �arþ nh. Usually, the zero-order Bessel beam can be realized
by conical mirror. Here we used the phase modulation method mentioned above to
achieve a nondiffraction OAM beam. By solving /n r; hð Þ ¼ w r; hð Þ, we got a
series of discrete scattering units. Due to the linear radial phase distribution, the
obtained diffracting units are periodically distributed, which are connected suc-
cessively to form a periodic spiral grating. Here, we set a � 1.34 lm−1 (corre-
sponding to a grating with a period of 540 nm) and topological number of n = 1.
The spiral grating has a radius of 15 lm, which can generate a nondiffraction
first-order Bessel beam in the range of 110 lm from the metal surface.

Figure 5.6a–c are the theoretical results at the positions of 50, 80 and 100 lm
away from the original plane, respectively. As we can see from the figures that the
inner circle of the achieved OAM beam is almost unchanged, with a diameter of
about 3 lm. Figure 5.6d–f are the experimental results at the corresponding posi-
tions, which are well consistent with the theoretical results, indicating the well
realization of the nondiffraction OAM beams by our method. Since the OAM of the
beams can be transferred to particles to manipulate them, this kind of beams can be
regarded as a series of hollow probes with preserved diameters, inserting into
substances or organisms to moving, rotating particles or medicals inside noninva-
sively [5], which are quite valuable in practical applications.

Among real applications, the OAM beams are usually needed to be focused to
make optical manipulating, information processing and so on. Thus focusing is one
of the frequently-used operations to OAM beams. We can utilize this process
through the modulating of the radial phase. Here the radial phase should satisfy the
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phase requirement for focusing, that is w rð Þ ¼ �k0r2=f , in which f is the focal
length of the OAM beam in space, k0 is the wave vector of the incident laser in free
space. With the same method discussed above, we got the corresponding design by
solving /n r; hð Þ ¼ w rð Þþ nh. f was set to be 40 lm and the obtained structure was
an aperiodic spiral grating. Figure 5.7a–c are the theoretical field distributions at the
positions of 30, 40, and 50 lm from the original plane, respectively and Fig. 5.7d–f
are the experimental images at the corresponding positions, which are in good
agreement with the former ones. From these results, it is easy to get that the smallest
beam diameter and the highest beam intensity appear at the position of 40 lm,
indicating the realization of focusing of our designed structure. Meanwhile, the
contrast between the inner circle and the outer circles is much higher in the focusing
case compared with the nondiffracting result, thereby the accuracy of optical
manipulation and information processing will get improved.

In the previous discussion about the 2D in-plane process, our phase modulation
method can be used to realize off-axial beams with different exit angles flexibly.
The method is also applicable in achieving OAM beams and will be much valuable
in practical applications. The angle between the target OAM beam and normal of
the metal surface is supposed to bec. In this case, the corresponding phase evolution
at the metal surface is w r;/ð Þ ¼ w rð Þþ n/þ k0r sin c cos/ [32], in which w rð Þ is

Fig. 5.6 Non-diffraction OAM beam. The theoretical calculated field distributions at the positions
of a 50 lm, b 80 lm, and c 100 lm for OAM beam with n = 1 and d–f are the corresponding
experimental results
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the arbitrary radial phase distribution. By solving /n r; hð Þ ¼ w r; hð Þ we can get the
required design. Figure 5.8a is the design pattern under the conditions of c = 12°,
topologic number of n = 1, and a linear radial phase distribution for a Bessel beam.
Figure 5.8b is the theoretical result at 50 lm away from the metal surface. The
central singularity deviates from the design center (0, 0) of about 10 lm along the
horizontal direction, which is consistent with our expectation, indicating the
effectiveness and accurateness of our off-axis design method for OAM beams.

Fig. 5.7 Focusing OAM beam. Theoretical field distributions at positions of a 30 lm, b 40 lm
and c 50 lm, and d–f the corresponding experimental result

Fig. 5.8 Off-axis OAM beam. a Design pattern for generation of off-axis OAM beam. b The
calculated field distribution at the position of 50 lm from the surface
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Furthermore, a beam splitter of OAM beam is demonstrated based on the
off-axis design. From the design pattern in Fig. 5.8a, we can see that the design
pattern is not a quasisymmetrical spiral any more, which is different from the
previous designs. The asymmetry allows spatial multiplexing on the metal surface.
By the design method of spatial multiplexing, it is possible to achieve a beam
splitter and the separated beams could carry different information such as topo-
logical numbers, beam profiles and so on. Figure 5.9a is the design pattern for split
focusing OAM beams with the focal length of 40 lm and topological number of
n = ±1. Figure 5.9b is the corresponding theoretical result. The actual structure is
too large, so we only took a smaller part of the design structure in the calculation
and obtained the splitting effect obviously. Figure 5.9c is the experimental image at
the position of 40 lm, where the two focused OAM beams are separated by 15 lm.

