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We analyze transmission of electromagnetic waves through a one-dimensional periodic layered structure
consisting of slabs of a left-handed metamaterial and air. We derive the effective parameters of the metama-
terial from a microscopic structure of wires and split-ring resonators possessing the left-handed characteristics
in the microwave frequency range, and then study, by means of the transfer-matrix approach and the finite-
difference time-domain numerical simulations, the transmission properties of this layered structure in a band
gap associated with the zero averaged refractive index. By introducing defects, the transmission of such a
structure can be made tunable, and we study the similarities and differences of the defects modes excited in two
types of the band gaps.
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[. INTRODUCTION losses. In spite of the fact that our calculations are presented
for the metamaterials with the left-handed properties in the
Electromagnetic materials with both negative dielectricmicrowave domain, many of our results are rather general
permittivity and negative magnetic permeability have beerand they can be also useful for other types metamaterials
discussed theoretically a long time ago by Veselpijoas a  [12,13, including not yet demonstrated materials operating
hypothetical material termed “left handed” because the wavé@t THz or even optical wavelengths. _ _
vector creates a left set of vectors with the electric and mag- e consider a band-gap structure schematically shown in
netic fields. Many unusual properties of the left-handed maFig. 1. First, in Sec. Il we study the properties of the left-
terials such as negative refraction can be associated with@nded material as a composite structure made of arrays of
their negative refractive index, as has been demonstrated f¥fires and split-ring resonatorsee the inset in Fig.)land
microwaves by several reliable experiments for the metamaqe.r've the genere_ll results fo_r_ the effective dielectric permit-
terials created by a lattice of split-ring resonators and wirediVity and magnetic permeability. Second, we study the trans-
[2,3] and numerical finite-difference time-domaifDTD)  Mission of e_Iectromagnetlp waves through the. layered struc-
simulations(see, e.g., Refl4], and references thergin ture consisting o_f alternating slabs of composite left-handed
Multilayered structures that include left-handed materialgnetamaterial using the calculated effective parameteee
(or, in general, materials with negative refracliazan be  Sec. Il)). We assume that the structure includes a defect layer
considered as a sequence of the flat lenses that provide &%€€ Fig. 1 that allows tunability of the wave transmission
optical cancellation of the layers with positive refractive in- near the defect frequency. Using the transfer-matrix method,
dex leading to either enhanced or suppressed transmissiéYe describe the defect-induced localized states in such a
[5-7]. More importantly, a one-dimensional stack of layersStructure and reveal that the defect modes may appear in
with alternating positive and negative-refraction materialsdifferent parameter regions and for both)=0 and Bragg
with zero averaged refractive index displays an unusua$cattering band gaps. Depending on the defect parameters,
transmission band gdp,8—11 near the frequency where the the maximum transmission can be observed in all or just
condition(n)=0 is satisfied; such a band gap is quite differ-Some spectral band gaps of the structure. We demonstrate
ent from a conventional Bragg reflection gap because it aptha.t the frequency of the defect mode is less sensitive to
pears due to different physics of wave reflection. In particu-
lar, the periodic structures with zero averaged refractive
index demonstrate a number of unique properties of the
beam transmission observed as strong beam modification an
reshapind 10] being also insensitive to disorder that is sym-
metric in the random variablf3].
In this paper, we study transmission properties of a X
multilayer periodic stacKalso called one-dimensional pho-
tonic crystal or photonic bandgap structuceeated by alter-
nating slabs of two types of materials, with positive and
negative refractive indices. We also consider the same struc- FIG. 1. Schematic picture of a multilayered structure consisting
ture with an embedded defect and take into account realistief alternating metamaterial slabs and air. The inset shows the unit
parameters of the metamaterials such as dispersion am@ll of the metallic SRR-wire metamaterial.
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manufacturing disorder for the larger defect layer. In Sec. IV [ 7 7T ' ' ' ' ' "]
we present the results of our two-dimensional FDTD numeri- * :/’
cal simulations based on the microscopic parameters of the, |
left-handed material and also study the spatiotemporal evo [
lution of the transmitted and reflected fields. Finally, in Sec. o

