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1 Introduction

Waves in the periodic media are subject to the Bragg scat-
tering, giving rise to a band structure. Such effect presents in
both the electronic and photonic or phononic crystals [1-4],
where the lattice constants are of the order of the wavelength.
For waves with a long wavelength, the manipulation of wave
motion typically requires a bulky device. On the other hand,
by utilizing the strong resonance effect, waves can also be
manipulated by the subwavelength or even deep-subwavelength
objects. One example is the piezo- electric superlattice compos-
ing of periodic ferroelectric domains [5—7], where the coupling
between the electromagnetic wave and superlattice vibration
may lead to a polaritonic bandgap in the long-wavelength
region. Another example is the so-called “locally resonant
sonic material” [8, 9], which can block acoustic waves with
wavelength much larger than the characteristic size of the crys-
tal. Recently, plasmonic materials have attracted much research
interests [10, 11]. It is well known that the plasmonic resonance
of nanostructures can be employed to confine light or guide the
flow of light [12, 13]. Moreover, the electric and/or magnetic
resonances in metamaterials with the subwavelength compo-
nents have been demonstrated to enable exotic wave manipula-
tion properties such as the negative refraction and superlensing
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Abstract — Confinement of light by subwavelength objects facilitates the realization of compact photonic devices and the
enhancement of light-matter interactions. The Fabry-Perot (FP) cavity provides an efficient tool for confining light. However,
the conventional FP cavity length is usually comparable to or larger than the light wavelength, making them inconvenient for
many applications. By manipulating the reflection phase at the cavity boundaries, the FP cavity length could be made much
smaller than the wavelength. In this review, we consider the subwavelength FP resonance in a plasmonic system composed of
a slit grating backed with a ground plane, covering the spectral range from microwave to THz and infrared regime. For very
narrow slit width and spacer thickness, a typical zero-order and deep subwavelength FP resonance in the metallic slits can be
strongly induced. Moreover, due to the subwavelength FP resonance, greatly enhanced electromagnetic pressure can also be
induced in the system. The sign and magnitude of the electromagnetic pressure are dominated by the field penetration effect in
the metal as well as the field enhancement in the FP cavities. The effect promises a variety of potential applications, such as
detecting tiny motions and driving the mechanical oscillations.
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[14-16]. The concept of resonance may provide a way for
miniaturizing the devices and realizing novel optical effects
with subwavelength components.

There are many different resonators which can be employed
to realize optical resonances, and examples include metallic
nanoparticles, metallic or dielectric microdisks, and photonic-
crystal cavities [12, 17-19]. Here we would like to discuss
two typical optical resonators: the inductance-capacitance
(LC)-like resonator and the the Fabry-Perot (FP)-like resonator.
A well-known example of LC resonator is the metallic split-ring
resonator (SRR), which plays a crucial role in metamaterial
design [14, 20-22]. The LC resonator has an effective induc-
tance and capacitance, inducing the free electrons to oscillate
like mechanical harmonic oscillators [23]. The resonance effect
can be extended from the microwave band to THz and infrared
range by reducing the resonator sizes [21, 22]. For example, the
optical properties of nano-metals or flat metal surfaces have
been studied using the LC model [24-27]. However, the scaling
of resonance frequency with size will break down in the optical
regime [28], due to the dominance of internal inductance. The
LC resonance can be excited by the electric or magnetic field of
light or by the neighboring resonators via the near-field cou-
pling. The coupling between the LC-like resonance and
electric- dipole mode can mimic the electromagnetically-
induced transparency [29].

In contrast, the FP-like resonator is an optical cavity
based on the electromagnetic interference effect [30, 31].
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A conventional FP resonator consists of an air cavity of
length L sandwiched between two parallel reflecting mirrors.
The constructive or destructive interference of forward and
backward propagating waves results in the formation of a stand-
ing wave pattern in the cavity. The FP cavity has been widely
used in applications such as the laser cavity, signal filtering,
directive emission, and optomechanical coupling [31-33].
However, compared with the LC-like resonator which is fre-
quency selective and can be deep subwavelength in size, the
FP-like resonator operates with the wavelength that scales with
the cavity length. The resonance condition of a conventional FP
cavity requires that the total phase shift of one round trip equals
a multiple of 2x, i.e., 4nnl/A + @, + @, = 2mm (here, n is the
index of cavity filling medium, ¢; and ¢, are the reflection
phases, and m is an integer). Generally speaking, the reflection
phase at the interface between two media has two possible val-
ues 0 or 7, depending on the ratio of medium refractive index.
Thus, it can be inferred that the cavity length must be compa-
rable to or larger than the resonance wavelength. This makes
the device unsuitable for applications that require small form-
factor components.

In recent years, the FP-like effect in plasmonic circum-
stances has received much attention [34-41]. It was found that
the FP-like resonances in the subwavelength apertures of a
metal film can increase the transmission of light [34, 35]. More-
over, a simple plasmonic FP cavity can be constructed by using
the plasmonic mirrors and/or employing the plasmonic confine-
ment [36, 38]. Although the quality factor is compromised due
to the Ohmic loss, the presence of plasmonic effect can squeeze
the light wavelength and reduce the mode area drastically.
Consequently, the combination of FP resonance and surface-
plasmon resonance yields an efficient localization of light and
a significant enhancement of electro- magnetic fields in the cav-
ity [36]. By inserting the metallic nanostructures into an FP cav-
ity, one can also observe the strong coupling between the
optical mode and localized plasmon mode [40, 41]. These
effects may be used for increasing the optical nonlinearity or
enhancing the cavity-based plasmonic sensing. Although a sim-
ple plasmonic FP cavity may provide a solution for the minia-
turization of device, the fundamental limit on the cavity length
cannot be circumvented in this way.

It was noted by Trentini that the FP resonators could be cre-
ated with a partially reflecting reflector that induces a phase
shift different from O or 7 [42]. This causes a slight variation
of cavity length with respect to the standard value. Although
the effect was not very obvious in the original structure, signif-
icant advances can be achieved now thanks to the modern meta-
material designs. In 1999, Sievenpiper et al. suggested that a
mushroom-like structure, consisting of an array of metal plates
connected to a back metal sheet, can act as a high-impedance
surface [43, 44]. The reflection phase of such a surface may
experience a transition with frequency from 7 to —x by crossing
through zero at the LC resonance frequency. With this unusual
reflection property, a subwavelength FP cavity with cavity
length one order of magnitude smaller than the resonance wave-
length has been designed and constructed operating in the
microwave band [45]. By going from one to all three dimen-
sions [46], a cubic cavity with each dimension about a quarter
of the resonance wavelength was also realized. The FP cavity

length can be further squeezed by using the double metamate-
rial-based reflectors. The reflection phases at both reflector
surfaces decrease gradually with the frequency; in a narrow fre-
quency range, the two phases cancel each other partially, allow-
ing for an ultrathin cavity with the length as small as /60 [47].
With such cavities, an ultrasmall FP antenna, i.e., a subwave-
length FP cavity coupled with an internal antenna, can provide
a highly directive emission at the resonance [45, 47, 48].