It is to be sure that more splitting beams carrying different OAM topological
numbers can be achieved by careful design and fabrication. Beam splitting is one of
the necessary operations in information optics, especially in quantum optics.
However, the traditional splitters are too large to be applied in the integrations. Our
design method can realize beam splitting, different OAM beaming and profile
modulating all in one compact structure, which are quite useful for OAM beams in
integrations and applications on information and technology.

In this section, we designed spiral grating to generate OAM beams with different
topological numbers with plasmonic structures and radiate the beams to the far
field. We also introduced a radial phase modulation to the OAM beams into the
generating process for the first time to modulate the beam profiles, realizing non-
diffracting, focusing and off-axis OAM beams. Furthermore we realized a beam
splitter design and generated different OAM beams with one design of a compact
plasmonic structure, which will be of great importance in the future integration
optics.

Fig. 5.9 OAM beam splitter. a The design pattern. b The theoretical and c The experimental
results of the splitted OAM beams
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5.3 Polarization Reconfiguration and Polarization Router
with Plasmonic Structures

As an important characteristic of light, polarization plays an important role in a
wide range of applications, such as imaging, display, microscopy, and especially in
today’s information processing. Compared with the traditional optical devices,
plasmonic devices provide a more compact and effective approach to modulate the
optical polarization due to their high confinement of optical field. For instance, the
plasmonic polarizers [33–37], polarization rotators and converters [38–42].
Recently, SPP-induced spin Hall Effect of light, which is related with the polar-
ization and phase [43–46], has become a new research hotspot. Actually, the vector
plasmonic nanostructures play an unique role in the conversion process between
SPP and radiation field, where the polarization can be efficiently engineered during
the conversion process [13, 47–50].

A couple of orthogonal polarization states are usually chosen as the basis vectors
when apply the polarization of light to the information processing. For example, a
pair of orthogonal linearly polarized lights, or circularly polarized lights with dif-
ferent spins. It means the corresponding polarization encoding is only in a two
dimensional encoding system. The typical plasmonic polarizers are also limited to
it. Increasing the dimensions of the polarization encoding processes will certainly
improve the information capacity and processing ability. To keep pace with the ever
increasing requirement of information processing, a full polarization generator is
what people are in pursuit of.

In a common sense, this limitation would be overcome by a polarization gen-
erator to generate all polarization states simultaneously. As we all know, when two
orthogonal polarized lights propagate along two mutually-perpendicular directions,
a variety of polarization states can be formed in the intersection area. However, in
free space two orthogonal lights do not interact with each other, so the polarization
states from overlapping cannot be extracted. While in waveguide system, the
orthogonal polarization states are usually accompany with other components, which
will influence the purity of the polarizations, which can even change the distribution
of the polarizations and reduce the extraction efficiency. In this regards, SPPs are
quite different from the common waveguide modes. As reported by Zhang’s group,
only the longitudinal field (the component parallel to the surface) of SPPs will leak
out to be detected, while the transverse field (the component perpendicular to the
surface) will not in LRM system [10]. In fact, the situation is the same when SPPs
are scattered by structures, in which only the longitudinal part of SPPs is scattered
to far-field and the transverse part is still trapped on the surface, which provide us a
clean system for polarization reconfiguration and effective extraction.
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5.3.1 The Polarization Reconfiguration and Extraction
on Metal Surface

The process of polarization reconfiguration is illustrated in Fig. 5.10 [51]. Two
orthogonal propagating SPPs are launched by a polarized light incident onto an
L-shaped slit on the metal surface with an initial phase determined by the polar-
ization of the incident light (Du0 = ux − uy). In the different positions of (x,y) on
the metal surface, the two sets of SPP beams have different propagating lengths,
giving rise to a phase difference of Du = Du0 + kSPP(x − y) between them. Their
transverse parts, which have the same polarization perpendicular to the metal sur-
face, will interfere to form periodic fringes. While the longitudinal parts, which are
parallel to the metal surface, are always orthogonal to each other. Due to the
different phase differences at different positions, the two orthogonal longitudinal
fields will lead to a series of polarization states on the metal surface. The distri-
bution of the polarization states are illustrated in the inset in Fig. 5.10 with right
hand circular polarized light as the incident light. The polarization states are the
same with the incident light at the positions with equal propagation lengths or
having a difference of multiple wavelengths (along diagonal) for the two compo-
nents. The polarization states can be similarly obtained at other positions. Less of
the transverse part of the SPPs is scattered to the space by structures on the metal
surface, the majority part of the scattering field is their longitudinal part, giving rise
to a purity scattering field with variety of reconfigured polarization states.

