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The p and s-polarized surface plasmon polaritons (SPPs) of symmetric and asymmetric slabs formed arbitrarily by

four types of conventional materials: dielectrics, negative dielectric permittivity materials, negative magnetic permeabil-

ity materials, and left-handed materials are comprehensively analysed. The existence regions, dispersion relations, and

excitation of SPPs in different frequency regions are investigated in detail. For symmetric slabs, the numbers and the

frequency positions of surface polariton branches are quite different. At the same time, the pairs of the p or s-polarized

SPP branches occur in the same frequency range. For asymmetric slabs, the SPP branches in mid- and high-frequency

ranges are greatly different. In addition, the slab thickness has a great effect on SPPs of asymmetric and symmetric

slabs. The attenuated total reflection spectra for the cases of p and s polarizations in these slabs are also calculated.
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1. Introduction

Russian scientist Victor Veselago predicted very
unusual electromagnetic (EM) properties for a hypo-
thetical material with simultaneously negative dielec-
tric permittivity and negative magnetic permeability
in a certain frequency range.l! This material is conse-
quently dubbed left-handed medium (LHM) since the
wave vector, the electric field vector, and the mag-
netic field vector form a left-handed system when a
plane EM wave propagates in it. Pendry’s group
designed skillfully the negative dielectric permittiv-
ity material (NDPM) constructed by thin metallic
wire network, and the negative magnetic permeabil-
ity medium (NMPM) composed of a periodic arrange-
ment of split ring resonators (SRRs).[2~4 Later, Smith
et al. experimentally demonstrated the first LHM by
means of combination of the periodic arrangements
of nonmagnetic split ring resonators and thin metal-
lic wires.[6) LHM has some possible applications in
the design of novel photoelectric devices, antennas and
waveguides used in wireless communications,[” 1% op-
tical communications,[''=* and medical diagnostic
system.[14]

Surface plasmon polaritons (SPPs) have aroused
the interest of scientists including physicists, chemists

and materials scientists and biologists. SPP is a kind
of surface wave that propagates along the interface
and decays in the transverse direction exponentially.
SPPs were explored for their potential applications in
subwavelength optics, data storage, light generation,
microscopy and bio-photonics.['®! Thus the investiga-
tions of SPPs propagating along various interfaces are
important in the sense of both basic research and prac-
tical application,!'6=2% especially those that are asso-
ciated with LHM owing to their numerous possible
applications and unexpected properties.?'=26 In ad-
dition, the slabs of LHMs could be employed as an
unconventional alternative to lenses for focusing both
propagating and evanescent waves. 2]

In the present paper, we study the p and the s-
polarized SPPs of symmetric and asymmetric slabs
formed arbitrarily by four types of different materi-
dielectrics, NDPMs, NMPMs, and LHMs. We
examine several symmetric and asymmetric slabs. We
find that SPPs of different slabs have quite different
properties, i.e. the existence regions, the dispersion

als:

relation, and the excitation of SPPs depend on the
composite materials and the thickness of slab, the pa-
rameters of metamaterials, etc. For some possible ap-

plications, the SPPs of metamaterials slabs could be
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used for novel lenses filter, etc. However, we must note
that all the media considered in this paper are homo-
geneous and isotropic, i.e. in the effective medium ap-
proximation if the wavelength of the EM wave is much
larger than the period of the artificial metamaterials

2. Dispersion relations of SPPs of

a slab

We consider the slab made of three media 1, 2
and 3. Medium 2 with the permittivity 5 and perme-
ability s occupies the region 0 < x < d. Medium 1
with the permittivity €1 and permeability u; occupies
the < 0 semi-infinite space and the region of x > d
is occupied by medium 3 with the permittivity €3 and
permeability ps. Note that a lossless case is consid-
ered in the following and €; 2 3 and ;2,3 are allowed
to be positive or negative.