The subwavelength FP cavities constructed with the multi-
layer metamaterial reflectors are of the complicated geometry
and thus not easy to realize at high frequencies. In this review,
we discuss the designs and properties of a special kind of sub-
wavelength FP resonator, which is composed of a metallic slit
grating backed with a ground plane. Due to the unique phase
shift, the metallic slits within the structure may act as “deep
subwavelength” FP cavities [49], where the resonance wave-
length can be two orders of magnitude larger than the cavity
length. Compared with the previous designs, our FP cavity is
open-ended without the microstructured physical reflectors at
the cavity openings. Thus the cavity can be reduced with the
nanoscale sizes and can work at high frequencies. The deep
subwavelength FP-like resonance is also accompanied by many
interesting physical properties [50], such as enhanced absorp-
tion and enhanced electromagnetic pressure.

A systematic discussion will be presented in the following
sections. In Section 2, several mechanisms for the nontrivial
phase shift at the reflecting interface are analyzed. This could
be helpful for understanding Section 3, where the reflection
phase and resonance condition of the proposed subwavelength
FP (SFP) resonator are presented. In Section 4, we discuss the
SFP resonance in the microwave band. The enhanced electro-
magnetic pressure due to the SFP resonance was emphasized.
The effect is extended in Section 5 to the higher frequency
THz and infrared regime. The role of the field penetration effect
in the metal is also suggested. Some additional comments are
provided in Section 6 and the findings are summarized in
Section 7.

2. Reflection phase at the boundaries

2.1 Phase shift due to resonant impedances

For materials involving both electric and magnetic
response, the reflection coefficient of light at normal incidence
is determined by the impedance of the interface medium,

VARNA)
r= .
Z1+ 27,

(1)

Here, Z; = | /fi;%; is the impedance of a bulk medium.

For natural materials, the impedance and the phase shift are
usually monotonous functions of frequency. However, by using
the designed artificial materials or metamaterials with the sub-
wavelength constituents, the electric and magnetic response can
be engineered at will. For example, an array of metallic SRRs
shows a magnetic resonance [20-22] near which the permeability
can be enhanced, thus giving rise to higher impedance. Moreover,
a negative permeability may also be induced in a frequency gap.
On the other hand, an array of metallic nanoparticles has an electric
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Figure 1. Reflection of light at various interfaces: (a) A semi-infinite PEC metal milled with subwavelength square holes behaves like an
effective medium (4 > d) with a resonant impedance (the hole width is a, the period is d, and the permittivity of hole filling medium is set as
g, = 25); (b) A semi-infinite PEC metal milled with periodic slits (the slit width is a and the period is d) can induce the diffracted evanescent
waves at the interface (4 ~ d); (c) Light reflection by a dielectric slab (with a thickness /) sandwiched between two semi-infinite media.
The reflection efficiency and phase shift for the case (a)—(c) are shown in (d)—(f) respectively. We set in (d) and (¢) a = d/2 and in (), n; = 1,

Ny = 2, and n3 = 1.5.

response [23, 51, 52]. In the effective-medium model, the imped-
ance is then modulated depending on the permittivity which can be
positive, negative, or zero in the specific frequency range. The neg-
ative (or complex) permeability or permittivity due to the reso-
nance (or absorption) gives complex impedance and thus
changes the phase shift [41].

Interestingly, an array of subwavelength holes (the comple-
mentary structure of the particles) in a semi-infinite thick and
perfect-electric conducting (PEC) metal, as shown in Figure la,
may act as an effective medium with high impedance. Follow-
ing Pendry et al. [53, 54], the perforated-metal medium has an
effective  permeability  pios = 8a*/n’°d® and  permittivity
teir = (T°d*18a*)(e, — T*Pla*w®) in  the long-wavelength
approximation. Here, a is the width of the square hole, d is
the lattice constant, ¢ is the light speed, and ¢, (g, > 1) is
the permittivity of hole filling medium. The effective permittiv-
ity is of the Drude-model form with a “plasma” frequency of
the waveguide cutoff frequency. The effective impedance
Z = (8a*/m*d”) /\/er — m*c*/a*>w? shows a resonance at the
hole cutoff. Below the cutoff frequency, the impedance is imag-
inary and causes a phase shift. The effect can also be under-
stood in terms of the evanescent-wave effect, as indicated
below. Figure 1d shows an example for this case.

The device is bulky using a bulk medium as the reflectors.
In the long-wavelength limit, a flat surface textured with periodic
metallic features can be treated as an effective medium, which may
present unusual effective surface impedance [43]. Here, the

surface impedance relates the tangential electric field, including
both the incoming and reflecting components, to the magnetic
field at a boundary, thus determining the reflection of light directly.
For example, the mushroom-like structure can be modeled as an
equivalent resonant LC circuit, which has a surface impedance
of Z, = ioLw’LC — 1) [43]. This impedance is inductive in
the low frequencies, capacitive in the high frequencies, and exhib-
its a larger value at the LC resonance. Accordingly, the reflection
phase of the surface decreases continuously with the frequency
from 7 to —7. Such a structure may also be treated as an effective
medium with a resonant permeability [55].

2.2 Phase shift due to evanescent waves

For transverse-magnetically (TM) polarized incident light,
the magnetic Fresnel’s coefficient of reflection between the
dielectric medium 1 and 2 (the permittivity is &, and &, respec-
tively; the permeability is u; = u, = 1) reads [56].

1 — &iky Jecky
p = Lok ek 2)
1 + e1ky [exk,
Here, kjl:I,Z =
nent along the normal of interface, &, is the parallel wavevec-

tor component along the boundary, and 4 is the wavevector in
free space.

kee — kf , represents the wavevector compo-
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Generally, the reflecting wave presents a trivial phase shift 0
or . When the normal wavevector kj is imaginary, however,
the reflection phase will deviate from 0 or m. This case can
be encountered in the total reflection when the incident angle
is larger than a critical value. Alternatively, the normal wave-
vector is also imaginary when the metal with a negative permit-
tivity constitutes one of the interface media. The imaginary
wavevector means that the wave is evanescent and decays
exponentially from the interface. Accordingly, a phase shift pro-
portional to the decay length, Ap ~ Zkfé = 2/{1L /Im (kzl) , will
be resulted. Hence, the evanescent wave will play a crucial role
in tailoring the reflection phase at the boundaries although the
evanescent wave cannot carry the energy away from the inter-
face. When the transmitted wave is propagating or has a real
momentum in the normal direction, the reflection phase will
be 0 or 7; when the transmitted wave is evanescent or has an
imaginary normal momentum, the reflection phase is then
changed.