Fig. 5.10 The schematic diagram of the reconfiguration of polarization states. The inset is the
polarization states of in-plane SPP field distribution with a RCP light incident. Figure adapted with
permission from Ref. [51], Macmillan Publishers Ltd.
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Certain polarization states can be extracted from the metal surface by plasmonic
structures to form special optical field with the polarizations. A certain polarization
can be selected by polarization encoding devices so that to get the corresponding
field profile. The phase design is another critical factor to achieve a certain optical
field distribution. By considering the extraction of the polarization states and the
phase requirement comprehensively, we propose a design strategy as schematically
shown in Fig. 5.11. They are designs for generating plane wave and focusing with
mono polarization states, respectively. The red dashed lines are a group of parallel
lines with the same polarization states and intercept of d = nkSPP + d0, where n is
an arbitrary integer, kSPP is the SPP wavelength and d0 is the initial intercept. The
blue solid lines are the structures designed with previous mentioned phase modu-
lation method to convert the SPPs propagating along x direction to a specific beam
(for example, the periodic grating as shown in Fig. 5.11a is used to generate plane
wave, while the curves in Fig. 5.11b are used to generate a focusing beam). The
intersections of two sets of lines are just the positions of the designed structures.
These intersections will have the same phase modulation on the other branch of SPP
in y direction since they have the given phase difference Du with SPP in x
direction, whose contribution has been included in the reconfigured polarizations.
The lights scattered by the nanostructures in these positions will have the same
polarization states and simultaneously form the required beams.

5.3.2 Experimental Realization of Reconfiguration
and Extraction of the Polarization States

Firstly, we experimentally tested the design scheme of reconfiguration and
extraction of the polarization states. Figure 5.12a illustrates the optical

Fig. 5.11 Design strategy for generating beams of plane wave (a) and focusing (b) with the same
polarization states. Figure adapted with permission from Ref. [51], Macmillan Publishers Ltd.

98 5 Far-Field Beam Modulations by Plasmonic …



measurement system. A 633 nm He–Ne laser modulated by a polarizer and a
quarter-wave plate is focused by an objective lens (4�) and incidents onto the
orthogonal slits from the backside of the sample to generate SPPs. On the other
side, the scattered light is collected by another objective lens (100�) and analyzed
by the polarization analyzing system composed of a quarter-wave plate and a
polarizer and images with a CCD camera.

Below we will firstly deduce the excitation and detection status of the optical set
up. Here, h1 and h2 are the angles between the axis of the polarizers and the x-axis
(horizontal). a and b are the angles between the fast axis of the two quarter-wave
plates and the x-axis, respectively. We set one of the coupling slits in the sample
along the x-axis. The non-polarized incident He–Ne laser is linearly polarized by
the polarizer with the field of:

A0 ¼ EH0

EV0

� �
¼ cosðh1Þ

sinðh1Þ

 !
E0 ð5:4Þ

where EH0 and EV0 are the horizontal and vertical components, respectively. This
polarized light is then modulated to A1 ¼ G1 � A0 by a quarter-wave plate, with the
transformation matrix written as:

G1 ¼ cos2 aþ i sin2 a 1� ið Þ sin a cos a
1� ið Þ sin a cos a sin2 aþ i cos2 a

� �
ð5:5Þ

Fig. 5.12 a Optical set up in
the experiment. b Poincare
sphere, where the bigger and
smaller yellow circles

represent the cases of Exj j2:
Ey

 2¼ 1 : 1 and

Exj j2: Ey

 2¼ 1 : 3,
respectively. Figure adapted
with permission from Ref.
[51], Macmillan Publishers
Ltd.
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In this way, we can get an incident light with certain polarization state. Its
horizontal and vertical components will be coupled by the two slits into SPPs
propagating along x and y directions, respectively. With respect to the slits, the
SPPs at the position of (x, y) have propagation phase of kSPPx and kSPPy, respec-
tively. Thus, the SPP field at this point is A2 ¼ G2 � A1, with the transformation
matrix written as:

G2 ¼ eikSPPx 0
0 eikSPPy

� �
= ei kSPPxþ kSPPyð Þ=2 eiDus=2 0

0 e�iDus=2

� �
ð5:6Þ

Here, kSPP is the SPP wave vector and Dus ¼ kSPP x� yð Þ is the phase difference
of the two orthogonal propagating SPPs. Due to this phase difference, various of
new polarization states are formed near the metal surface, which can be scattered
out by the nanostructures on the metal surface with the polarization states
unchanged. The scattered light is then modulated by another quarter-wave plate to
A3 ¼ G3 � A2, with the transformation matrix written as:

G3 ¼ cos2 bþ i sin2 b 1� ið Þ sinb cos b
1� ið Þ sin b cos b sin2 bþ i cos2 b

� �
ð5:7Þ

And finally the light will be selected by the second polarizer with the trans-
formation matrix as:

G4 ¼ cos h2 0
0 sin h2

� �
ð5:8Þ

Before the final selection, the incident light is modulated by the optical set up
into:

A3 ¼ G3 � G2 � G1 � A0 ¼ ei kxþ kyð Þ=2E0
A3H

A3V

� �
ð5:9Þ

where

A3H ¼ aþ ib ¼ cos Dus=2ð Þ cos a� bð Þ cos h1 � a� bð Þ
þ sin Dus=2ð Þ sin aþ bð Þ sin h1 � a� bð Þ
þ i sin Dus=2ð Þ cos aþ bð Þ cos h1 � aþ bð Þ � cos Dus=2ð Þ sin a� bð Þ sin h1 � aþbð Þð Þ

A3V ¼ cþ id ¼ � cos Dus=2ð Þ cos a� bð Þ sin h1 � a� bð Þ
þ sin Dus=2ð Þ sin aþbð Þ cos h1 � a� bð Þ
þ i sin Dus=2ð Þ cos aþ bð Þ sin h1 � aþbð Þþ cos Dus=2ð Þ sin a� bð Þ cos h1 � aþ bð Þð Þ
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To get a pure polarization state through the second polarizer, the incident light
must be linearly polarized. Thus we have

b=a ¼ �d=c ð5:10Þ

or

a ¼ c ¼ 0 or b ¼ d ¼ 0 ð5:11Þ

Generally there is no simple solution for Eq. 5.10. However, it can be simplified at
the case of a or b equals ±p/4. When a = p/4, a − b equals p/2 − (a + b), we have

A3H ¼ sinðaþ bÞ cosðDus=2þ aþ b� h1Þþ i cosðaþ bÞ sinðDus=2þ a� b
� h1Þ

ð5:12Þ

A3V ¼ sinðaþ bÞ sinðDus=2þ aþ b� h1Þþ i cosðaþ bÞ sinðDus=2þ a� b
� h1Þ

ð5:13Þ

Then the solution for Eq. 5.10 is b = ±p/4, or Dus=2� h1 þ a ¼ np=2þ p=4,
which will be discussed as below, respectively.

(a) If b = p/4, the total electric field after passing through the second polarizer is:

A4 ¼ G4 � A3 ¼ A3H cosðh2ÞþA3V sinðh2Þ ¼ sinðh1 þ h2 � Dus=2Þ ð5:14Þ

Thus the intensity of the scattering light from the position of (x, y) on the sample
after passing through the whole optical path is proportional to sin2ðh1 þ h2
�Dus=2Þ.
(b) If b = −p/4, the total change of the electric field is:

A4 ¼ i sinðDus=2þ a� b� h1Þ cosðh2Þþ cosðDus=2þ a� b� h1Þ sinðh2Þð Þ
¼ i cosðh1 � h2 � Dus=2Þ

ð5:15Þ

The intensity of the corresponding scattering light is proportional to cos2ðh1 � h2
�Dus=2Þ.
(c) If Dus=2� h1 þ a ¼ np=2þ p=4, in which if n ¼ 2m(m is integer), we have:

A4 ¼ � cos h2 � p=4� bð Þ sin aþ bð Þþ i cos aþ bð Þð Þ ð5:16Þ
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If n ¼ 2mþ 1, we have:

A4 ¼ � sin h2 � p=4� bð Þ sin aþ bð Þþ i cos aþ bð Þð Þ ð5:17Þ

So the corresponding intensity is proportional to cos2 h2 � p=4� bð Þ or
sin2 h2 � p=4� bð Þ. However this result has no relation with Dus, thus it is useless
for the polarization reconfiguration. The transformation process in other situations
can be derived similarly and the results are shown in Table 5.1.

The above table provides us the set up for polarization detection and the corre-
sponding detection results. It is easy to figure out that once a certain detection set up
is determined, the intensity of the scattered polarized light from the position (x, y)
can be manipulated through the angle changing of the incident and exit polarizers.

In polarization optics, the Poincaré sphere is usually used to describe the
polarization states. Any polarization state can be represented as a point on the
surface of the sphere. Here we can also use the Poincaré sphere to discuss various
kinds of polarization states in our study. The three separate Stokes components of
the Poincaré sphere are defined as below (as shown in Fig. 5.12b):