V we summarize our findings. - Re(e) ///’ .
2 7 —
- 7 Re(W) 1
Il. METAMATERIAL CHARACTERISTICS 4 // _
. . L | . 1 . | . I . | 1
We assume that the metamaterial that displays left-hande: 58 5.85 59 5.95 6
characteristics at microwaves is created by a three- Frequency (GHz)

dimensional lattice of wires and split-ring resonat(@&Rg, ) ) ] o

as shown schematically in the inset of Fig. 1. According to_ F!G: 2. (Color onling. Real part of the dielectric permittivity
the derivation presented in Refd4,15, the main contribu-  <e€) shown by solid lines, and the real part of magnetic perme-
tion to the effective dielectric permittivity of this structure is 201ty Rélw), shown by dashed lines, for a lattice of metallic SRRs
given mainly by the wires, whereas the magnetic response fand wires.

determined by SRRs. Although a three-dimensional lattice of

wires contains closed circuits, we neglect their contribution H =H+ 4_77M —B- 8_77M (@)
to the magnetic permeability, because this effect is nonreso- B 3 3

nant and, therefore, it is weak. The effective dielectric per-

mittivity of such a structure can be derived in a consistenf®S @ result, from Eqgs(2)-4) we obtain the effective mag-

way [14,15, and it can be written in the form netic permeability of the structure in the form
2 Fw?
w = +
(w)=1-—2 ) o) = L L +FI3) + iy’ ®)

(1)((1) —i 75)
where F=2mmn,(mR%/¢c)?/L, w3=1/LC, and y=R/L. Induc-
tancel, resistanceR, and capacitanc€ are given by the
following results(see, e.g., Ref18]):

wherew,= (c/d)[27/In(d/r,)]*?is the effective plasma fre-
quencyy,=c?/209n(d/r,,), o is the wire conductivityS is
the effective cross section of a wirSs 7TI’2!, for 6>r,, and
S~ wé(2r-6), for 6<r,, where 6=c/\27ow is the skin- AnR.| (B8R 7 2R, r?
layer thickness. L=z |~ )4 R oS ' 4nd,
To calculate the effective magnetic permeability of the g
lattice of SRRs, we write its magnetizatidvl in the form  Wherer is the radius of the wire that makes a ring,is
(see also Ref[16]) conductivity of the wire§ is the effective area of the cross-
section of the SRR wire defined similar to that of a straight
M = (n/2c)mRA,, (2)  wire, andd, is the size of the SRR slot. We note, that the
- ) ) result forC should hold providediy<r.
wheren,=3/d” is the number of SRRs per unit ceR, is the We take the parameters of a metallic SRR-wire composite
SRR radius(see the inset in Fig.)1l, is the current in the 55 =1 cm, r,=0.05 cm, R.=0.2 cm, r=0.02 cm, d
SRR. We assume that SRR is an effective oscillatory circuit. 1 -3 cm, and its conductivity as=2x 101 s°%, and calca-
with inductancel. and resistanc® of the wire, and capacity |ate the effective frequency dependencies of permittivity
C of the SRR slot. In this circuit the electromotive for€e e(w) and permeabilityu(w) according to Eqs(1) and (5),

appears due to an alternating magnetic field of the propagafagpectively, and show these dependencies in Fig. 2. The
ing wave. Under these assumptions, the evolution of the cutsonance frequency appears near 5.82 GHz, and the region
rentl, in single SRR is governed by the equation

of the simultaneously negative and negativeu is located

@ d. 1 de between the frequencies 5.82 and 5.96 GHz. The imaginary
L Zr +R—+ =, =—, (3) part of the magnetic permeability, which determines the ef-
dt dadt C dt fective losses in a left-handed material, is larger near the
. resonance.
with
- _ W_szﬂ Ill. TRANSMISSION AND DEFECT MODES
c dt’