We derive the dispersion relations of SPPs for a
slab. To start with, we discuss the p polarization case.
In the region = < 0, the electromagnetic fields have the

form:
H, = Ajef@elh? (1)
_ c A . 2\ kix ihz
Ey = —A(hZ +ik12) e %2, (2)
wel

For the fields in the region 0 < x < d, we use the
form

H, = j(Be %% 4 C eh2®) el (3)
By = —[B(h@ — iky7) e 2"

wWEg

+ C(hi + i ko) eF27] eth=, (4)

In the region = > d the fields are written in the

form
Hj = DjjeMs® iz, (5)
E3 = < D(hit — iks2) eFa® elhz| (6)
wes

Here Z, 4y and 2 are unit vectors in the z, y and 2
directions, respectively. k; 2 3 are the attenuation co-
efficients of the surface polariton fields in the normal
direction z of the interface, which can be written as

ki o5 =h®—e1 03 230°% /¢, (7)

where h is the wave-vector component along propaga-
tion direction z. The nature of surface waves requires
k1,2,3 to be real and positive, so

h? > max(eipn (w/c)?, eapa(w/c)?, eapz(w/e)®]. (8)

By using the electromagnetic boundary condi-
tions at the interfaces x = 0 and x = d the dispersion

relation of the p-polarized SPP is derived as!®!

(k2/ea — k1/e1)(ka/ea — ks /e3)
(ka/e2 + k1/e1)(ka/ea + k3 /e3)

= e?h2d  (9)

In the same way, the dispersion relation of the
s-polarized SPPs can be obtained to be

(k2/p2 — ky/pa) (ko /po — ks/ps)

2kod
(ko/p2 + k1 /1) (ke/p + ks/ps) '

(10)

From expressions (9) and (10) it follows that the
dispersion relations of SPPs are the same if we ex-
change medium 1 and medium 3 (i.e. exchange €1, p;
and €3, p3), and keep the physical property of medium
2 unchanged. If the slab is symmetric (i.e. €1 = 3,
w1 = ps), expressions (9) and (10) can be simplified
into expressions (11), (12), (19) and (20) in Ref. [22].

We have discussed the dispersion relations and
the existence conditions of SPPs for p and s polar-
izations at the interface formed by arbitrary two me-
dia and found that SPPs originated from the uncon-
tinuous jump of permittivity from positive value to
negative one at the interface for the p polarization
and the discontinuous jump of permeability from pos-
itive value to negative one at the interface for the s
polarization. 29

In the following, by numerical calculation, we dis-
cuss the SPPs of several symmetric and asymmetric

slabs respectively.

3. SPPs of symmetric slab

Here, we assume that media 1-3 are any ones of
the four different materials, which are LHMs, NDPMs,
NMPMs, and dielectrics. The relations between the
physical properties of these four types of materials and
In Egs. (13)-
(16) of Ref. [30], the various parameters are set as
follows: w, = 10.0 GHz, wy = 4.0 GHz, F; = 0.56,
Fy, = 1.25, w, = 6.0 GHz, and hod = 0.5, where
ho = wg/c (all angular frequencies are scaled by 27 in

frequency were discussed in Ref. [30].

this paper), which are in agreement with those of the
experimental implementation.®! For convenience, we
use Re| | to describe the real parts of physical param-
eters , i.e. we neglect their damping terms when we
discuss the existence regions and dispersion relation
of SPPs.
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3.1.SPPs of the LHM-dielectric-LHM
symmetric slab

We assume that medium 2 is a dielectric, and me-
dia 1 and 3 are the LHM.

3.1.1. Existence region and dispersion relation
of SPPs

We investigate the existence regions and
dispersion-relation curves of SPPs in plane (h, w)
The dash curve (i) and the

dash line (ii) correspond to h = (e1p1)"/?(w/c) and

as shown in Fig. 1.

h = (ga2)"/?(w/c), respectively, where 1 and y; are
determined by expressions (13) and (14) in Ref. [30],
and e and pg are 1. The dot lines (iii) and (iv) corre-

spond to w = wp and w = (1—Fy)~1/2

wp, respectively.

According to the existence conditions of SPPs,[29]
there are three regions of R1, R2 and R3, in which
SPPs can exist (Fig. 1). R1 is on the right-hand side
of line (ii) and below line (iii) when w < 4.0 GHz; R2
is the region encircled by line (ii), curve (i) and line
(iv) when 4.0 GHz < w < 6.0 GHz; and R3 is on the
right-hand side of line (ii) and above line (iv) when
6.0 GHz < w < 10.0 GHz. These three regions of R1,
R2 and R3 correspond to the three kinds of interface
structures as metal-dielectric-metal, LHM-dielectric—
LHM, and metal-dielectric-metal, respectively. As to
the types of SPPs these regions support, we can see
that the regions R1 and R3 in Fig. 1 support only
two p-polarized SPPs, because only the permittivity
changes from negative value to positive one across the
The region R2 in Fig. 1
supports both polarized SPPs because the permittiv-

metal-dielectric interface.

ity and the permeability both change their signs across
the LHM—dielectric interface. Thus, in region R2, the
unusual property of possessing surface localized modes
exists within the frequency pass band (in which both
the permittivity and the permeability are simultane-
ously negative or positive).