S1 ¼ Ey

 2� Exj j2;
S2 ¼ 2 Exj j Ey

  sin d;
S3 ¼ 2 Exj j Ey

  cos d:
We can get all the corresponding polarization states of any points on the

Poincaré sphere by our polarization reconfiguration method. Any polarization state
is determined by the relative amplitude and phase of its two orthogonal compo-
nents. We can tune the relative amplitude of the two sets of SPPs by the polarization
state of the incident light and tune their relative phase by the position of the
scattering structures. In this way, we can achieve various kinds of polarization
states. When the amplitudes of the components in x and y directions of the incident

light are equal Exj j2: Ey

 2¼ 1 : 1
� �

, all the polarization states on the yellow great

circle of the Poincaré sphere shown in Fig. 5.12b can be achieved by tuning the

Table 5.1 The intensity
under different polarization
conditions

Incidence Analyzing Intensity

a ¼ p=4 b ¼ p=4 sin2ðh1 þ h2 � Dus=2Þ
a ¼ p=4 b ¼ �p=4 cos2ðh1 � h2 � Dus=2Þ
a ¼ �p=4 b ¼ p=4 cos2ðh1 � h2 þDus=2Þ
a ¼ �p=4 b ¼ �p=4 sin2ðh1 þ h2 þDus=2Þ
h1 � a ¼ p=4 b ¼ p=4 cos2ðh2 � Dus=2Þ
h1 � a ¼ �p=4 b ¼ p=4 sin2ðh2 � Dus=2Þ
h1 � a ¼ p=4 b ¼ �p=4 sin2ðh2 þDus=2Þ
h1 � a ¼ �p=4 b ¼ �p=4 cos2ðh2 þDus=2Þ
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position (x, y) of the scattering structures. Similarly, all polarization states in the

small circle in Fig. 5.12b with Exj j2: Ey

 2¼ 1 : 3 can be generated when the
polarization of the incident light is 60° to the horizontal direction. Likewise, the
polar point on S1 axis of the Poincaré sphere can be realized with a vertical
polarized incidence.

Here we chose a = −p/4, b = p/4 as an example to verify our proposal. From
Table 5.1 we can see that the exit intensity of the polarization state at (x, y) is
proportional to cos2 h1 � h2 � Dus=2ð Þ. According to the design method proposed
previously, we use a periodic array to produce a plane wave from the x-propagating
SPPs. The sample was fabricated by FIB on a 200 nm-thick silver film. The
L-shaped slits are 100 nm in width and penetrate through the silver film. The slit
width is much smaller than the incident wavelength so that to couple more light into
SPPs. All the nanoholes are 150 nm in diameter and 80 nm in depth. The similar
experimental parameters are used in the following part of this chapter. Figure 5.13a
is the SEM image of the sample, where the nanoholes along x direction have a
period of 500 nm and an initial intercept is d0 = b − a = kSPP/2. Figure 5.13b and

Fig. 5.13 Experimental demonstration of polarization reconfiguration. a The SEM image of the
sample. b, d The results in the real space and c, e the images in the corresponding reciprocal space
with the polarization states selected or not, respectively. f The integral intensity of scattering spot
in reciprocal space with different conditions. Figure adapted with permission from Ref. [51],
Macmillan Publishers Ltd.
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d are the measured results in real space when the polarization analyzer selected the
polarization of the structure or the orthogonal one, respectively. When the polar-
ization state is selected, an array of bright spots are clearly shown in Fig. 5.13b,
which are formed by the interference of the scattered lights from the nanoholes.
While there are only line-shaped interference stripes along the diagonal when the
polarization state is not selected. It is the interference result of the direct transmitted
light from the coupled slits, which carries nothing of the related information from
the structure. Meanwhile, we record the corresponding images in the reciprocal
space as shown in Fig. 5.13c, e, where a bright spot is shown in Fig. 5.13c when
the polarization state is selected and no spot appears otherwise in Fig. 5.13e.
Furthermore, we measured the integral intensities of the spot at different polar-
ization analyzing conditions as shown in Fig. 5.13f. The dot plots are the measured
results at different angles of the polarizer when the initial intercepts were d0 = kSPP/
2, kSPP/4, 0, −kSPP/4, respectively (corresponding to the 4 red spots on the big circle
in Fig. 5.12b), shown together with the corresponding theoretical results displayed
in solid curves. The experimental results are well consistent with the theoretical
results, indicating the validation of the polarization configuration in the optical
system in Table 5.1. It verified the feasible of our polarization reconfiguration and
the design method as well. As has been interpreted as polarization generator, any
polarization state can be generated with respect to the location of the nanohole array
in demand by continuously shift the scatterer array. Using this model and design
method, we can achieve series of new manipulations and modulations of the spatial
optical fields.

There are only two orthogonal eigenstates in the ordinary polarization modu-
lations, so that the modulations are quite limited. However, as we can see from
Table 5.1, our model is much different, which is not limited to the only two
eigenstates. As long as two polarization states have a phase difference of p, they can
be regarded as a couple of working states, thus realizing high contrast polarization
modulation. Meanwhile, the corresponding modulation methods and combinations
are much richer, providing us more room and possibilities to do optical field
modulations.