The evanescent wave can also present in many other sys-
tems, such as the near field of a subwavelength nanostructure,
the surface of a periodic structure, etc. [57—59]. For light inci-
dence upon a metal surface perforated with the periodic sub-
wavelength apertures, the propagating and evanescent waves
can be excited simultaneously and the reflection phase may
be changed depending on the weight of the evanescent
components. We take a PEC and semi-infinite thick metal,
which is milled with periodic subwavelength slits, as an
example (see Figure 1b; the slit depth is also semi-infinite).
By expanding the fields on the incident side as

H! = %o + Zmrme"(G’"“ B-a) and that in the slits as
H = toe™s  the reflection coefficient for the TM polarization
can be obtained with the boundary conditions as:

2
ned kog
R

2 2
m ko - Gm

(3)

7’0:1—

Here, G,, = 2nm/d, g,, = sin c(mmal/d), d is the lattice per-
iod, and « is the slit width. Note that the evanescent waves on
the incident side are marked by the diffraction orders with
G,, > ko and that the evanescent effect on the transmission side
can be accounted for by using a complex filling-medium index
ng=n+in'.

Equation (3) suggests that the reflection phase at the peri-
odic interface is still dominated by the propagating or evanes-
cent characteristics of the waves. If we neglect the evanescent
components on both the incident and transmission sides, that
is, ng is real and G,, < ko, the reflection coefficient will be real,
indicating a common phase shift of 0 or 7. However, the pres-
ence of evanescent effect on either side may contribute to a
deviation of phase shift. For example, Figure le presents the
calculation results for n, = 1 and a/d = 0.5, where a non-zero
phase shift (due to the evanescent effect on the incident side)
can be seen clearly.

In the long-wavelength region, the semi-infinite structure
may be approximated by a homogeneous medium [54], which
has an effective permittivity & = n’d/a and a permeability
U, = a/d. Consequently, the impedance of the effective medium

is Z=alnd and the reflection coefficient becomes
r = (nyd — a)/(nyd + a). This result can be recovered with
the equation (3) by neglecting the evanescent terms. Thus,
the phase variation due to the diffracted evanescent effect will
be excluded in the simplified model. This also implies that
one should be careful to use the effective-medium model when
dealing with the reflection phase at the boundaries.

2.3 Phase shift due to resonant cavities

The reflection phase at the boundary of a slab can also be
induced, which is correlated with the oscillation of waves in
the slab. Consider a dielectric slab of the permittivity &, and
thickness # sandwiched between two semi-infinite medium
1 (¢1) and 3 (&;) (see Figure 1c¢). The TM-polarized light is inci-
dent with the incident angle 6 upon the slab and transmits from
the medium 1 to medium 3. The reflection coefficient of the
slab can be expressed as follows [56],

r12 + 3 €Xp (Zikfh)

= . 4
g 1+ r12123 €XPp (Zijh) ( )

Here, r1, (or rp3), which is determined according to the
form of equation (2), is the Fresnel’s reflection coefficient
between the medium ¢; and &, (or &, and &3); kf is the normal
wavevector component in the slab.

Equation (4) shows that the reflection phase at the boundary
is modulated by the dielectric slab-cavity effect. The phase shift
is generally not 0 or 7 even though there is no evanescent mode
in the structure. To see this point more clearly, we consider the
case that ny = 1, n, =2, n3 = 1.5, and 0 = 0. The reflection
efficiency and phase shift as a function of wavelength (normal-
ized by the optical path of slab) are shown in Figure 1f by the
open and solid circles, respectively. It can be seen that the phase
shift is modified relying on the wavelength or the slab thickness
h. Note that, when % is much smaller than the wavelength, the
effect is obvious as well. However, at the slab-cavity resonance
where 2k, h = mm or A/nyh = 4/m, the reflection phase will go
back to zero.

Similar cavity-dependent phase shift at the boundaries can
also be present in systems such as a metal film (of finite thick-
ness) perforated with the subwavelength slits or holes [34, 35],
a thick metal milled with the periodic grooves or holes of finite
depth [54, 60, 61], etc. In the case of holes, the wavelength
should be smaller than the cutoff wavelength. In these cases,
the evanescent modes due to the periodic textures can also gen-
erate a contribution to the phase shift which is included in the
Fresnel’s coefficient 7;;. This evanescent-mode effect will mix
with the slab-cavity effect to induce a total reflection phase at
the boundaries.

3 SFP resonators based on metallic slits

With the modulated reflection phase, the FP cavity length
could be reduced. However, for a close-ended FP cavity defined
by two physical reflectors, the lateral size of cavity is usually
much larger than the wavelength. It is interesting to find that



C.-P. Huang and C.-T. Chan: EPJ Appl. Metamat. 2014, 1, 2 5

£ d

S —
&y % § ? h
& t

Figure 2. Schematic view and physical parameters of the plasmonic
system under study. The slit grating (with a narrow slit width) and
ground plane are separated by a thin dielectric spacer. The vertical
narrow slits support a deep subwavelength FP-like resonance. Such
resonance can be excited by a TM-polarized incident light.

single slits or slit array cut into a metal film can also behave like
the common FP cavities [34, 35, 38, 62, 63], as long as the slit
length is large enough. The effect originates from the fact that
the slit mode couples with the surface charges on the metal
walls and two effective reflection interfaces can be introduced
because of the discontinuities at the slit openings. Thus, the
metallic slits may act as the open-ended FP cavities which have
no physical reflectors. Moreover, the width of slits can be
squeezed to a deep subwavelength scale.

Compared with the FP resonance with perfect reflecting
boundaries, the FP-like resonance in the open-ended slit cavities
only shows a slight wavelength shift [34, 38]. To realize the
deep subwavelength effect, a modified sandwiched plasmonic
structure can be used (see Figure 2). The sandwiched structure
is usually composed of a thin metallic pattern (e.g., a periodic
array of well-separated disks, patches, or stripes) and a back
ground plane, separated by a dielectric spacer [64—73]. In such
structures, horizontal or vertical resonances in the dielectric
spacer can be excited, leading to enhanced electromagnetic
fields and absorption. For the slit grating with a narrow slit
width and a larger thickness, however, the vertical metallic slits
may behave as the FP-like cavities [49, 74, 75].

According to the Section 2, the upper periodic interface pro-
vides the diffracted evanescent waves in this composite cavity
structure, which modify the reflection phase at the top slit-
cavity openings. The diclectric spacer sandwiched between
the metal grating and the ground plane acts as a thin slab cavity,
which incorporates both the cavity and evanescent effects.
Thus, the reflection phase at the bottom slit-cavity openings
can also be modulated.

To determine the reflection phase of slit mode at the slit
openings, one can write the fundamental slit mode in the slits
and determine the reflection coefficients with the boundary con-
ditions. For very narrow slits, the fundamental slit mode, con-
sisting of downward and upward components, can be
expressed as H = Ae"” + Be ¥, where qo = kony, is the

propagation constant and n;, = /1 —l—2i/k0as/|14/2 is the

effective index (g, is the permittivity of the metal) [50].