Next, we discuss the dispersion relation curves of
SPPs, obtained by solving expressions (9) and (10),
and the results are also shown in Fig. 1. We ob-
tain four dispersion curves (P1), (P2), (P3), and (P4)
for p-polarized SPPs, and two dispersion curves, (S1)
and (S2), for s-polarized SPPs as shown in Fig. 1.
Branches (P1) and (P2) are in region R1 in a low fre-
quency range. Part of branch (P3) is in a region of
R2, and the rest is in a region of R3. The branch
(P4) occurs in a region R3. Branches (S1) and (S2)

lie completely inside the region of R2.

10 T T T
/

/
sk (i) 7 (P4) |
/ R3

Frequency/GHz

Fig. 1. Existence regions and dispersion relation curves
of SPPs in plane (h/hg, w) for the LHM-dielectric-LHM
symmetric slab with thickness hod = 0.5. Curve (i) is
h = (e1p1)Y/2(w/ec), line (ii) is b = (e2p2)'/2(w/c), line
(iii) is w = wo, and line (iv) is w = (1 — F1)"/2wq. his
in units of hg = wo/c. R1, R2 and R3 denote the three
regions in which SPPs can exist. The surface polariton
branches (P1), (P2), (P3), and (P4) are for p polarization
and branches (S1) and (S2) are for s polarization.

3.1.2. ATR spectra for SPPs

SPP is a kind of surface wave that propagates
along an interface with amplitudes decaying expo-
nentially away from the interface. Its wavevector
is always larger than those of the bulk EM waves
Due to this

wave-vector mismatch, SPPs will not interact directly

in the two media across the interface.

with an incoming EM plane wave. However, they
can be excited in a layered structure containing a

prism with high refractive index, i.e. attenuated total

x

medium 3

83! ll@

medium 0 ‘

Fig. 2. Configuration of a dielectric prism for the ATR
spectra study.
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reflection (ATR), through the evanescent field tunnel-
ing effect. For this method, two schemes are frequently
used: the Otto configuration® and the Kretschmann
configuration.[®] The ATR geometry under consider-
ation is shown in Fig. 2, in which a dielectric prism
labeled as the medium 0 is placed under medium 1 and
has frequency-independent permittivity € and perme-
ability p. Thus, these four media comprise a four-
layered structure, in which media 3 and 0 can be con-
sidered to be semi-infinite, medium 1 has a finite thick-
ness of a, and medium 2 has a finite thickness of d.
By using the classical electromagnetic theory, we
have calculated the complex amplitude reflectivity of
the arbitrary slab.(28] In all calculations, four damp-
ing parameters in expressions (13)—(16) in Ref. [30]
were always chosen to be v = 0.03w,, I'1 = 0.03wy,
Yo = 0.03w,, and Iy = 0.02wy.
p polarization, with the thickness of medium 1, a,

For the case of

being 0.1 cm, i.e. a = 0.1 cm, and thickness of
hod = 0.5, the cal-
|

medium 2, hod, being 0.5, i.e.

Reflectivity

Frequency/GHz

culated ATR spectra are shown in Fig. 3(a) at inci-
dent angle § = 60°. In Fig. 3(a), we can observe that
four sharp absorption peaks denoted by S, are due to
SPPs. The two low-frequency peaks at ~0.36 GHz
and ~3.84 GHz, correspond to the branches P1 and
P2 in Fig. 1, respectively, and the two high-frequency
peaks at ~6.58 GHz and ~8.41 GHz are due to the
high frequency branches P3 and P4 in Fig. 1. For
the case of s polarization, at incident angle 6 = 60°,
the ATR spectra in the same frequency regimes with
a = 0.1 cm are plotted in Fig. 3(b). We find that one
bulk mode absorption denoted by B at ~4.07 GHz,
two surface mode peaks denoted by Sy at ~4.76 GHz
and ~5.48 GHz, correspond to the branches (S1) and
(S2) in Fig. 1 respectively. The peak denoted by B
lies outside the frequency range of the surface polari-
ton branches, and it is due to the excitation of a non-
radiative bulk polariton, i.e. a polariton that has a
sinusoidal behaviour in the x direction inside the slab,
and an exponential decay outside the slab.[32!

