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We theoretically investigate the photonic band structure of one-dimensional superlattices composed of
alternating layers of right-handed and left-handed mate(@idM and LHM). The dispersion curves are
mainly studied by assuming that the dielectric permittivity and magnetic permeability are constant in each
layer. It is shown that such structures can exhibit new types of electromagnetic modes and dispersion curves
that do not exist in usual superlattices composed only of RHM. In particular, we emphasize the possibility of
bands that originate from the interface modes localized at the boundary between a LHM and RHM or from
confined modes in one type of layers. These waves are evanescent in both or in one constituent of the
superlattice. One of the pass bands may lie below the light lines of the constituting material and go down to the
static limit of a vanishing frequency, even at a value of the wave vectigr(parallel to the layensthat is
different from zero. For a given value of the wave vedpithe dispersion curves versusk, (wherek, is the
Bloch wave vector of the periodic system along the axis of the superbattiag exist only in a limited part of
the superlattice Brillouin zone and exhibit a zigzag behavior instead of a monotonic behavior as in usual
superlattices. With an appropriate choice of the parameters, we show that it is possible to realize an(absolute
omnidirectional band gap for either transverse elec{fl) or transverse magnet{d@M) polarization of the
electromagnetic waves. A combination of two multilayer structures composed of RHM and LHM is proposed
to realize, in a certain range of frequency, an omnidirectional reflector of light for both polarizations.
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I. INTRODUCTION tures constituted by a periodical repetition of RHM and

. ey . , . LHM [16-18. Some peculiar properties related to the pres-
Left.h.anded materlaI$LI-_|Ms), n Wh'.Ch the d|<_alectr|c ence of LHM layers have been underlined, for instance, the
permittivity & and magnetic permeability. are simulta-

. . . ossibility of gap widening with respect to usual superlat-
_neously negative, have rec_el\_/ed a great deal of attention du ices constituted only by RHNILE], the theoretical and ex-
ing the _Iast few yearl]. Th's is due to the gnusual physical erimental investigation of a new type of gap when the av-
properties of these materials that hgve fa'Sed.S“o".‘g the.ore;'rage index of refraction in the superlattice vanisfiEg,
ical interest and may lead to potential applications in optical

devices. Some peculiar properties of LHM have already beeand the possibilty of discrete and photon tunneling modes
discussed some thirty years ago by Veselgap for in- [118]. These works have mainly concentrated on propagation

i Povnti for directed e 1o th along the axis of the superlattice, i.e., normal incidence.
stance, a Foynting vector directed opposite {0 Ih€ propaga- 1, object of this paper is to present theoretically a de-

tion wave vectork, the reversal of Doppler and Cerenkov study of the dispersion relation and photonic band

effects. Bgcause of th_e a.bsence of ”a.“.”?‘”y existing I‘H'\/I'structure in superlattices constituted by alternate layers of
the experimental realization of an artificial heterogeneouiHM and RHM, with the aim of giving the different trends
fmedlu(;n el)(hlb'tmgl both Eegat'\ll.e(w.) an(fj '“(“;]) Wa;’ PE™ " that can occur and emphasizing the new behaviors that have
ormed only recently3]. The realization of such med84] ot peen predicted before. We present and discuss the band

are based 50n It?he prop.osmons.of I;]’enétyal. for spe.mlﬁc h structure with various physical parameters and different ra-
structures[S]. Recent interest in these metamaterials hag; g of the |LHM to RHM layer thicknesses. In these calcu-

been directed towards th_e theoretical and exper_imental stu Mtions, the dielectric permittivity and magnetic permeabil-
of Snell's law of refraction at the boundary with a LHM ity u are, in general, assumed to take constant values
[6—1(], the focusing and Imaging properties of a metamate?&lthough these parameters in LHM are in general frequency
rial lens [11-13, t.he. tunnelmg in the presence of a LHM dependent, our results can be used to design specific
Iayzr[14],_the rt}emlssm_rt;_:_n a I]:HMI_metama'cr]erLlBHll\ﬂ/l, etg. o Metamaterials that would lead to a typical behavior around a
ssuming the possibility of realizing suc lunderthe i on frequency. We also illustrate the photonic band struc-
form of layered media, a few recent works have investigated, o i 5 case with frequency-dependent parameters. We dis-
the photonic band structure of one dimensional layered StUGuss. in particular, the photonic bands of the superlattice
originating from the interface modes at the boundary be-
tween a RHM and a LHM, and those bands that are confined
*Electronic address: abdellatif.akjouj@univ-lille1.fr in one type of layer in the superlattice. When the permittivity
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e and permeabilityw are constant parameters, one of thepermeability of the material, and the index of refraction is
pass bands can decrease down to the static limit of the fredefined byn=+veu with the plus or minus sign being used,
guencyw=0 at a value of the wave vectéy, parallel to the respectively, for RHM and LHM. Similar equations can be
layers, that is different from zero. For fixed valueskpfwe  written for electromagnetic waves of TM polarization for
also investigate the dispersion curvesersusk,, wherek,is  which the nonzero components of the field &gE,, E,. In

the Bloch wave vector along the axis of the superlatticdamellar structures, it is also necessary to satisfy the bound-
which is limited to the reduced Brillouin zone ary conditions at each interface, namely, the continuity of the

