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ABSTRACT

Thelocalized surface waves at the interface between asemi-infinite periodic
multilayer structure containing alternate e-negative (ENG) and the p-negative
(MNG) layers and a uniform right-handed material and also a uniform left-
handed metamaterial have been investigated. We demonstrated that in the
presence of uniformright-handed materials, this system can support TE and
TM-polarized surface waves depending on the relative thicknesses of the
ENG and the MNG layers. But, in the presence of uniform left-handed
metamaterials, the supposed structure only support TM-polarized surface
waves. These localized modes can have two different transverse structure
related to the order of the ENG and the MNG layers; onewith ahump at the
interface between uniform material and the cap layer and the other one with
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a hump at the interface between the cap layer and the periodic multilayer

structure. © 2015 Trade Sciencelnc. - INDIA

INTRODUCTION

Recently, metamaterial s as specially engineered
mediawith unconventional responsefunctions hasat-
tracted agreat deal of attention. Particularly, mediain
which both of thematerid parameters, permittivity ()
and permeability (1), can attain negative real parts in a
certain frequency band, have been studied by numer-
ousgroups (seee.g., ). When both materia param-
eterspossess negativered parts, such double-negative
(DNG) mediacan support wave propagation and ex-
hibit theunusua phenomenon of negativerefraction.
Besidesthe DNG materials, we can aso have materi-
asinwhich only oneof thetwo material parameterse
and p is negative!d. These so-called single negative
(SNG) material ssupport evanescent wavein order to

maintain positivedefiniteenergy dendity. Becausee and
u are frequency dependent, only withinacertain fre-
guency rangewe have e< 0 and p> 0 (epsilon-nega-
tive) or e>0 and pu<0 (mu-negative), which iscaled the
SNG frequency range. The DNG and SNG
metamaterid's, formed by embedding arraysof metalic
split-ring resonatorsand wiresin ahost mediumi?, have
been successfully constructedin themicrowaveregime
by severa groups, and someof their unusud properties
(e.g., negativerefraction) have been experimentally
demongtrated™. All theseartificiad composites(includ-
ing DNG and SNG materials) have exhibited specia
featuresin photonic crystals (PCs)®-°1. The essential
property of PCsisthe photonic band gap (PBG) struc-
tureoriginated from the consequence of Bragg scatter-
ing. SuchaBragg gap in conventiona PCsisstrongly
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Figurel: Geometry of the problem. Theleft figureisthe semi-infinite periodic multilayer structurecontaining alternatee
-negative (ENG) and the p-negative (M NG) layer sand auniformright-handed material (RHM). Theright figureisthe semi-
infiniteperiodic multilayer structurecontaining alter nateg-negative (ENG) and the p-negative (M NG) layer sand auniform

left-handed material (LHM)

dependent onthelattice constant, and theincident angle
and polarization of light, and isaffected by disorder of
devices. Jiang et d.® found that the ENG-MNG mullti-
layered periodic structures can possessanew type of
photonic band gep (cdled the effective zero-phase gap),
whichisdistinct from the Bragg gap but similar tothe
zero averageindex gap!®®. Such azero-phasegapis
anomnidirectional band gap and isinsensitiveto the
incident anglesand polarizationsof theincident light®-
11)

Theexcitation of surfacewaves (SWs) hasrecently
been proposed*>4 asaway to efficiently inject light
into a PC waveguide, or to extract a focused beam
from achannel. SWson a1DPC were observed al -
most 30 years ago'*>*¢l, The basic theory was devel-
oped at that time by Yariv and Yeh!*"8, The effect of
varying thethickness of thetermination layer hasbeen
measured experimentally*® and asensor based onthe
properties of SWs has been proposed and demon-
strated®, In paralel, numerical calculationsfor SWs
inthe band gaps have been performed?-27,

Inthispaper, westudy the propertiesof linear SW's
at theinterface between uniform right-handed (RHM)
materids (and uniform|eft-handed metamaterid LHM)
and asemi-infinite 1IDPCs containing alternate ENG
and MNG (or MNG and ENG) layers, and demon-
strateanumber of uniquefeaturesof SWsinthe SNG
band gap. Itisfound out that inthe considered periodic
structurewith ENG-MNG (or MNG-ENG) arrange-
ment wecan only excitethe TE-pol arized surface modes

Woateriolsy Science  mmm——

(SMs). These SMscan havetwo different transverse
structures at the second SNG band gap of the photo-
nic crystd depending onthetypeof arrangement of the
layers of PC (ENG-MNG or MNG-ENG). In the
ENG-MNG arrangement, the modes have ahump at
theinterface between the cap layer and the photonic
crydd, whileintheMNG-ENG arrangement themodes
haveahump a theinterface between uniform materia
and the cap layer. We show that in the ENG-MNG
arrangement, the dispersion curves can be nearly om-
nidirectiond for thick caplayers. Someother numerica
resultsaregivenintheresult section. In Sec. 2, wein-
troducethemodel of the system under consideration.
In Sec. 3, the properties of SWsare studied. Finally,
Sec. 4 concludeswith brief comments.