By expanding the fields on the upper side as
H! =" R,e*0m—u) and using the boundary conditions,
we have

A+B=> g,R,

o we g,
Rm - 1/2

7 (B—4). (5)
Uy, + 18y

Here, w = m,a/d, g, = sinc(kogm”), U, = /&1 — %, and
Ym = mA/d. Consequently, the slit-mode electric-field reflection
coefficient at the upper slit opening (y = 0), ; = —A/B, can be
deduced as:

1 —we > &2/ (uy + 818;,11/2)
= 71/2) : (6)

ry =
L we 3025/ (um + €18y

Equation (6) confirms that the phase shift at the upper slit
openings is associated with the evanescent effect.

Similarly, by expanding the fields in the dielectric spacer
and using the boundary conditions [50], one obtain

Aeiqoh +B€_iq0h _ Z(l _ pmelikovmt)ngm,

m
wesg,, (Ae'oh — Be~ioh)

Tm = ~12 ] )
(Um + 838M ) (1 — piez’kov’”t)

where  p, = (836, "> — vn)/(&363,"> + vw), and

/& — 72, Accordingly, the slit- mode electric-field reflection
coefficient at the lower slit opening (y=4h), r; =
Be " /(—Ae'"), can be derived as

Uy =

1 —wes Z :umgiz/(vm + 838;/[]/2)

= my (8)
L wes 1,85/ (0 + 8383 "%)

r3

where p,, = (1 — p,,e**t) /(1 — p2 e?*ovnt) i3 related to the
spacer thickness. Thus, besides the evanescent effect, the phase
shift at the bottom slit openings also benefits from a cavity
effect of the spacer. When the mth-order diffraction mode is
propagating, v,, is real and thus wu,, is complex, giving rise to
a phase contribution due to a pure cavity effect. In addition,
when the diffraction mode is evanescent, a phase contribution
due to the evanescent effect will emerge (here v, is imaginary,
om~ —1, and p,, is real). In the latter case, the phase
contribution can also be modulated by the spacer cavity
(dependent on £).

The SFP resonance condition can thus be written as
1 — rir3e®@" =0 or @, + @3 + 2qgoh = 2mm, where @, and
@5 1s the phase shift of the slit mode at the top and bottom slit
openings, respectively. Such a SFP resonance can be excited
efficiently by a TM-polarized light incident from the upper side.
At the SFP resonance, the electromagnetic fields will be trapped
in the slit cavities and the reflection of light is greatly sup-
pressed. Moreover, the SFP resonance can squeeze the electro-
magnetic energy into the spacer, giving rise to enhanced
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Figure 3. The SFP resonance in the microwave band for the
structure with d = 20 mm, ¢ = 0.3 mm, 2 = 5 mm, and ¢ = 0.1 mm.
(a) Phase shift of slit mode at the slit openings (the arrow indicates
the SFP resonance); (b) Zero-order reflection (the line) and the
absolute value of the FP-like resonance factor (the circles). The
resonance around 20 mm is dominated by the grating surface modes.

radiation pressure in the system. These effects may find interest-
ing potential applications in future. In the following, the SFP
resonance and the resulted physical effects in the microwave
band, THz and infrared range will be discussed respectively.
For simplicity, throughout the rest of article, the metal is
assumed to be freestanding (& = & = 1), and the metal
permittivity is modeled with the Drude dispersion
ey =1 — o /o(o +iy), where @, =137 X 10" rad/s and
v =4.05 x 10" radss.

4 SFP resonance in the microwave band

To illustrate the SFP resonance in the microwave band, we
use the following structural parameters: o =20 mm,
a=03 mm, A =5 mm, and ¢ = 0.1 mm. Figure 3a presents
the reflection phases of the slit mode at the cavity openings,
which are dispersive in the studied spectral range: the reflection
phase shift at the top (¢) is positive but small while that at the
bottom (¢3) goes from positive to negative values by crossing a
zero-phase point A. The negative phase shift enables a zero-
order FP resonance with a long wavelength A = —4nh/
(o1 t @3). To confirm this point, the zero-order reflection spec-
trum of the whole structure at normal incidence was calculated
by the equation [50]:

2igoh 2
ro = |- e | 9)
(1 + 01)(1 — 7"17"3@21%11)

The result is shown in Figure 3b by the solid line, which
exhibits a significant reflection dip at the wavelength
55.4 mm (h/A = 9%). This reflection dip coincides with the
peak of the FP-like resonance factor ‘ f,,(A)] (see the circles),

0, (T)

Wavelength (mm)

Figure 4. Dependence of phase shift on the wavelength for different
slit width a and spacer thickness #: (a) t = 0.1 mm, and a = 1.0 or
0.3 mm; (b) @ = 1.0 mm, and ¢ = 0.1 or 0.3 mm. Here d = 20 mm.
The correspondence between the phase shift ¢z (the line) and |u,,|
(m =0, 1, 2) are shown in (c), where d = 20 mm, ¢ = 0.5 mm, and
t = 0.2 mm. The inset of (c) shows the zero-phase point A4 (the
circles) as a function of lattice period d (where we fix @ = 1.0 mm
and ¢= 0.2 mm), which track the position of HFP mode in the
spacer closely (the line).

where £, = (1 — rir3e¥4) ! Thus, a subwavelength FP reso-
nance can be induced.

4.1 Phase shift vs. structural sizes

To employ the reflection phase to modulate the SFP reso-
nance, the dependence of phase shift on the structural parame-
ters @ and ¢ are investigated. In Figure 4a, two slit widths
a =10 mm and 0.3 mm are used and the other parameters
are fixed. With the reduction of slit width, ¢, decreases slightly.
However, an obvious change occurs for ¢s: the slope of phase
curve around the zero-phase point 4 becomes smaller (the point
A shows a weak redshift). This could push the SFP resonance to
the longer wavelength. To understand this effect, we go back to
equations (6) and (8), which show that the reflection coeffi-
cients of the slit mode are strongly dependent on the parameter
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w or duty cycle a/d. The smaller is the duty cycle, the closer the
ry and 3 to unity. That means very narrow slits exhibit excellent
confinement ability, as the slit mode can be reflected almost per-
fectly at the openings. Simultaneously, the reflection phases of
slit mode also approach zero, giving rise to more flat phase
curves.

The reflection phases for two spacer thickness # = 0.3 mm
and 0.1 mm are shown in Figure 4b. The result is similar to that
of Figure 4a, but the larger the spacer thickness, the gentler the
phase variation around the point A (the position of point 4 is
almost unchanged). This suggests that the spacer thickness
can also be used to manipulate the reflection phase and the
SFP resonance. Equation (8) suggests that this phenomenon
is related to the spacer cavity effect, which is governed by
U For the small spacer thickness (¢ < 2), u,, can be simpli-
fied as u,, ~ v,/ (2838;41/ 7 ikov2t). By neglecting the term
&36,,> which contributes little to the phase in the microwave
region, we have p,, & i/kov,,t and the summation term in equa-
tion (8) becomes

_ i g
S = e m:;..“ s

m

(10)

Equation (10) shows that each diffraction term (which is
imaginary) will make a contribution to the reflection
phase. Since the sum is inversely proportional to the spacer
thickness ¢, the larger the ¢, the smaller the phase shift and
the gentler the variation of phase curve.