5.3.3 Active Modulation by Polarization Reconfiguration

Here we performed the generations and modulations of several spatial beams based
on this model. Firstly we realized polarization defined focusing beams, which is the
most common and very useful operation in optics. We designed structures with the
approach illustrated in Fig. 5.11b, in which the left two quadrants (II and III) were
designed with the initial intercept of d0 = kSPP/2 targeting a focus at the position
of (−7.5, 0, 40 lm) on the left side, while the right quadrants (I and IV) were
designed for the right focus (7.5, 0, 40 lm) with d0 = 0. To achieve a symmetric
result, we used cross-shaped slits to generate SPPs and the scattering structures
were uniformly distributed over the four quadrants. Figure 5.14a shows SEM image
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of the center area of the sample fabricated by FIB. Figure 5.14b is the images
recorded by CCD camera at the focal plane of 40 lm without polarization ana-
lyzing, where two bright focal spots are clearly observed. Figure 5.14c and d are the
images when the polarization states of the left and right parts are selected by the
analyzing, respectively. The focal spot corresponding to the selected polarization
state is still quite bright, while the other spot totally darkens. When the opposite
polarization state is selected, the situation would be reversed. The intercept of the
hole array indeed determine the generated polarization states for a required
diffraction beam. That means, d0 = 0 corresponds to the initial state, d0 = kSPP/2
to the orthogonal one, and d0 = kSPP/4 (and 3kSPP/4) to the conversion from
circular to linear polarizations. Therefore, taking good usage of the planar space,
any kind of polarization state can be achieved, which gives rise to what we
emphasized - polarization generator.

More importantly, this reconfigurable planar design with scatterer array is of
capability for multiplexing, in principle, all kinds of polarization states in any
required beam-forms can be achieved simultaneously. Here, to manifest this

Fig. 5.14 Polarization analysis on focusing beams. a SEM image at the center of the sample.
b Focus image without polarization analysis. c, d Images when each of the polarization states is
selected, respectively. Figure adapted with permission from Ref. [51], Macmillan Publishers Ltd.

5.3 Polarization Reconfiguration and Polarization Router … 105



function we demonstrate an eight-focuses polarization generation that is fulfilled by
composite nanohole arrays with the spatial multiplexing. The scattered light beams
are designed to be focused to eight vertexes of a right octagon, with respect to eight
different polarization states in the Poincaré sphere. The SEM image of the structure
is shown in Fig. 5.15a, showing a composite nano-array. The scattering structures
are composed of eight sets of nanohole arrays whose initial intercepts have an equal
gap of kSPP=8. The scattered light beams are designed to be focused to the eight
vertexes of a right octagon with the side length of about 8.3 lm. The focuses are
separated into four couples with the corresponding structures laid in the four
quadrants in sequence. In each quadrant, two sets of nanoarrays with the initial
intercept difference of kSPP/2 are designed and fabricated according to two
orthogonal polarization states, revealing a mixed feature of the two structures (see
the zoom-in image in Fig. 5.15a).

Fig. 5.15 Simultaneous generation of eight-foci with different polarization states. a SEM image
of the sample. b Focus image without polarization analysis, the white signs represent the
polarization states of the corresponding foci. c The polarization states of the foci on the Poincaré
sphere. d Integrated intensities of the foci at different polarization analysis conditions. e, f Two
focus images corresponding to the dashed lines (i) and (ii) in panel (d). Figure adapted with
permission from Ref. [51], Macmillan Publishers Ltd.

106 5 Far-Field Beam Modulations by Plasmonic …



In the experiments, we use RCP as the incident light as in previous experiment.
In this situation, the amplitudes of the SPPs in the transverse and vertical directions

are equal Exj j2: Ey

 2¼ 1 : 1
� �

, with which we can obtain the eight polarization

states corresponding to the eight red dots on the great circle of the Poincaré sphere
shown in Fig. 5.15c. Figure 5.15b shows the images recorded without polarization
analyzing, where the eight focuses are clearly shown in the focal plane (z = 40 lm)
with similar intensities with the corresponding designed polarization states are
sketched aside. To identify these polarization states, the integrated intensities of the
foci with respect to different analyzing conditions are plotted in Fig. 5.15d, where
different polarizer angles corresponds to different polarization states. The intensities
shows good agreement with the theoretical predictions of cos2(h1 − h2 + Du),
where h1 is fixed for the RCP incidence and Du = kSPPd0 corresponding for the
eight different states. Figure 5.15e and f are the typical focusing results under
polarization analyzing, corresponding to the dashed lines (i) and (ii) in Fig. 5.15d,
respectively. The intensities of the focuses are clearly distinct, especially those
orthogonal pairs, indicating the realization of eight polarization states.