Now we consider a periodic layered structure created by a
whereH’ is the acting(microscopi¢ magnetic field, which  system of seven left-handed dielectric slabs of the walth
differs from the average@macroscopit magnetic field. We separated by air, as shown in Fig. 1. The number of slabs is
describe the SRR array as a system of magnetic dipoleshosen to keep losses in the structure at a reasonably low
which is valid when the number of SRRs in the voluktds  level, still having visible effects of periodicity. The middle
big enough, and use the Lorenz-Lorentz relation between thiayer of the left-handed material is assumed to have a differ-
microscopic and macroscopic magnetic fie]dg] ent thicknessb=a(1+A), becoming a structural defect.
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To study the transmission characteristics of such a peri-‘E ! ' ' ' I

odic layered structure, we consider the scattering of ag ]

normal-incidence plane wave described by the Helmholtz-ig

type equation for the scalar electric field §0~6 _
= - 4
& o 1 dud Foa i
—+—e@uz-——-"F7"—|E=0, 6 24
a2t 2D © g1 ]
g 02 —
wheree(z) and u(2) are the dielectric permittivity and mag- & 0' . | . | ‘ | 1
netic permeability of a bulk material. 0 05 1 L5

First, we study the correspondinigfinite structure with- a/k
out defects and calculate its bandgap transmission Spectrum. g 3. Transmission coefficient of a finite periodic structure
In an infinite periodic structure, propagating waves have thgyeated by seven layers of the left-handed metamaterial vs the nor-

form of the Floquet-Bloch modes satisfying the periodicity malized thickness of the slad/\, where\ =2mc/ w* and the fre-
Cond|t|0n,E(Z+ za):E(Z)qu2|aKb), WhereKb is the Bloch quencyw= w* Corresponds to the CO”ditian):O.

wave number. Possible valueskf are found as solutions of

the standard eigenvalue equation for a two-layer periodig, yhq |eft-handed material which become larger for thicker
structure, as discussed in detail in Refl], slabs. One of the interesting features of the novel gap defined
by the condition(n)=0 is that the transmission coefficient
2 cogK,2a) = 2 cod(k, +k)a] - (% LB 2)

| Pr

can vanish even for very small values of the slab thickness
This property can be employed to create effective mirrors in
xsin(k.a)sin(ka), (7)  the microwave frequency range operating in this navel

=0 gap which can be effectively thinner than the wavelength
where p,=1, pi=Ve/u, k=w/c, and k=\euw/c are the Of electromagnetic waves.
wave vectors in air and left-handed slabs, respectively. For The transmission coefficient of a finite periodic structure
real values oKy, the Bloch waves are propagating; complexformed by seven layers of the left-handed metamaterial is
values ofK, indicate the presence of band gaps, where thghown in Figs. da) and 4b) as a function of the frequency,
wave propagation is suppressed. The spectral gaps appear
when the argument of the cosine function in EQ.becomes 1 T
the whole multiple ofrr, and no real solutions fdf,, exist.
These gaps are usually termed as Bragg gaps. The presen 2 08 gap
of the left-handed material in the structure makes it possible”g
for the argument to vanish, so that the wave propagation © %6~
becomes prohibited in this case as well, thus creating ar S
additional band gap, which do not exist in conventional pe- £ %4
riodic structures. As a matter of fact, the conditiéq] = k| g
corresponds to the zero average refractive inl®x0, as go- B
discussed in Ref§6,8—11. However, the inherent feature of & [
the left-handed materials is their frequency dispersion, sc 'S0 586  5.88 59 592 594
that the conditiork,|=|k| defines a characteristic frequency lFreqllleHC}’l(GHll)

ient

S

[SS]

w
B =S
'S

w* at which the indices of refraction in both the media com- » | C"_ _ N ‘ —
pensate each other. In a sharp contrast to the convention:2 ™ o P )
Bragg reflection gaps, the position of this additiog@=0 & | & gap T/ & ,I
gap in the frequency domain does not depend on the optica§°'6“ g [~ g 7
period of the structure. a I = i = |

For the parameters of the left-handed composite medie 04} | | .
described above, the critical frequeney, at which the av- é 8\ | |
erage refractive index of the structure vanishes, is found asZ o2 | ) .
w* ~275.8636x 10° s1. Importantly, the transmission co- £ | | I (b) |
efficient calculated at the frequeney=w* for the seven- = 0 al N/ ! . \ s