To further distinguish the role of spacer-confined diffraction
modes in the reflection phase, @3 and p,, (here m = 0, 1, and 2)
as a function of wavelength have been mapped in Figure 4c.
One can see that |y, evolves linearly with the wavelength
whereas |p,| and |u,| present peaks at the phase jump around
the wavelength 10 mm and 20 mm. This indicates that the
phase jump of ¢5 is related to some type of resonance mode.
By checking the pole of p,, (1 — pZe* ' = 0), one obtain

MTm:ikO\/a(H%), (11)
where 0 = 1/2/pwo is the skin depth of metal. This corre-
sponds to the mth-order “SPP resonance” in the spacer region.
In the microwave band, the skin depth (~pm) is very small
compared with the slit width. Thus, the resonance wavelength,
ml. = tn3d(1 + 0/2a), appears very close to the Rayleigh
anomaly.

In the long-wavelength region, however, the role of
zero-order diffraction mode becomes significant. We note from
equation (10) that the zero-order term and the high-order terms
are just of the opposite role for the reflection phase. In a partic-
ular wavelength (4 point), the role of all terms may be canceled
completely, giving rise to a null phase shift. This particular case
satisfies the following condition:

&3 (/L/d) — & (2)/0’) — &

(12)

We found that the wavelength thus determined is very close
to mA ~ 2,/e3(d — a), ie., the wavelength of horizontal FP
(HFP) resonance in the spacer (beneath the metal stripes). This
can be seen from the inset of Figure 4c, where the grating per-
iod d is changed (a is fixed as 0.5 mm) and the theoretically
obtained positions (the circles) of the point 4 approach that
of the HFP resonance (the line). We thus attribute the zero
phase-shift at the point 4 to the HFP resonance in the spacer.
On the left- or right-hand side of point 4, the role of zero-order
mode will be defeated by or surpass that of high-order modes,
yielding the positive or negative reflection phase.

4.2 Reflection spectrum vs. structural sizes

The influence of structural parameters on the SFP resonance
can be further demonstrated by studying the reflection spec-
trum. The reflection spectrum as a function of wavelength
and slit cavity length is shown in Figure S5a. With the increase
of cavity length, the reflection minimum caused by the SFP res-
onance (the red-colored part) redshifts obviously. For the cavity
length 2 = 1 ~ 10 mm, the resonance wavelength varies from
42 mm to 64 mm with 4/A = 2.4% ~ 15.6%. The increases
of spacer thickness ¢ can also redshift the SFP resonance due
to the variation of reflection phase. This point is verified in
Figure 5b. When ¢is changed from 0.1 mmto 0.7 mm, for exam-
ple, the resonance wavelength will shift from 50 mm to around
90 mm. However, the reflection dip becomes less significant.
In addition, we can also manipulate the SFP resonance with the
slit cavity width a (see Figure 5c). The smaller is the cavity width,
the larger the resonance wavelength. Fora = 0.1 mm with a duty
cycle as small as 0.5%, the resonance wavelength is around
76 mm (A = 5 mm) and the absorption efficiency of microwave
is up to 95%. When normalized to the duty cycle of grating, the
enhancement of absorption attains 190.

Experimentally, we constructed two samples to demonstrate
such an effect. The samples are composed of an aluminum slit
grating and a planar ground plane, which are separated by a tun-
able air gap (the grating covers an area of 300 mm X 300 mm).
For both samples, the lattice period is d = 20 mm, slit width
a =1 mm, and the slit cavity length is 5 mm and 10 mm,
respectively (see Figure 6a). The TM-polarized microwave
(the magnetic field is parallel to the slits) is incident with an
angle of 5°. The reflected microwave is collected and measured
with a microwave network analyzer (HP8150C). Figure 6b
shows the measured (the circles) and calculated (the line) reflec-
tion spectra for the sample with # = 5 mm and ¢ = 0.15 mm. A
reflection dip corresponding to the SFP resonance at 6.3 GHz
(or 47.6 mm) has been observed. By tuning the air gap thick-
ness ¢ (from 0.15 mm to 0.9 mm), a redshift of SFP from
6.3 GHz to 3.8 GHz can be seen (Figure 6¢). The spectral posi-
tion of experiments agrees well with the theory. However, the
measured reflection efficiency at the resonance is lower than
the theoretical prediction. This can be attributed to the finite
area of the samples, where the diffraction modes in the air
gap can escape from the four sample ridges, thus reducing
the actual reflection of microwave. In addition, for # = 10 mm
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Figure 5. Reflection spectrum as a function of wavelength and
structure sizes: (@) a =0.5 mm, ¢t=0.1 mm; (b) a = 0.5 mm,
h=5mm; and (¢c) 2~ =5 mm, £ = 0.1 mm. The lattice constant is
fixed as d = 20 mm.

and ¢ = 0.3 mm (see Figure 6d), two reflection dips around
4.3 GHz (70 mm) and 10.8 GHz (27.8 mm) can be found.
Compared with s =35 mm, the low-frequency dip for
h =10 mm shows an obvious redshift. We also measured the
microwave reflection for different spacer thickness and the
spectral position as a function of ¢ is plotted in Figure 6e.
A good agreement between theory and experiment is seen.

4.3 Electromagnetic pressure vs. structural sizes

The optical force may provide a convenient tool for manip-
ulating small objects [76, 77]. In the cavity opto- mechanics, the
optical force can provide a strong coupling between the optical

mode and mechanical oscillation [78-81]. Optical forces can be
enhanced employing the resonance modes in the plasmonic sys-
tems [82—88]. Here we investigate the electromagnetic pressure
associated with the SFP resonance which supports an efficient
confinement of electromagnetic energy in the slit cavities.
The coupling between the slits and spacer also enhances the
electromagnetic fields in the spacer at the SFP resonance (but
not at the HFP resonance). Such field enhancement may lead
to an amplified electromagnetic pressure.

The numerical simulations show that the antiparallel (hori-
zontal) currents can be excited near the spacer, which generates
a repulsive or positive force [50]. Accompanying the oscillating
currents, positive and negative charges accumulate on the
upper or lower side of the spacer, giving rise to an attractive
or negative force. Tléle photonic  repulsive pressure,
P, = (1/4d) [ dt/;z Uo|H 3| dx (proportional to the magnetic

energy density in the spacer), may be2 balanced by the attractive

pressure P, = —(1/4d) 522 &|E,| dx (proportional to the
electric energy density in the spacer) [50] due to the equiparti-
tion of energy. However, the situation will be quite different
considering the following two effects.