Our approach has demonstrated the powerful ability in generating multiple
routed beams with various polarizations. Compared with previous means in
polarization control (polarization rotators, convertor, etc.), our strategy breaks
function limitation by introducing an intermediate process between the light input
and output—the orthogonal SPP interference as the reconfigurable polarization
generator. In addition, this strategy is quite general and adaptable. The process of
polarization reconfiguration and extraction does not conflict with the popular beam
modulation methods such as coupling and resonance [27, 52], instead it can
combine with them to provide us a new dimension of freedom in modulation.

In 2013, Capasso’s group proposed a particular design of aperture array to launch
unidirectional SPPs. Through this structure, different kinds of circular polarized
incidences can be coupled to SPPs with different propagating directions. Therefore,
it is quite appropriate to combine with our four-quadrant device to replace the slit
couplers, as schematically shown in Fig. 5.16a, where SPPs will be launched
propagating to the quadrants II and IV with an RCP incidence, while to the other two
quadrants for a LCP case. These two kinds of SPPs will then be extracted of different
polarization states respectively to form new beams through our designed structures,
thereby realizing 2 � 2 polarization division multiplexing. Figure 5.16b shows the
center of the sample fabricated by FIB, where the structures in quadrants I and III
have initial intercepts of d0 ¼ 0 and d0 ¼ kSPP=2, respectively, to realize corre-
sponding focusing with foci located at (3, 3, 40) and (−3, −3, 40). The structures in
quadrants II and IV have the same kinds of initial intercepts to generate focusing at
the positions of (−3, 3, 40) and (3, −3, 40). Figure 5.16c is the image of the sample
surface under RCP incidence without polarization analysis, where quadrants I and
III are not illuminated but quadrants II and IV are illuminated, indicating the uni-
directional propagation of the SPPs. Figure 5.16d–g are the images under different
circular polarization incidences and different polarization analysis, where four
totally independent foci are clearly shown. Thus the combination of our model with
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the unidirectional coupling principle was well demonstrated. With that a 2 � 2
polarization division multiplexer was realized, indicating a new dimension of
freedom in polarization modulation.

Fig. 5.16 The realization of 2 � 2 polarization division multiplexer. Figure adapted with
permission from Ref. [51], Macmillan Publishers Ltd.
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It is the same with the phase modulation method proposed in the previous
chapter that this polarization reconfiguration and beaming method can not only be
applied to the realization and modulation of simple light beams as plane wave and
focusing, but can also be applied to other beams. It can even be combined with the
holography design. We only need to find the intersections of these phase design
structures with the lines which determine the polarization states. Here we demon-
strated non-diffracting Airy beam with determined polarizations by this method. We
designed phase structures to generate far-field Airy beam from the x-propagating
SPPs. Figure 5.17c and d show the recorded images corresponding to the positions

Fig. 5.17 Polarization modulation of Airy beams. a, b Images of focusing beam at z = 20 and
40 lm. c, d Images of Airy beam at the same positions as the corresponding focusing beam. e,
f The optical fields of Airy beam at z = 40 lm under two orthogonal polarization analysis
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of z = 20 and 40 lm away from the metal surface, respectively. As we can see,
during propagating, the width of the main lobe is almost the same and it moves to
the left gradually. For comparison, we showed the focusing images with foci of
f = 40 lm at the same positions in Fig. 5.17a, b, where the variation of the optical
field was apparently showed, indicating the non-diffracting property of the gener-
ated Airy beams. The polarization of the generated Airy beam can also be selected
and modulated as the case of focusing beam. We designed a composite structure to
generate Airy beams in horizontal and vertical directions with two orthogonal
polarizations with initial intercepts of d0 = kSPP/4 and d0 = −kSPP/4, respectively.
Figure 5.17e and f are the images at the position of z = 40 lm corresponding to the
two states, respectively. When the intensity of the Airy beam at one state reaches
the maximum, the other one is almost zero and vice versa, which indicates the
general applicability of our polarization reconfiguration and beaming method in
spatial beam modulations, including complex optical field such as Airy beams.

So far, we have proposed and demonstrated a plasmonic polarization generator
that can reconfigure an incident polarization into various polarization states with
desired beam forms with the longitudinal component of SPPs. The critical process
is established by the interference of orthogonal in-plane field of two SPPs launched
by two crossed slits. Including two orthogonal states, eight polarization states were
generated and routed to eight focuses. This method is quite general and it is
adaptable to other polarization coding or multiplexing strategies. Our strategy
breaks the limitation of conventional means in simplex polarization control, and
offers versatile and flexible opportunities in tailoring the polarization and phase of
light all at once. Besides the revealed polarization generator, this approach is
expected to promote the capability of people in full control of the light and even
open a new avenue in designing new kinds integrated functional photonic devices.

5.4 Conclusion

In this chapter, we have extended the nonlinear phase modulation method to the
modulation to the light in 3D free space, which shows the generality of the phase
modulation method. Based on the phase modulation with plasmonic structures, a
series of new phenomenon and applications are studied.