Reflectivity

Frequency/GHz

Fig. 3. ATR spectra for exciting and observing SPPs in the frequency regime for the LHM-dielectric-LHM

symmetric slab. Panel (a) is for the p-polarization case, and panel (b) for the s-polarization case. The parameters

used in these calculations are eg = 8.0, po = 1.0, a = 0.1 cm, hod = 0.5, 6y = 60°.

In contrast with the dielectric-LHM-dielectric slab,[2?! the frequency positions of surface polariton branches
of the LHM—dielectric-LHM slab shift a little. It has been suggested that the dielectric-LHM—dielectric slab
could be employed as convex lenses.?”) So the LHM-dielectric-LHM slab maybe serves as a concave lens.

3.2. SPPs of NDPM—-LHM—-NDPM symmetric slab

In this case we assume that medium 2 is an LHM, and media 1 and 3 are the NDPM.

3.2.1. Existence region and dispersion relation of SPPs

Figure 4 shows the existence regions and dispersion-relation curves of SPPs in plane (h, w). The dash
curves (i) and (i) correspond to h = (g111)"/?(w/c) and h = (eop2)"/?(w/c), respectively, where €1, €2 and pio
are determined by expressions (15), (13), and (14),% in Ref. [30] and p; is 1. The dot lines (iii), (iv) and (v)
correspond to w = wp, w = (1 — Fl)_1/2w0 and w = wp, = 10.0, respectively.
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In Fig. 4, there are two regions, i.e., R1 and R2
in which the excitation of SPPs is possible according
to inequality (8). Region R1 is above curve (ii) and
below line (iv) when 4.0 GHz< w < 6.0 GHz, and
it is the interfaces of metal-LHM-metal owing to the
fact that Rele1(w)] < 0, g1 > 0 and Re[ez(w)] < 0,
Re[p2(w)] < 0. Two s-polarized SPPs (i.e. curves
(S1) and (S2) in Fig. 4) can be excited because only
the magnetic permeability changes its sign across the
metal-LHM-metal interfaces in region R1. Region
R2 is bounded by the right-hand side of curve (i) and
upside of line (iv) when 6.0 GHz< w < 10.0 GHz,
and it is the interfaces of dielectric-metal-dielectric
since Relez(w)] < 0, Rel[pz(w)] > 0, Re[er(w)] > 0
and p1 > 0. According to the existence conditions of
SPPs,1?! two p-polarized SPPs (i.e. curves (P1) and
(P2) in Fig. 4) are supported in this region. It should
be pointed out that the surface polariton branches

12 T T T

Frequency/GHz

o
=k
)
w
S

h/ho

Fig. 4. The same as Fig. 1. The symmetric slab is
comprised of NDPM, LHM, and NDPM. Curve (i) is
h = (e1p1)Y2(w/c), curve (ii) is b = (eapu2)'/2(w/c), and
line (v) is w = wp. R1 and R2 denote the two existence
regions of SPPs. The branches (P1) and (P2) are for p
polarization and branches (S1) and (S2) are for s polar-

ization.

Reflectivity

Frequency/GHz

only occur in the region 4.0 GHz < w < 10.0 GHz. In
the regions w < 4.0 GHz and w > 10.0 GHz, no SPPs
can be found since the permittivity and the perme-
ability do not change their signs across the dielectric—
dielectric—dielectric interfaces. So, in the above two
regions, surface polaritons exist only in the frequency

stop band.

3.2.2. ATR spectra for SPPs

With numerical calculations, we depict the ATR
spectra for the cases of p and s polarizations in the fre-
quency regime in Fig. 5(a) and 5(b), respectively. For
the case of p-polarization, at incident angle 6y = 60°
and with ¢ = 0.1 cm and hod = 0.5, the ATR spec-
tra are shown in Fig. 5(a). There appear three sharp
absorption peaks, two of them, denoted by S, at
~ 7.13 GHz and ~ 8.25 GHz, correspond to the p-
polarized branches P1 and P2 in Fig. 4, the last of
them, denoted by B at ~ 4.20 GHz, is bulk absorption
peak. For the case of s- polarization, at incident angle
0y = 60° and with a = 0.2 cm and hod = 0.5, the ATR
spectra are shown in Fig. 5(b). In Fig. 5(b), we find
two absorption peaks denoted by S, at ~ 4.43 GHz
and ~ 5.02 GHz to correspond to branches S1 and S2
in Fig. 4, respectively, and one bulk mode absorption
denoted by B at ~ 4.08 GHz.