One is the field penetration effect in the metal [89], which
suppresses the magnetic field/energy due to a sharing of energy
by the kinetic energy of free electrons. The larger the share of
the electronic kinetic energy, the smaller the magnetic energy
and the weaker the repulsive force. This effect is important in
the visible frequency range. In the microwave band, the elec-
tron kinetic energy ux = L.i*/2, where the kinetic inductance
L, < 21/ kﬁé, (k, = 2n/4,, 4, is the plasma wavelength, and
0 is the skin depth) is small compared with the magnetic energy
uys = L,,i*2, where the Faraday inductance L,, o ot (¢ is the
spacer thickness). Thus, the kinetic energy (leading to internal
inductance) will can be neglected in the microwave regime

(Le /Ly ~ Xi /21t26t>. The other effect is the field leakage

effect [90], where the “leakage” of electric or magnetic energy
from the spacer to the surrounding environment (especially the
slit FP cavities) plays a crucial role. Hence, the subwavelength
FP cavities may modulate the electromagnetic pressure
strongly.

Figure 7 presents the calculated (normalized) electromag-
netic pressure as a function of wavelength and structural param-
eters. The pressure normalized by the common value induced
on a flat PEC surface can be written as [50]:

Pa 1 ikov
=g (1= [Tu(t = p)e= [ (13)

Here, T,, is the amplitude of the mth-order diffraction mode in
the spacer:

g1+ 01 +0:)]"
Lo = o)1 = g2 oy W™ (14)

Note that 7}, is proportional to the FP-like resonance factor f,,.
Figure 7a shows that the pressure for the long-wavelength
(zero-order FP) resonance is positive whereas that for the
shorter-wavelength resonance is negative. In the former case,
the energy “leaked” to the FP cavities is mainly the electric
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Figure 6. Experimental results for the microwave band: (a) Photographs of the fabricated samples. The lattice constant of the two samples is
d =20 mm, the slit width is @ = 1 mm, and the grating thickness is # =5 mm and 10 mm, respectively. The measured (the circles) and
calculated (the line) reflection spectra are presented in (b) for # = 5 mm, ¢ = 0.15 mm and (d) for # = 10 mm, ¢ = 0.3 mm, respectively. The
measured (the circles) and calculated (the lines) resonance wavelength of the two samples as a function of spacer thickness ¢ are shown in

(c), h =5 mm, and (e), # = 10 mm, respectively.

energy, which suppresses the attractive force. In the latter case,
the antiparallel currents can also be induced in the metallic slit
walls, due to the larger phase retardation in the slits; thus the
energy “leaked” to the FP cavities becomes the magnetic
energy, which suppresses the repulsive force. The effect
becomes more significant with the increase of FP cavity length.
For =10 mm and a = 0.5 mm, the normalized pressure
attains ~1000 at the wavelength 64 mm and —500 at 30 mm.

The positive and negative pressure will decrease with the
spacer thickness ¢ (see Figure 7b), as the increase of ¢ may
reduce the electromagnetic energy density in the spacer. This

may be useful for the dynamic control of the force. In addition,
a reduction of slit width a can also boost the electromagnetic
pressure, especially that for the zero-order FP resonance (see
Figure 7c). For example, when « is reduced from 1 mm to
0.1 mm, the normalized pressure changes from less than 500
(at 58 mm) to around 2000 (at 100 mm). With the decrease
of slit width, the coupling between the adjacent metal stripes
becomes stronger. Thus the currents at the bottoms of metal
stripes may induce the horizontal electric dipoles crossing the
narrow slits. Accordingly, the original (vertical) electric dipoles
developed crossing the spacer are suppressed, which leads to a
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Figure 7. The SFP-resonance induced electromagnetic pressure in
the microwave band as a function of wavelength and structure sizes:
(@ a=05mm, t=0.1 mm; (b) ¢=0.5mm, 2= 10 mm; and
(¢) h=10mm, t=0.1 mm. The lattice constant is fixed as
d =20 mm.

decrease of attractive force and enhancement of the total elec-
tromagnetic pressure.

5. SFP resonances at high frequencies

The SFP resonance effect may be extended to higher fre-
quencies such as the THz or infrared regime by scaling the
structural sizes with the wavelength [49, 91]. The difference
is that the permittivity of metal becomes significantly smaller
than that in the microwave band. Consequently, the skin depth

scaled by the wavelength, &/ = [2r Im(e},?)]”", will be

increased. This will modify the SFP resonance effect and the
electromagnetic pressure. In the following, the THz and infra-
red region will be considered using two examples.

5.1 Phase shift at the cavity openings

The reflection phases at the cavity openings are checked
again, considering the variation of slit width @ and spacer thick-
ness ¢. The result for varying the slit width « is similar to that
obtained in the microwave band (see Figure 4a), but the case
will be somewhat different concerning the variation of .
Figure 8a shows the wavelength dependence of reflection phase
at the THz band for two values of #= 0.1 um and 0.5 um
(d=20 pm and a = 0.5 pm). We see that, besides the slope
of phase curve, the position of zero-phase point 4 varies with
t (in the microwave band, the point 4 is almost independent
of 7). To see the effect more clearly, the inset of Figure 8a plots
the position of 4 as a function of spacer thickness ¢ (the circles).
For the smaller 7 (# < 0.3 um), a redshift with the decrease of ¢
is seen. However, for the larger ¢ (¢ > 0.3 um), an opposite
result can be obtained. As a comparison, Figure 8b also shows
the wavelength dependence of reflection phase at the infrared
band for two values of £ = 10 nm and 30 nm (4 = 2000 nm
and a = 50 nm). The dependence of point 4 on the spacer
thickness ¢ is more significant, as shown by the circles in inset
of Figure 8b. Thus, both the position of 4 and the slope of
phase curve are governed by the spacer thickness ¢, which
may in turn modulate the reflection phase ¢s.

To highlight the spacer-cavity effect in the high frequencies,
@3 and p,, (here m = 0, 1, and 2) as a function of wavelength
are also calculated. Here we only take the infrared regime as an
example and the results are shown in Figure 8c. For the infrared
regime and the smaller ¢, p,, ~ iv,/ko(2¢300 + v%t), where
09 = clw, is the skin depth. Thus, p, is suppressed due to the
field penetration effect; 1 and p, exhibit zero at the Rayleigh
anomaly (v,, = 0) and maxima at the SPP resonance (2mm/
d = £kon,, where a phase jump occurs; #n, is the effective
refractive index of air spacer). Moreover, due to the field
penetration effect, the zero-phase point A, corresponding
to > g%/(26300 + v2ir) ~ 0, becomes dependent on ¢
significantly.

We have also fitted the position of point 4 with a simple
HFP model with A ~2n(d — a). In the THz regime,

n, = \/1 + (50/t)\/2 +24/149?/w? and in the infrared
regime, n, = /1 + 2dy/t. The predictions of the simple HFP
model are indicated by the lines in inset of Figures 8a and 8b,
respectively. For the smaller ¢, the circles and the line agree well
with each other. For larger 7, a slight deviation can be seen which
is due to the fact that the simple HFP model neglects the field
decaying length (or reflection phase) at the periodic spacer open-
ings. This decaying length is negligible for the smaller ¢ but
becomes noticeable for the larger £. Moreover, the agreement
in the infrared regime seems better than that in the THz band,
as the fields can be well confined due to the strong plasmonic
effect.
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Figure 8. (a) Phase shift in the THz band for two spacer thickness
t=0.1 and 0.5 pm (d = 20 pm, a = 0.5 um); (b) Phase shift in the
infrared region for # = 10 and 30 nm (d = 2000 nm, a = 50 nm).
The inset of (a) and (b) shows, respectively, the zero-phase point 4
as a function of ¢ for the two frequency band, where the circles
represent the theoretical results and the line a simple HFP model.
The correspondence (in the infrared region) between the phase shift
@3 (the line) and |u,| (m =0, 1, 2) are shown in (c), where
d =2000 nm, a = 50 nm, and ¢ = 20 nm.