5.84 5.86 5.88 5.9 5.92

layer structure shows a characteristic resonant dependence
a function of the normalized slab thickneas\, where A
=2mcl “’_*' as shown in Fig. 3. The trqnsmISSIOQ maXIma FIG. 4. (Color onling. Transmission coefficient of a finite peri-
appear in the gafn)=0, when the slab thicknesscoincides i structure created by seven layers of the left-handed metamate-
with a whole multiple of a half of the wavelength. The width rial vs the incident wave frequencgg) The structure with the pe-

of the transmission peaks decreases with the number of leftiod a=0.25\, without (solid) and with (dasheyl defect layer(A
handed layers in the structure. The transmission maxima de=—0.8. (b) The structure with the period=1.25. without (solid)
crease with increasing thickness of the structure due to lossesd with (dasheyl defect layenA=-0.6).

Frequency (GHz)
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-1 -0.5 0 0.5 1 FIG. 6. Numerical FDTD simulation results showing relaxation

Defect size A processes in a band-gap structure with a defect. Solid: incident en-

ergy flow, dashed: transmitted energy flow, dotted: reflected energy
flow. The parameters ara=0.25\, A=-0.8.(a) Defect mode is not
excited, =27 x5.86x 10° s71. (b) Defect mode is excitedw
=27 x5.878x10° s7L.

FIG. 5. (Color onling. Spectrum of the defect-mode frequencies
vs the normalized size of the defe&tin the left-handed bandgap
structure with the period=1.25\.

for two structures that differ by the peri@d For the quarter-
wavelength slabgsee Fig. 4a)], the only visible band gap is
the novel gagn)=0 centered near the frequenay. When

conditions, we perform two-dimensional finite-difference
time-domain (FDTD) numerical simulations of the beam

. _ 2 . .. _propagation through the left-handed periodic structure of
this periodic structure includes a defect, the transmlssmgeven layers with a defect. We would like to point out that

peak associated with the excitation of the defect mode igg time-resolved numerical simulations are performed in or-
observed inside th¢)=0 gap, as shown by a dashed curve.qe; 15 estimate the characteristic time of the defect mode
For the structure with thicker slabs, e.g., for the structurésygitation, which can determine the operation time of such a
with the perioda=1.25\ [see Fig. 4b)], the (m=0 gap be-  mytilayer structure. This issue seems to be important be-
comes narrower but it remains centered near the frequen@auyse the novel type of the band gap discussed in this paper
w*. The transmission coefficient of this latter bandgap struc4s pased on a different physical mechanism of the transmis-
ture shows, in addition to then)=0 gap, two Bragg scatter- sjon cancellation, and it requires the vanishangragedre-
ing gaps. Due to the increased losses in this second type @factive index.
the bandgap structure where the slabs are thicker than those In the FDTD simulations, we consider the TM-polarized
in the structure corresponding to Figa} the effects of the Gaussian beam of the width (ropagating normal to the
resonant transmission at the defect mode become less visiblayered structure with the perioa=0.25\; the considered
Moreover, for the parameters considered here the defegferiodic structure corresponds to the transmission coefficient
mode appears only in thé)=0 gap, whereas it does not shown in Fig. 4a) by a dashed line. The boundaries of the
appear in the Bragg gaps. For larger thickness of the slabsjmulation area are perfectly matched lay@dIL's), so that
higher-order Bragg gaps may appear in the frequency rangeo reflection from the boundaries takes place. The slabs of
where the composite material possesses left-handed propéhe left-handed material do not extend to the PML bound-
ties. aries, since the layer is perfectly matched to the air space
In Fig. 5, we show the spectrum of the defect-mode fre-only. The mesh of the numerical simulation area is 100
guencies for the layered structure with the pededL.25 as X800 points in the transverse and propagation directions,
a function of the normalized size of the deféctWe notice  respectively.
a number of important features, which can also be found for First, we choose the carrier frequency of the incident field
other types of such left-handed structures. First of all, then the(n)=0 gap. The temporal evolution of the energy flows
defect modes do not always appear simultaneously in allPoynting vector integrated over the transverse dimension
gaps of the spectrum and, therefore, they can be placed sfr the incident, transmitted, and reflected waves is shown in
lectively either in the Bragg gaps or the zero-index gap. SecFig. §@a), clearly indicating that the transmission through
ond, the slope of the curves in Fig. 5 decreases with theuch a structure is negligible, despite the fact that in contrast
thickness of the defect layer. As a result, the eigenfrequento the analytical predictions made for the continuous waves
cies of the modes supported by a thicker defect layer can bigy the transfer-matrix approach, the beam has a finite fre-
more tolerant to disorder introduced by manufacture. Thesquency spectrum width. These results confirm that the zero-
features of the defect modes excited in the zero-index gafndex gap is realistic, and it allows to suppress the transmis-
may be important for engineering tunable properties of theion even for finite layered structures and for realistic
layered structures with negative refraction. In particular, theparameters.
existence of different types of the defect modes allow to When the carrier frequency of the incident field is se-
access different types of band gaps independently. lected close to the resonant frequency of the defect mode, a
significant amount of the energy is transmitted through the
structure[see Fig. @)]. Although the steady state of the
In order to analyze the spatiotemporal evolution of thetransmission is not reached in the simulations and oscilla-
transmitted fields and the beam scattering under realistiions of the fields around the steady state continue at larger