THEORETICAL MODEL

In this section, wewish to describe SMsthat form
at theinterface between aRH medium (and LHM me-

dium) of refractiveindex, n, = /&y, andasemi-infi-

nite IDPCscontaining SNG materids. Weassumethat
each cell of PCs consists of the ENG-MNG or the
MNG-ENG layerswiththethicknessd, relative per-
mittivity & and permesability p. (=1, 2) (seeFigure 1).
Now, wesupposethat rel ative permittivity and perme-
abilityintheENG materid saregiven by

2
ep

€ =1- ®> ! Mi=a, (1)
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andthoseinthe MNG materiadlsaregiven by

()
e =b, b=l @

where o is the angular frequency, ® o andw e the
€l ectronic plasmafreguency and the magnetic plasma
frequency, respectively. Thefrequency o in the above
equationsismeasured in 10° rad/s. Here both positive
constants aand b are assumed to be a=b=3.0. Both
o, and o are set to be 10 x 10° rad/s.

Inthe frequency range of m<w oo Orrp? eithergor
isnegativein each layer, that is, to say wehave SNG
materials. So, in the SNG frequency range of o, we
have €,<0, u,>0, and £,>0 and p.,<0 for the periodic
structure consistsof the ENG-MNG layers. While, for
aperiodic structure consistsof theMNG-ENG layers
£,>0, n,<0, and ¢,<0 and p, >0. Hence, in each layer
therefractiveindex isapureimaginary number andthe
electromagneticfid dsareevanescent. Asshownin Fig-
urel, thecrystal iscapped by alayer of the same ma
terial but different width, d_asan adjusting parameter.
We consider the propagation of TE-polarized waves
described by?4
E=E, (2)g,€e""™,

H=(H,(2)8, + H,(2)8, )", ©
withthedectricfidld Einthey direction (thedielectric
layersareinthex-y planeandthez directionisnormal
totheinterface of each layer) (seeFigurel). Herek =
w/c is the vacuum wave number.

Surface modes correspond to |ocalized solutions
withthefield decaying from theinterfacein both direc-
tions. In theleft-s de homogeneous medium (semi-infi-
nite LHM or RHM) z<dsthefieldsare decaying pro-

vided > ¢, 1, . Intheright-side periodic structure, the
wavesarethe Bloch modes,

E(z) = y(z) exp(ix, 2), 4
where «, isthe Blochwavenumber, and v (z) isthe

Bloch function whichis periodic with the period of the
photonic structure. Inthe periodic structurethewaves

will bedecaying providedthat «, iscomplex, andthis

condition definesthe spectra gapsin afinite PC. For
the cal culation of the Bloch modes, we usethewell-
known transfer matrix method*®, Tofind the SMs, we
take solutions of Eq. (4) in ahomogeneous medium

= Fyl] Peper

and the Bloch modesin the periodic structureand sat-
isfy the conditions of continuity of thetangential com-
ponentsof thedectric and magneticfieldsat theinter-
face between the homogeneous medium and periodic
structure®l, In thisway, we can obtain the exact dis-
persion relation o=w () for TE-polarized SWs by
numericaly solving thefollowing dispersion condition
fortheSMs:

a, /K, A-A-B

=—l = .
K,/p, A-A+B ©
Here

2‘=A+D:|: f(A+D)2_1’
2 2
A =€ (cosh(k,d,)+1/2(x+1/x)sinh(k ,d,)),

B =1/2 2 (x—1/x)sinh(k ,d,),
D =e " (cosh(k ,d,) -1/ 2(x+1/x)sinh(k ,d,)),

klszlBZ_gl/’ll’
_k
kzzk\/ﬁz—é‘zﬂz,QOZJﬁz—ng and X= k1//11

Theseequationsarevalid only for the specific condi-
tion of £ <1, u>1, e>1, p<lore>1, p<i, e<l,
n>1.