5.2 Reflection spectrum

The reflection spectra for the THz band as a function of
wavelength and structure parameters 4, ¢, and a are plotted in
Figures 9a-9c, respectively. The qualitative results are very
similar to that for the microwave band (see Figure 5). However,
due to a relatively larger penetration length, the absorption of
THz wave becomes more significant, yielding a wider width
of absorption spectrum. In Figure 9b, the absorption increases

with decreasing spacer thickness ¢ but for smaller ¢
(t < 0.2 pm), a degeneration of absorption can be seen instead
(similar effect, not shown in Figure 5b, also exists in microwave
band for very small 7). According to equation (14), we have
Ty o< f/[t+ (...)], where f, was found to reduce with a
decrease of ¢. Thus, the field amplitude and absorption will
be suppressed in the case of small as well as large 7. For com-
pleteness, the corresponding results for the infrared band are
shown in Figures 9d-9f. The results, except for Figure 9e,
are also similar to that obtained in the THz band. In Figure 9e,
with the decrease of spacer thickness #, the SFP resonance
wavelength blueshifts when 7> 40 nm and redshifts when
t <40 nm. The redshift of SFP resonance at the smaller ¢ is
mainly caused by the shift of the zero-phase point. This effect
is more significant in the infrared region. The dependence of
resonance on the spacer thickness may be used to modulate
the SFP effect or measure the tiny motion with a high accuracy.

5.3 Electromagnetic pressure

The electromagnetic pressure at the THz band as a function
of wavelength and structural parameters 4, ¢, and a are shown in
Figures 10a—10c, respectively. We found that the pressure at the
THz band can also be enhanced at the SFP resonance. At the
long-wavelength FP resonance, the pressure is positive; and
at the short-wavelength resonance, the pressure is negative.
To understand this effect, we should note that the kinetic energy
of free electrons will play a role. At the long-wavelength SFP
resonance, the electric energy is “leaked” to the slit FP cavities,
thus reducing the attractive force. However, the kinetic energy
of free electrons suppresses the magnetic energy and the repul-
sive force slightly. Thus, a total positive but smaller pressure
can be induced, which increases with the cavity length. At
the short-wavelength resonance, on the other hand, the mag-
netic energy is “leaked” due to the slit-FP cavity effect and
field penetration effect (electron kinetic energy). This leads to
a negative pressure.

In Figure 10b, a decrease of pressure (at long-wavelength
resonance) with decreasing ¢ can be observed. For the
smaller ¢, although the electric and magnetic field energy
density can be enhanced, the ratio between the kinetic energy
of free electrons and magnetic energy L./L, /1[2) /ot
increases, which suppresses the total force (here

0= 50\/2(1 +92/@?)/(1 + /1 +y?/w?) is the skin depth).
At the short-wavelength SFP resonance, nonetheless, the
enhancement of the role of free electrons gives rise to an
increase of negative pressure. However, when ¢ is large enough
(not shown here), the total pressure will be reduced eventually
because of the decrease of field amplitude and the attractive/
repulsive force.

The electromagnetic pressure at the infrared regime is quite
different, as shown in Figure 10d—10f. The pressure associated
with the SFP resonance is negative and can be enhanced by two
orders of magnitude. In this regime, the kinetic energy of free
electrons may exceed the magnetic energy and thus play a dom-
inant role (suppresses the repulsive force and yields a negative
pressure). In Figure 10d, with the increase of slit length and
“leakage” of electric (or magnetic) energy, the pressure at the
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Figure 9. Reflection spectra as a function of wavelength and structure sizes for the THz (a—c) and infrared (d—f) regime. In the THz band, we
fix d =20 um and set: (a) a=1 pm, t=0.5 pm; (b) a=1 pm, =5 pm; and (c) # =5 pm, ¢ = 0.5 pm. In the infrared regime, we fix
d = 2000 nm and set: (d) @ = 50 nm, ¢ = 20 nm; (¢) @ = 50 nm, # = 100 nm; and (f) # = 100 nm, ¢ = 20 nm.

02 04 06 08 10

20 40 60
t (nm)

-70.00

-140.0
80 100 40 60 80 100
a (nm)

Figure 10. Enhanced electromagnetic pressure as a function of wavelength and structure sizes for the THz (a—) and infrared (d—f) regime.

The structure parameters are the same as those set in Figure 9.

long- (or short-) wavelength SFP resonance will be reduced (or
enhanced). In Figure 10e, a drastic decrease of optical pressure
with the spacer thickness ¢ can be found. This can be attributed
mainly to the decrease of ratio between the electron kinetic
energy and magnetic field energy. When ¢ is large enough, a
positive pressure at the SFP resonance can even be achieved.
In addition, the decrease of slit width @ results in a slight
decrease of negative pressure at the long-wavelength resonance
(see Figure 10f). This is contrary to the result in the THz or
microwave band. However, the physical origin is common:
the coupling between the adjacent metal stripes increases,

leading to an enhanced “leakage” of electric energy to the slit
FP cavities.

6 Some additional discussions

6.1 Incident-angle dependence

The discussion presented above has been focused on the
normal incidence of incident light. What will happen then when
the incident angle is increased? Taking the infrared regime as an
example, we plot in Figure 11 the phase shift and reflection
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Figure 11. Incident-angle dependence of phase shift and reflection
spectrum: (a) 6 = 0° and (b) 0 = 30°. Here, ¢,, @3, and 7, are
labeled by the open circles, solid circles, and the line, respectively.
As an example, the structure parameters are set as d = 2000 nm,
a =50 nm, 2= 100 nm, and ¢ = 20 nm.

spectrum for normal (a) and off-normal (b) incidence. For off-
normal incidence, 7, in previous equations should be revised as
Y = /€1 8in 0 + mi/d. For normal incidence, the odd-order
HFP resonance modes exist, which cause in the spectrum two
zero-phase points and allow for the formation of two SFP res-
onances. For off-normal incidence, the positions of the odd-
order HFP resonance modes remain unchanged, but the SPP
resonance mode corresponding to the phase jump shifts to the
long wavelength. This increases the slope of phase curve and
leads to a slight blueshift of the SFP resonance around 8 pm.
Moreover, when the incident angle is nonzero, the even-order
HFP resonance modes (which are inactive in the normal inci-
dence) can also be resulted due to the breaking of system sym-
metry. Consequently, new reflection minima associated with the
even-order HFP modes are produced. The increase of incident
angle can also reduce the electromagnetic pressure [50].