IV. NUMERICAL SIMULATIONS
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1-1309.637974 time scales, one can estimate the relaxation time of the

"I 1|||“ resonance-induced transmission corresponding to the defect

mode excitation time, which is found to be of the order of
1 25 3 35

DEFECT MODES AND TRANSMISSION PROPERTIES QFE PHYSICAL REVIEW E 70, 046615(2004
10° periods(approximately 170 ns
1:5 2
z/\

tl{ In Figs. 1a) and 1b) we show the examples of the field
-0.5 0 05
1=1313.160229

intensity distribution in the layered structure with the slab
sizea=0.25\ for two distinct regimes of the beam transmis-
sion. In Fig. 7a), the frequency corresponds to low transmis-
sion in Fig. 4a), when no defect mode is excited. Figui®)7
demonstrates the field distribution in the structure with an
excited defect mode and enhanced transmission.

Based on the characteristic times of the relaxation pro-
cesses in the beam transmission simulations, we can estimate
the optimized time for the pulse propagation through the
structure. Indeed, if the temporal pulse width is smaller than
the relaxation time then the transmission should be low.
Thus, in the pulse simulations, we consider the most crucial
case when the pulse width is of the order of the relaxation

lllll'_l'lll time of the structure. Results of FDTD simulations for the
5
IIIII. ‘.'III We have studied, for the first time to our knowledge, the
05 0 05 118 2 253 38 defect modes and transmission properties of periodic layered
z/\ (b) structures made of slabs of a left-handed metamaterial and
air. Using realistic parameters of the metamaterial derived
from the microscopic approach, we have calculated the band-
gap spectrum of an infinite one-dimensional structure with
and without structural defects, and demonstrated the exis-
tence of forbidden gaps of two different types, the conven-
tional Bragg scattering gaps and a novel gap corresponding
to the zero averaged refractive inday=0.
We have analyzed the properties of the defect modes in a
finite number of layers with a structural defect and demon-
strated that, depending on the defect size, the defect modes

-

X/

-

-15

pulse scattering from the multilayered structure with the pe-
riod a=0.25\ are presented in Figs.(@ and &b) as the
temporal dependence of the incident, reflected, and transmit-
ted energy flows. One can still clearly see, in spite of a rela-
tively large relaxation time in the zero-index gap, a signifi-
cant amount of the transmitted power, when the carrier
frequency of the pulse coincides with the frequency of the
defect mode.