From the above discussion, for these two typi-
cal symmetric slabs, we find that the numbers and
frequency positions of surface polariton branches are
quite different. At the same time, we also observe
that the pairs of the p- or s-polarized SPP branches
occur in the same frequency range because the jumps
of the permittivity and the permeability from positive
to negative are the same across the two surfaces of the

symmetric slabs.

Reflectivity

Frequency/GHz

Fig. 5. The same as Fig. 3. The symmetric slab is comprised of NDPM, LHM, and NDPM. Panel (a) shows
the p polarization with @ = 0.1 cm and panel (b) displays the s polarization with a = 0.2 cm.
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4. SPPs of asymmetric slab

4.1. SPPs of the LHM—dielectric—NMPM
asymmetric slab

We assume that media 1, 2 and 3 are LHM, di-
electric and NMPM, respectively.

4.1.1. Existence region and dispersion relation
of SPPs

Figure 6 shows the existence regions and
dispersion-relation curves of SPPs in plane (h, w).
The dash curve (i), line (ii) and curve (iii) corre-
spond to h = (e1p1)/?(w/c), h = (e22)*/?(w/c) and
h = (e3u3)'/?(w/c), respectively, where €1, pi1, and ps3
are determined by expressions (13), (14), and (16),[3"
and €2, ug and e3 are 1. The dot lines (iv) and (v)

correspond to w = wp and w = (1— Fl)_l/zo.)o7 respec-

tively.
8 1 /I T
(ii)// R3 (P2)
6 (v) (S2)
o [TEIG T Rz T
fus ~<
O] / ~ - (Sl)
B (iv) .
=i 4""""'/'"""""""'_'_'_::_';'_'-'—'
| s R1 _ === "7
= ) =)
&3
2+ // (P1) J
0 1 1 1
0 1 2 3 4
h/ho

Fig. 6. The same as Fig. 1. The asymmetric slab is
comprised of LHM, dielectric, and NMPM. Curve (i) is
h = (e1p1)Y?(w/e), line (ii) is h = (e2u2)/?(w/c), curve
(iii) is kb = (e3p3)'/?(w/c), line (iv) is w = wo, and line (v)
is w= (1 — F1)"%/2wg. R1, R2 and R3 denote the three
existence regions of SPPs. The surface polariton branches
(P1) and (P2) are for p polarization and branches (S1)
and (S2) are for s polarization.

In Fig. 6, inequality (8) determines three regions
R1, R2 and R3 in which the excitation of SPPs is
possible, where R1 is the region encircled by the up-
side of curve (iii), the underside of the line (iv), and
the right-hand side of the line (ii) when w < 4.0
GHz; R2 is the region bounded by the right-hand
side of the line (ii), the upside of the curve (i) and

the underside of the line (v) when 4.0 GHz< w <
6.0 GHz; R3 is the region formed by the right-hand
side of the line (ii), the upside of the line (v) when
6.0 GHz< w < 10.0 GHz. These three regions R1,
R2 and R3 in Fig. 6 correspond to the three kinds
of interfaces, i.e. metal-dielectric—dielectric, LHM—
dielectric-NMPM, and metal-dielectric-NMPM, re-
spectively. R1 supports only one p-polarized SPP,
R2 and R3 both support polarized SPPs. The dis-
persion curves of SPPs obtained from the numerical
calculations of dispersion relations (9) and (10) are
also shown in Fig. 6. There exist two p-polarized
branches of dispersion curves: one is branch (P1) in
region R1, the other is branch (P2) in the frequency
region 6.0 GHz < w < 10.0 GHz. Branches (S1) and
(S2) are s-polarized and occur in regions R2 and R3,

respectively.

4.1.2. ATR spectra for SPPs

The calculated ATR spectra for the cases of p and
s polarizations in the frequency regime are shown in
Figs. 7(a) and 7(b), respectively. For the case of p po-
larization, which is shown in Fig. 7(a), at incident an-
gle 0y = 45° and with a = 0.4 cm and hgd = 0.5, there
appear two sharp absorption peaks denoted by S, at
~ 3.40 GHz and ~ 7.10 GHz, due to branches (P1)
and (P2) in Fig. 6, respectively. One bulk mode ab-
sorption peak denoted by B is also seen at ~ 4.11 GHz.
In the s polarization case as shown in Fig. 7(b), at
incident angle 8y = 60° and with ¢ = 0.5 cm and
hod = 0.5, in addition to the bulk mode absorption
denoted by B at ~ 4.13 GHz, two surface mode peaks
denoted by S, at ~ 4.80 GHz and ~ 6.30 GHz are
observed. These are due to surface polariton branches
(S1) and (S2) in Fig. 6, respectively.