6.2 Transition from SFP to FP resonance

Our discussion has also been restricted to the small spacer
thickness # (¢t < /), which is sufficient for the SFP resonances.
However, one may ask, what will happen when the spacer
thickness is large? To answer the question, Figure 12 plot the
reflection spectrum with the spacer thickness varying from
20 nm to 3 pm (4 = 100 nm). When ¢ is small, two SFP reso-
nances can be seen in the spectrum clearly. When ¢ > 1 pm,
new resonant reflection minima appear, which redshift with
the wavelength scaling with the spacer thickness. The reso-
nances are just the common (vertical) FP resonance in the
spacer defined by the two metal reflectors. This point can be

12

A (um)

Figure 12. Reflection spectrum as a function of wavelength and
spacer thickness, where a transition from the SFP resonance (in the
slits) to the common FP resonance (in the spacer) is present. Here,
d = 2000 nm, @ = 50 nm, and 2 = 100 nm.

seen with the factor u,,, where, for the very larger ¢, u, ~
i/tan(kov,,t). Thus, the vertical FP resonances can be induced
when kogvot = mm or 2t = mA. Such resonance can also generate
an enhanced (positive) electromagnetic pressure, but the magni-
tude and spectral width are significantly smaller than that of
SFP resonance.

6.3 Resonances in visible/near-infrared band

For the metal thickness or slit length much larger than the
skin depth, the SFP resonances usually locate in the mid-infra-
red or even long wavelength regime. To conclude, we relax the
constraint in the “SFP”” and explore the properties of the struc-
ture in the visible or near-infrared region. Figure 13a presented
the reflection spectrum of the structure, where d = 600 nm,
a =40 nm, 2 = 155 nm, and ¢# = 20 nm. Above the Rayleigh
anomaly, two reflection minima locating around the wavelength
660 nm and 1064 nm are induced. Simultaneously, strongly
enhanced negative pressure can also be found at the resonance.
Figure 13b plots the phase shift at the slit opening as a function
of wavelength. One can see that the reflection dips appear very
close to the SPP resonance modes above or below the grating.
Considering that the dip position is slightly modified by the slit
length 7, the resonance effect may be treated as a mixture of
surface mode and slit cavity mode. However, the surface mode
plays a dominant role in this case. The resonance effect in the
visible or near-infrared regime may be boosted by using the
laser light.

7 Conclusions

In summary, a special kind of deep subwavelength FP res-
onance in a plasmonic structure has been discussed. The plas-
monic system consists of a metallic slit grating backed with a
metallic ground plane. It is crucial that the structure can present
a unique phase shift at the bottom slit openings, which varies
gently from the positive to negative values by crossing zero.
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Figure 13. (a) Reflection spectrum (the line) and enhanced pressure
(the circles) in the visible and near-infrared region; (b) Phase shift as
a function of wavelength. Here d =600 nm, a =40 nm,
h =155 nm, and 7= 20 nm. The resonance is mainly due to the
grating surface mode rather than the SFP effect.

This phase shift is correlated with both the evanescent effect of
diffraction components and the cavity effect of the spacer sand-
wiched between the two metals. The negative phase shift can
compensate the positive phase accumulation in the slit cavity,
thus forming, typically, a zero-order and deep subwavelength
FP resonance, where the cavity length may be two orders of
magnitude smaller than the resonance wavelength. By scaling
the structural sizes with the wavelength, the effect can operate
from the microwave band to the THz and infrared regime.

The SFP resonance can also induce an enhanced electro-
magnetic pressure. In the plasmonic system, the positive and
negative forces depend on the magnetic and electric energy
stored in the spacer, and a competition between them deter-
mines the sign and amplitude of the total pressure. In addition
to the kinetic energy of free electrons, the “leakage” of electro-
magnetic energy from the spacer to the SFP resonators can
modulate the total pressure. In the microwave band, the electron
kinetic energy can be neglected. The “leakage” of electric (or
magnetic) energy at the SFP resonances results in strong posi-
tive (or negative) pressure. The effect is similar in the THz
band, but the electron energy begins to play a role. In the infra-
red regime, however, the kinetic energy of free electrons may
surpass the magnetic energy and plays a crucial role. Conse-
quently, the pressure becomes negative.

The phase shift of slit mode and the SFP resonance may be
manipulated with the improved structures or designs. One can
introduce a quasi-periodic rather than periodic sequence of slits
to the structure, which may generate multiple SFP resonances.
In addition, due to the dependence of phase shift on the slit
width, the spectral width of SFP resonance can be widened

by using the slits with varying slit width. This can be achieved
by varying the slit width gradually along the slit array direction
(the slit width is homogeneous in single slits) or employing the
fan-shaped slits with the inhomogeneous width in each slit (or
with the inhomogeneous lattice period). On the other hand, the
SFP resonance can be manipulated dynamically by varying the
incident angle or the spacer thickness. For example, by connect-
ing the planar metal film with a piezoelectric crystal, the air-
spacer thickness and SFP resonance can be controlled with
an external electric field. It should also be noticed that one
may fill the spacer with the specific materials and control the
SFP resonance using the thermal, optical, electric, or magnetic
methods.

In addition to the reflection-phase modulation, ultrasmall
FP resonators can also be constructed by using a cavity-index
design. For example, a combination of positive and negative
index materials sandwiched between two mirrors may function
as an ultrasmall cavity [92, 93]. On the other hand, the ultra-
small FP resonators can be realized with the high-index materi-
als. For example, the indefinitt medium with a unique
hyperbolic dispersion can provide a larger k-vector or high
refractive index [94]. In this case, the cavity size can be much
smaller than the vacuum wavelength (but not the wavelength in
the cavity) [95, 96]. Currently, the reflection-phase and cavity-
index designs for the compact FP resonators are employed inde-
pendently. It may be interesting and simultaneously a challenge
to consider both designs in an FP cavity. This may represent a
further breakthrough towards the deep subwavelength FP reso-
nators. A possible and simple scheme is to insert the high-index
metameterials into a cavity, which is composed of the metama-
terial reflectors. This would be feasible in the low frequencies
such as the THz or microwave band.

8 Implications and influences

The results provide a method for designing ultrasmall FP
resonators. Since no microstructured reflectors are required at
the cavity opening, the cavity can be squeezed to small dimen-
sions and operate at high frequencies. The SFP resonance may
find applications in constructing ultrasensitive sensors. For
example, by measuring the spectral shift of SFP resonance,
one can detect the tiny motion or oscillation of ground plane
with high accuracy. The SFP resonance is also accompanied
by strong absorption and field-enhancement, which may boost
the light-matter interactions, such as enhancing the molecule
fluorescence and optical nonlinearity. In addition, the enhanced
electromagnetic force can be employed to enhance the opto-
mechanic coupling effect. With the focused and pulsed incident
wave, mechanical motions of the devices or elastic waves can
be excited efficiently. The SFP resonance effect may also be
extended to the acoustic regime.
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