X/A

V. CONCLUSIONS

FIG. 7. (Color onling. Results of the numerical FDTD simula-
tions for the amplitude of the magnetic field in a two-dimensional
structure (natural logarithm sca)e Boxes show positions of the
left-handed slabsa=0.25\, A=-0.8. (a) Defect mode is not ex-
cited, w=27 X 5.86x 10° L. (b) Defect mode is excitedp=2m
X 5.878x 10° s71,

—_
L 1+ - 1 —
- — L)
= | A 11 i
: £
o 08 A 198 7 FIG. 8. Numerical FDTD simulation results
§ i . 1T T for the pulse scattering by a periodic structure
z 06 . 061" B with defect. Solid: incident energy flow, dashed:
E:O 04'_ _'04'_ S _' transmitted energy flow, dotted: reflected energy
S 171 N | flow. Parameters ara=0.25\, A=-0.8. (a) De-
20,0 doa ’ i fect mode is not excitedy=27x5.86x 10° s7%.
L 1L /- PR j (b) Defect mode is excited,w=27x5.878
N . R TR T B P P A= S . - P x10° s,
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
Time (periods) Time (periods)
(a) (b)
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appear in all or just some of the band gaps allowing to acceshe defect modes in the novel bandgap is characterized by
different bandgaps selectively. In addition, we have per+elatively large relaxation time.

formed two-dimensional numerical FDTD simulations of the
propagation of electromagnetic waves in such structures and
have studied the spatiotemporal dynamics of the beam trans- The authors thank Dr. Michael Feise for fruitful collabo-
mission and reflection. We have demonstrated that the exctation and Professor Costas Soukoulis for useful discussions.
tation of defect modes can enhance substantially the wavehis work has been partially supported by the Australian
transmission through the structure, however, the excitation dResearch Council.

ACKNOWLEDGMENTS

[1] V. G. Veselago, Usp. Fiz. Naul2, 517 (1967 [Sov. Phys. [11] L. Wu, S. L. He, and L. F. Shen, Phys. Rev. &, 235103

Usp. 10, 509 (1968)]. (2003.
[2] R. A. Shelby, D. R. Smith, and S. Schultz, Scier2®2, 77  [12] J. B. Pendry, Focus Issue: Negative Refraction and Metamate-
(2009). rials, Opt. Expressl1, 639(2003.

[3] C. G. Parazzoli, R. B. Greegor, K. Li, B. E. C. Koltenbah, and 131 1. 3 ven, w. J. Padilla, N. Fang, D. C. Vier, D. R. Smith, J. B.

M. Tanielian, Phys. Rev. Lett90, 107401(2003. .
A . P , D. N. B , X. Zh , 1494
[4] S. Foteinopoulou, E. N. Economou, and C. M. Soukoulis, (zi)r(l)ogy asov, and ang, ScienGd3 9

Phys. Rev. Lett.90, 107402(2003.
[5] Z. M. Zhang and C. J. Fu, Appl. Phys. Le80, 1097(2002. [14] J. B. Pendry, A. J. Holden, W. J. Stewart, and |. Youngs, Phys.
i ' Rev. Lett. 76, 4773(1996.

[6] I. S. Nefedov and S. A. Tretyakov, Phys. Rev.a6B, 036611 g )
[15] A. A. Zharov, I. V. Shadrivov, and Yu. S. Kivshar, Phys. Rev.

(2002.
[7] J. B. Pendry and S. A. Ramakrishna, J. Phys.: Condens. Matter Lett. 91, 037401(2003.
15, 6345(2003. [16] J. B. Pendry, A. J. Holden, D. J. Robbins, and W. J. Stewart,
[8] J. Li, L. Zhou, C. T. Chan, and P. Sheng, Phys. Rev. L. IEEE Trans. Microwave Theory Techl7, 2075(1999.
083901(2003. [17] L. D. Landau and E. M. LifshitzElectrodynamics of Continu-
[9] R. Ruppin, Microwave Opt. Technol. Let88, 494 (2003. ous Media(Pergamon Press, Oxford, 1963
[10] I. V. Shadrivov, A. A. Sukhorukov, and Yu. S. Kivshar, Appl. [18] J. Schwinger, Classical ElectrodynamicgPerseus Books,
Phys. Lett. 82, 3820(2003. Reading, 1998

046615-6