Here, it should be noted that the SPPs of
the LHM-NMPM-dielectric slab (we have calculated
them but not shown their results graphically here)
are similar to those of the LHM-dielectric-NMPM
slab. There are also two p-polarized SPPs and two
s-polarized SPPs, only the frequency positions of sur-
face polariton branches shift a lot. The SPPs of the
dielectric- LHM-NMPM slab, 28 especially, the num-
bers and the frequency positions of surface polariton
branches, are quite different from those of the above
two slabs. Furthermore, the main difference in SPP

occurs in mid- and high-frequency ranges.
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Reflectivity

Frequency/GHz

Reflectivity

Frequency/GHz

Fig. 7. The same as Fig. 3. The asymmetric slab is comprised of LHM, dielectric, and NMPM. Panel (a) shows
the reflectivity for p polarization with a = 0.4 cm, 6y = 45°, 9 = 8.0, and po = 1.0, and panel (b) displays the
reflectivity for s polarization with a = 0.5 cm, 69 = 60°, g = 3.0, and po = 1.0.

4.2.SPPs of LHM=—dielectric—=NDPM
asymmetric slab

We assume that media 1, 2 and 3 are LHM, di-
electric and NDPM, respectively.

4.2.1. Existence region and dispersion relation
of SPPs

We study the existence regions and dispersion-
relation curves of SPPs in plane (h, w), which are
shown in Fig. 8. The dash curve (i), line (ii) and
curve (iii) correspond to h = (e1p1)"/?(w/c), h =
(e2p2) ?(w/c) and h = (e3u3)'/?(w/c), respectively,
where €1, p1, and €3 are determined by expressions
(13)—(15) in Ref. [30] and €2, po and p3 are 1. The
dot lines (iv) and (v) correspond to w = wy and
w = (1 — F1)~"2wy, respectively.

In Fig. 8, according to the existence condition
of SPPs, there are three regions R1, R2 and R3 in
which the SPPs can exist. When w < 4.0 GHgz,
the region R1 is comprised by the right-hand side of
line (ii) and the underside of line (iv), and it cor-
responds to the interfaces of metal-dielectric—metal.
When 4.0 GHz < w < 6.0 GHz, the region R2 is en-
circled by the right-hand side of line (ii), the upside
of curve (i) and the underside of line (v), and it cor-
responds to the interfaces of LHM—dielectric—metal.
When 6.0 GHz< w < 10.0 GHz, the region R3 is
bounded by the right-hand side of line (ii) and the
upside of line (v), and it corresponds to the interfaces
of metal—dielectric—dielectric. The dispersion-relation
curves of SPPs obtained from the numerical calcula-
tions of dispersion relations (9) and (10) are shown

in Fig. 8. There exist two p polarized branches of
dispersion curves: one is branch (P1) in region R1,
and the other is branch (P2) in the frequency re-
gion 6.0 GHz< w < 10.0 GHz. Branch (S1) is s-
polarized and occurs in region R2. Here, it should be
pointed out that we can find two p-polarized branches
in the low frequency region R1 if we choose the electric
plasma frequency w, to be 5.0 GHz, i.e. w, = 5.0 GHz.
We can also see one p-polarized branch in the region
R2 if we extend the range of h (i.e. wave vector compo-
nent along the propagation direction (the z direction)
(we have checked them but not shown their results

graphically here).

Frequency/GHz

Fig. 8. The same as Fig. 1. Asymmetric slab is com-
prised of LHM, dielectric, and NDPM. Curve (i) is h =
(e111)Y 2 (w/c), line (ii) is h = (e2u2) /2 (w/c), curve (iii)
is h = (e3u3)™/?(w/c). R1, R2 and R3 are the three ex-
istence regions of SPPs. The surface polariton branches
(P1) and (P2) are for p polarization and branch (S1) is for
s polarization.
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4.2.2. ATR spectra for SPPs

The calculated ATR spectra are shown in Fig. 9. For the case of p polarization as shown in Fig. 9(a), at

incident angle 8 = 60° and with a = 0.6 cm and hod = 0.5, we observe two sharp absorption peaks denoted by
Sp at ~ 3.00 GHz and ~ 7.00 GHz, due to branches (P1) and (P2) in Fig. 8, and one bulk mode absorption
denoted by B at ~ 4.29 GHz. In the s polarization case as shown in Fig. 9(b), at incident angle § = 45° and
with @ = 1.0 cm and hod = 0.5, in addition to the bulk mode absorption denoted by B at ~ 4.22 GHz, we find
only one surface mode peak denoted by S, at ~ 4.87 GHz, which is due to surface polariton branch (S1) in

Fig. 8.