(6)

where

RESULTSAND DISCUSSION

In the following, we summarize the dispersion
properties of the SMsin the second SNG band gaps
whichareinthemicrowaverangesuitablefor the SNG
metamaterials. In Figure 2, we plotted the dispersion
curvesof TE-polarized SMson the planeof o versus
the propagation constant  for different thickness of
the cap layer (d ). Here we used the structure with
d,.=0.6 cmandd, . =0.8 cm. It is seen that the
dispersion curveof TE-polarized SMsfor agivendc
depends on the type of arrangement of SNG layers:
ENG-MNG arrangement (Figure 2(a)); MNG-ENG
arrangement (Figure2(b)). Specidly, for thick cap layer
thedifferenceisobvious(seesolidlinesin Figure 2).
AsitisseenfromFgure2(a), wecan havenearly omni-
directiond disperson curveintheENG-MNG arrange-
ment, whilst inthe MNG-ENG arrangement; disper-
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Figure2: Dispersion property of the TE-polarized SWsat thesecond SNG band gap for different thicknessesof thecap layer
d.=0.01d, (dotted lines), d = 1d, (dashed lines) and d =3d, (solid lines) in (a) the ENG-M NG and (b) theM NG-ENG arrange-
ments. Theunshaded regionsshow thefirst and the second band gapsof theperiodic multilayer structurewith SNG constitu-
ents, whiletheshaded regionsindicatethecor responding passbands. In theused structured,, . =0.6cm,d,,, . =0.8cmand
dENG /dMNG< 1
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Figure3: Thetransver seprofileof the SWsvscoor dinatezfor (a) d_=1d, in theENG-M NG arrangement, (b) d_=0.01d, inthe
MNG-ENG. Here p = 1.5, ® = 5 GHz and the other parameters are same as Figure 2

sion curveislimited to anarrow domain of incident
angles for thick cap layer. More interestingly, one ===dc=0

can see that the dispersion curves are intersected = = =dc=0.3"d1
together at asingle point onthe (o, B) plane for both
the ENG-MNG and the MNG-ENG arrangements
(point (1) in Figure 2).

In other words, thereisafrequency and an angleof
incidencefor which, we can excite SWsindependent
of dc and thetype of thearrangement (ENG-MNG or
MNG-ENG). Theresultsof our investigations show
that the structure with the set of material parameters P
chosen in Figure 1 dose not supports TM-polarized . 15 2 2.5 3
SMs. So, inwhat follows, we discuss about the prop- B
ertiesof TE-polarized SMs. Figure4: Total ener gy flow of surface Tamm modesvs. p in

To show thedifferencebetween SMsintwo ENG- theENG-MNG. Dotted, dashed, and solid cur vesshow theen-
MNG and MNG-ENG arrangementswe plotted the &9 flow of the surface modes for d. =0d, 0.3d,, and
transversestructureof SMsversusdistancezin Figure  0-8d. respectively
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Figure6: Digpersion propertiesof the TM -polarized surfacemodesfor (a) ENG-M NG and (b) MNG-ENG periodicgructures.
Unshaded r egionsshow the zer o-¢,, spectral gap of the 1D PC containing SNG materials. Dotted, dashed, and solid curves
show the dispersion of the surface modes for d = 0.2d, 0.8d, and 2d,, respectively

3. From Figure 3, we see that the peak of the elec-
tricfield isappeared at the interface of the cap layer
and the IDPCinthe ENG-MNG arrangement, while
in the case of MNG-ENG arrangement the peak of
the electric field is located at the interface of the
uniform medium and the cap layer. Here, the unusual
structure of SMs comes from sharp jumpsat thein-
terface of layers resulting from opposite signs of
permeability of adjacent layers and decaying eva-
nescent waves in each layer.

By further inspection of dispersion curveswe see
that the dispersion curveshave positives opes. Asthe
slope of the dispersion curve determines the corre-
sponding group velocity of themodeand thedirection
of energy tiow at the surface, we see that in our struc-
tureal modesareforward modes (seeFigure4).

Thetypeof arrangement of the structure not only
affectsthedisperson curvesof SMss, but asoit changes
the existenceregions of TE-polarized SMs. To dem-

onstratethis, we plotted the existence regions of the
SMsat the second SNG band gaps on the parameter
plane (d, B) in Figure 5 in which the shaded areas
show the existenceregions of the TE-polarized SMs.
From Figure 5 we can find that the considered struc-
ture can support SMs for almost every  and d_in
the ENG-MNG arrangement. But, the existencere-
gion of SMsisrestricted to a narrow domain of in-
cident angles for relatively large d_in the MNG-
ENG arrangement. The similar discussions can be
offered for TM wave.