An OAM beam in free space is realized with compact plasmonic structure.
Meanwhile, a phase modulation in the radial direction is proposed to integrated tune
the properties of the realized OAM beam, such as non-diffraction, focusing or
off-axial ejection, and so on. In addition, an integrated beam splitter is achieved as
well, which can split a beam into multiple OAM beams with different topological
numbers. The compact integrated OAM beam generation and modulation with
plasmonic structures will have great impact to the research and applications of
optical information.

A plasmonic polarization generator that can reconfigure an input polarization to
all kinds of states is proposed based on the interference of the in-plane
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(longitudinal) field of the SPPs that gives rise to versatile near-field polarization
states on a metal surface, which was seldom considered in previous studies. With a
well designed nanohole array, the in-plane field of SPPs with proper polarization
states and phases can be selectively scattered out to form desired light beams, such
as the plan wave, focusing or Airy beam, and so on. In addition, this method is
capable of multiplexing, with which a manifestation of eight focusing beams with
well routed polarizations are experimentally demonstrated. Meanwhile, the recon-
figurable method provides a new adaptable freedom for the polarization control,
which can coexistent with other polarization control mechanisms. Our design offers
a new route to achieve the full control of optical polarizations and possibly boost
the development of photonic information processing.
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Chapter 6
Summary Outlook

Due to its unique property of extreme confinement of electromagnetic (EM) field on
metal surface, there is a great potential application prospect for SPP to be used in
photonics integration. Base on this property, this dissertation achieve some inter-
esting progresses on the in-plane SPP modulation as well as the far field light
modulation with plasmonic structure. The major results and conclusions are as
follows.

1. We proposed and demonstrated an in-plane phase modulation method for prop-
agating SPPs based on SPP diffraction. We extended the traditional diffraction
principle of optics to 2 dimensional (2D) SPPs and studied the diffraction process
of SPPs by non-periodic nanoarray. The diffraction principle of SPPs under
non-perfectly-matched Bragg condition was discovered and experimentally
proved, which can be used to modulate the phase of SPPs in 2D system.

2. With this phase modulation method, a plasmonic non-diffraction Airy beam was
realized totally by in-plane diffraction processes. The revealed Airy beam
exhibits the unique features, such as nondiffraction, self-bending and
self-healing. In addition, a new group of collimated plasmon beams with con-
trollable intensity distribution (e.g., ‘‘lossless’’ plasmon) were achieved with
symmetric phase modulation. Furthermore, we extended this method to realize
arbitrary non-monotonic beams. These revealed beams can be taken as
non-confined waveguides, without suffering the loss from confining structures.
This study gives a unique insight into the SPP beam formation and is expected
to inspire more intriguing phenomena and potential applications in beam
engineering and nanophotonic manipulations.

3. The broad band focusing of SPPs was realized by the phase modulation scheme
as well and the bandwidth is about 100 nm in visible region. The design can be
used as a SPP demultiplexer and the resolution is about 12 nm. We extended
this phase tuning scheme to SPPs from point source and realized several kinds
of beams as well, indicating the wide application of the phase
modulation scheme.
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4. The phase modulation scheme can also be applied to light modulation in 3D free
space. A far field optical orbital angular momentum beam (OAM) was realized
by plasmonic structures. The radical phase of the beam can also be integrally
modulated together with the OAM beam generation, and we got nondiffraction,
focusing or off-axis injecting OAM beams. The beam splitting process can be
integrated with the generation as well and the according split beams can carry
different OAM numbers, which would inspire further research and applications
of OAM beam in information processing.

5. A scheme to reconfigure polarization states based on two orthogonal propa-
gating SPPs were proposed. The light with the different polarization states will
be scattered out of the metal surface by nanostructures and can be analyzed or
manipulated by polarization systems. We experimentally verified this scheme
and realized polarization controlled beams (such as directional beaming, airy
beam, focusing, etc.) based on this scheme. Furthermore, by the multiplexing of
the scatters, multiple desired polarization states in required beam-forms can be
realized simultaneously. More importantly, the scheme provides a new dimen-
sion of polarization control, which can co-work with other polarization control
systems (such as the coupling system, metasurface etc.). We have realized a
2 � 2 controlled beams, indicating its exciting ability to improve the infor-
mation capacity.

In conclusion, this dissertation developed a serial of effective methods to
modulate the phase and polarization of the SPP propagation, diffraction and radi-
ation. Several modulation and demultiplexing of photonic information were
successfully demonstrated with these methods, such as the steering of SPP beams,
OAM beam generation, as well as the polarization reconfiguration. The modulation
methods can not only be applied to plasmonic system, they can also be used to
other wave systems. Besides the promotion of our understanding of SPPs, these
modulation methods will also inspire the research and applications in other systems,
such as microwave, acoustics, and so on.
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