Reflectivity

Frequency/GHz

Rellectivity

Frequency/GHz

Fig. 9. The same as Fig. 3. Asymmetric slab is comprised of LHM, dielectric and NDPM. Panel (a) shows
the reflectivity for p polarization with a = 0.6 cm and 6y = 60° and panel (b) displays the reflectivity for s

polarization with a = 1.0 cm and 6y = 45°. The other parameters used are g9 = 8.0, and pp = 1.0.

Next, we discuss briefly the SPPs of the LHM-
NDPM-dielectric slab (we have calculated them but
not shown their results graphically here) there also ex-
ist two branches for p-polarized SPPs and one branch
for s-polarized SPPs, only the frequency positions of
dispersion relation curves shift a little as compared
with those of the LHM—dielectric-NDPM slab. As for
the SPPs of the dielectric-LHM-NDPM slab, 28] three
branches for p-polarized SPPs and two for s-polarized
SPPs can be obtained.

4.3. SPPs of NMPM—-LHM-NDPM as-
ymmetric slab

We assume that media 1, 2 and 3 are NMPM,
LHM and NDPM, respectively.

4.3.1. Existence region and dispersion relation
of SPPs

The existence regions and dispersion-relation
curves of SPPs in plane (h w), are shown in Fig. 10.
The dash curves (i), (ii) and (iii) correspond to
h = (e1p)?(w/c), h = (eap2)"/?(w/c), and h =
(e3u3)'/?(w/c), respectively, where u1, €2 p2 and e3

are determined by expressions (16), (13), (14) and (15)
in Ref. [30] and e and us are 1. The dot lines (iv), (v)
and (vi) correspond to w = wp, w = (1 — F)~ 2wy,
and w = w, = 10.0 GHz, respectively.

In Fig. 10, inequality (8) determines four regions
in which the SPPs can exist. Region R1 is bounded
by the upside of curve (i) and the underside of line
(iv) when w < 4.0 GHz.
by the upside of curve (ii) and the underside of line
(v) when 4.0 GHz< w < 6.0 GHz. Region R3 is
bounded by the right-hand side of curve (iii), the up-

Region R2 is encircled

side of line (v), and the underside of line (vi) when
6.0 GHz< w < 10.0 GHz. Region R4 is bounded
by the right-hand side of curve (iii) and the upside
of line (vi) when w > 10.0 GHz. These four re-
gions, R1, R2, R3 and R4, correspond to four kinds
of interfaces, i.e. dielectric-metal-metal, NMPM-
LHM-metal, NMPM-metal-dielectric, and NMPM-
dielectric—dielectric. The dispersion-relation curves of
SPPs are also shown in Fig. 10. There exist the fol-
lowing branches: branch (P1), which is p-polarized
and occurs in the low frequency region R1; branch
(S1), which is s-polarized and occurs in the region R2
in which the slab material is left-handed (in this re-
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gion po(w) and e5(w) are negative); branches (P2) and
(P3), which are p-polarized and occur in the high fre-
quency region R3; branch (S2), which is s-polarized
and travels across the high frequency regions R3 and

R4.

T T T T 7T
7
12r (i) , * (s2) R4 7
/7
N
jus
O
<
>
9
<1
9]
3
o
&
9
1 1 1
OO 1 2 3 4
h/ho
Fig. 10. The same as Fig. 1. Asymmetric slab is

comprised of NMPM, LHM, and NDPM. Curve (i) is
h = (e1p1)Y/2(w/c), curve (i) is h = (eapu2) /2 (w/c),
curve (iii) is b = (e3u3)/2(w/c) and line (vi) is w = wp.
R1, R2, R3 and R4 are the four existence regions of SPPs.
The surface polariton branches (P1), (P2) and (P3) are
for p polarization and branches (S1) and (S2) are for s
polarization.