Up to now, we discussed the property of polarized
SMsintheconsdered structurewithRHM layer. Then,
wetheoretically study SWsthat can beexcited at the
interfaces between asemi-infinite uniform LHM me-
dium and asemi-infinite 1DPC containing two types of
single-negative materials (ENG-MNG and MNG-
ENG). Asweknow, the Tamm statesexist inthe gaps
of the PBG spectrum (unshaded regionsin Figure5).
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and the other parameters are the same as the Figure 1

Since our studies show that we have only TM-po-
larized SWs for proposed structure we turn our at-
tention to the TM-polarized SWs and present dis-
persion characteristic of SWs for different values
of the cap layer thickness d. For ENG-MNG and
MNG-ENG multi-layered structuresin Figures 6(a)
and 6 (b), respectively. It is necessary to remember
that in MNG-ENG structurethe position of ENG and
MNG layersin ENG-MNG structure is exchanged
with the same geometry and physical parameters.
As one can see from Figure 6, there are different
dispersion curves for different values of d_, which
describe apossibility to control the dispersion prop-
ertiesof SWsby adjusting d_. Corresponding values
of d_for dotted, dashed, and solid curves of disper-
sionared =0.2d,, 0.8d, and 2d , respectively. More-
over, Figure 6 showsthat, in ENG-MNG structure,
there are no limitation on the existence region of

TM surface modesfor larged_, whilst in the case of
MNG-ENG structurethe existenceregion of TM sur-
face modes decreases by increasing the thickness of
cap layer d_ (see dashed and solid lines in Figure
6(b)).

Energy Giow of surface Tamm states for ENG-MNG
and MNG-ENG structure has the same behavior as
the negativevaues. To demonstratethis, in Figure 7,
weplot total energy Giow as a function of the wavenum-
ber B. We see from Figure 7 that al surfacemodesin
ENG-MNG and MNG-ENG periodic structure have
negative energy tow, thus they are backward for dif-
ferent values of cap layer thicknessesd..

In Figure 8, we study the dependence of surface
modes on theratio of thethicknesses of two SNG lay-
ers(d,/d,) for (@ ENG-MNG (b) MNG-ENG struc-
tures. Thedotted and solid lines correspond to the sur-
face modes with d = 0.2d, and dc = 1.5d,, respec-
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Figure9: Examplesof thebackward TM surfacemodes. (@) ENG-MNG structure: «=4.6 GHz, $=1.85,andd_=2d,.(b) MNG-
ENG structure: ©®=4.562 GHz, p=1.94,andd =0.2d,. Modes(a), and (b) correspond tothe points(1) and (2) in Figure2,
respectively. The other parameters are the same as the Figure 1

tively. Here, B=1.9, and the other parameters are the
sameasthosein Figure 1. The unshaded regionsare
omnidirectiona zero-¢  PBGinwhichtheexistence of
TM or TE surface modes are indicated. As one can
seefromFigure8, in ENG-MNG structure, TE polar-
ized SWsexist only for therelativethickness(d,/d,)
lessthan one, and TM polarized SWsexist only for the
relative thickness more than one, whilein the case of
MNG-ENG structure TE-polarized SWsexist only for
therelativethickness(d,/d,) morethan one, and TM-
polarized SWsexist only for therel ative thicknessless
than one.

Profilesof points(1) and (2), situatedin Figure 2,
areshowninFigure9, wherewe plotted the proiles of
themode (1) inthe ENG-MNG structureand themode
(2) in MNG-ENG structure. Figure 9 showsthat in
MNG-ENG arrangement (Figure 9a), the peak of SWs
islocated at theinterface between DNG material and
cap layer. But, in ENG-MNG arrangement (Figure 9b)
the peak of SWsislocated at theinterface betweenthe
cap layer and photonic crystal.

CONCLUSION

Insummery, westudied thelinear SWsat theinter-
face between auniform RHM medium (and LHM me-
dium) and asemi-indnite 1 DPC made of SNG materi-
als. We showed that in the presence of uniform right-
handed materials, the considered structure can support
TE and TM-polarized surfacewaves depending onthe
relative thicknesses of the ENG and the MNG layers.

But, in the presence of uniform left-handed
metamaterial's, the supposed structureonly support TM-
polarized surfacewaves. These SMsdepending on the
arrangement of thelayersof PC (MNG-ENG or ENG-
MNG) can have two ditierent transverse structures
of Gield at the second SNG band gap of the PC. In the
ENG-MNG arrangement the peak of SMs are lo-
cated at the interface between the cap layer and the
photonic crystal. But, inthe MNG-ENG arrangement,
the peak of SMsislocated at the interface between
uniform material and the cap layer. We have demon-
strated that in the presence of aLHM layer thereare
only backward TM-polarized waves, while in the
presence of a RHM layer there are forward waves.
Moreinterestingly, we demonstrated that the occur-
rence of the TE- polarized and the TM-polarized
surface waves depends on theratio of thethicknesses
of the ENG layer to the MNG layer.
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