Reflectivity

Frequency/GHz

4.3.2. ATR spectra for SPPs

With numerical calculations, we depict the ATR
spectra in the frequency regime as shown in Fig. 11.
For the case of p polarization as shown in Fig. 11(a),
at incidental angle § = 45° and with a = 0.5 cm
and hod = 0.5, there appear three sharp absorption
peaks denoted by S, at ~ 2.01 GHz, ~ 6.52 GHz,
and ~ 8.35 GHz, due to branches (P1), (P2) and (P3)
in Fig. 10 respectively. The peak denoted by B at
~ 4.14 GHz is due to bulk mode absorption. For
the case of s polarization as shown in Fig. 11(b), at
incidental angle 8 = 45° and with @ = 0.4 cm and
hod = 0.5, in addition to one bulk mode absorption
denoted by B at ~ 4.09 GHz, two absorption peaks
denoted by S; at ~ 5.14 GHz and ~ 10.95 GHz are
observed. These are due to branches (S1) and (S2) in
Fig. 10 respectively.

In addition, we considered shortly the SPPs
of other two slabs comprised of LHM, NDPM and
NMPM in a sequence different from the above (we
have calculated them but not shown their results
graphically here). About the SPPs of these three
slabs, it is found that they all have three branches for
p-polarized SPPs and two for s-polarized SPPs, but
the frequency positions of dispersion relation branches
shift a lot, especially, the branches in mid- and high-

frequency ranges.

1.0 T T

5

0.6

Reflectivity

04r

Frequency/GHz

Fig. 11. The same as Fig. 3. Asymmetric slab is comprised of NMPM, LHM, and NDPM. Panel (a) shows
the reflectivity for p polarization with a = 0.5 cm and panel (b) displays the reflectivity for s polarization with
a = 0.4 cm. The other parameters used are eg = 3.0, o = 1.0, and 6y = 45°.

Finally, we discuss the effect of the slab thickness on SPPs as shown in Fig. 12. From Fig. 10, which was
calculated for a thickness of hod = 0.5 it follows that when this slab thickness increases, in a low frequency
range, the p-polarized branch (P1) is almost unchanged, but in a high frequency range, the separation between
the p-polarized branches (P2) and (P3) decreases, but the separation between the s-polarized branches (S1) and
(S2) increases as demonstrated in Fig. 12(a), which was calculated for a thickness of hod = 1.5. In contrast,
when this slab thickness decreases, the separation between the p-polarized branches (P2) and (P3) increases,
but the separation between the s-polarized branches (S1) and (S2) decreases as demonstrated in Fig. 12(b),
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which was calculated for a thickness of hgd = 0.1. These results are very interesting and quite different from

those presented by Ruppin.??!

12+ 7 E

Frequency/GHz

Frequency /GHz

Fig. 12. The same as Fig. 10. Dispersion-relation curves for two different thicknesses of the NMPM-LHM-

NDPM asymmetric slab, i.e. hod = 1.5 (a) and 0.1 (b).

According to the above discussion, we find that
different slabs have different SPPs.
that the branches of p- or s-polarized SPPs occur in

We also observe

quite different frequency ranges because the jumps of
the permittivity and the permeability from positive
to negative are different across the two surfaces of the
asymmetric slabs. In addition, for the above asym-
metric slabs, surface polaritons exist only in the fre-
quency stop band (in which both the permittivity and
the permeability are not simultaneously negative or
positive).

5. Conclusions

The p- and s-polarized SPPs of symmetric and
asymmetric various slabs formed arbitrarily by four
types of different materials: dielectrics, NDPMs,
NMPMs, and LHMs, are investigated. Two symmet-

ric slabs and three asymmetric slabs are examined
in detail. The existence regions and the dispersion-
relation curves of p- and s-polarized SPPs in the fre-
quency regime are analysed, the possibility of exciting
and observing SPPs by using the ATR technique are
discussed, and the ATR spectra for both p- and s-
polarization cases for these slabs are calculated. It is
shown that the properties of SPPs for different slabs
are quite different. The existence regions of SPPs, the
numbers and the frequency positions of surface po-
lariton branches, and the locations of ATR peaks are
strongly dependent on the system structure, such as,
the composite materials and the thickness of the slab,
the parameters of metamaterials, etc. So the proper-
ties of SPPs can be controlled by choosing an appro-
priate system structure. All the results about SPPs
may have some possible applications to the designs of
novel lenses and filters based on metamaterials.
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