-m/D<k,< /D (D being the period of the superlatticén  tangential components & andH and of the normal com-
contrast to the case of usual superlattices whedksplays a ponents o andB.

?nodm\)/tiggli/;ﬁga“iﬂnﬂ\:\g trﬁz_' I\\/,IV gll_eml/l(z goorﬁsof;?t? SOU toe7rTI/a[t)tices First, we are interested by the interface modes localized at
' P P the boundaryg=0 between a LHM and a RHNkee also Ref.

Sg?tqif?;éh;riﬁcl)i?srzscl)%g gtri:jvg\slerr??i/s ef; staozr;IyZ;n Eel;]rgci)?[m])' Such a wave should be exponentially decaying on both
P play a zigzag sides of the interface and, therefore, its frequency lies below

phy\/lgiia?lzﬂ dsgg(\;vmteht?itc;?::)z;:rrg;g?sm&uelal;I—(l:lt]/l?ll_CHeﬁ/l Cs)[lggﬁhe light lines of both medigi.e., botha; and «, are real,
lattice can exhibit an absoluter omnidirectional band gap, where the indices 1 and 2 refer to the media on both sides of

for either TE or TM polarization of the electromagnetic field. the mterfac@z Keeping in the above f|eI§Eq. (D] in egch .Of
= . the media 1 and 2, only the exponential term which is de-
This situation is without analog in the case of usual superlat-

tices. Thus, a combination in tandem of two LHM-RHM caying far from the interface and using the boundary condi-

. S tions atz=0, one easily obtains the equation giving the in-

superlattices enable us to propose an omnidirectional reﬂe‘férface modes, namely
tor structure for both polarizations of the light. Let us notice ' '
that the search of omnidirectional reflection gaps has been F,+F,=0, (2)
the object of several recent work$6,19-23. In particular, .
the possibility of an omnidirectional reflection gap in a WhereFi=(ai/w)(i=1,2) for TE modes, and~=~(e;i/a;)
lamellar structure containing left handed media has beer («?/c?) for TM modes[26]. The parameters; are propor-
mentioned in Ref[16] tional to the electromagnetic admittance of the corresponding

The paper is organized as follows. For the clarity of thematerials for each polarization. By taking the squares in
discussion, we briefly present in Sec. Il the interface modeghese equations, it is possible to solve for the frequesacy
localized at a LHM-RHM boundary as well as the confinedand obtain
modes of a LHM layer embedded between two semi-infinite

RHM media. Section Il is devoted to the presentation of our )2 52_2%2
main results as concerns the photonic band structure of C_ku_ M1 M2
LHM-RHM superlattices. Finally, some conclusions are 0 1 1
drawn in Sec. IV. 272
Let us notice that the derivation of the single interface R
mode and the modes in a slab of LHM have been considerefr TE modes and
in two recent papers by Ruppj@4,25. Therefore, the object
of Sec. Il is mainly to emphasize the physical behaviors in M1 M2
these two problems for a clear understanding of the results Czkf I
presented in Sec. Ill. w21 1
II. INTERFACE MODES AND CONFINED MODES OF A 8% 8%

LAYER : .
for TM modes. However, it should be pointed out that these

In the following, we assume that tleaxis is along the solutions are valid provided the slope/k, of the corre-
normal to the interfaces and the wave vector component pasponding lines remain below the velocities of light in both
allel to the layerg; is along thex axis. From the Maxwell's media 1 and 2. Thus, one can easily derive the condition for
equations in each medium, it is straightforward to write thethe existence of interface modes as follows: For TE modes:
electromagnetic field of TE polarization under the form eithere,u, <equq and ,u§>,uf or o> g1y and /,L§2<,uf

B o i (Koo for TM modes: either sou,<equy; and e5>e7 or
Ey_ (Ae™+Be Z)el(kHX t)’ eop> €141 @nd 8§<8%. ’ '
] Unlike the case of an interface between two RHM, the
szl_a(AeaZ_ Be?)gilkix-on) (1) RHM-LHM interface can support a localized mode of TE
® polarization. However, one can notice that the TE and TM
interface localized modes can never exist simultaneously,
B = K A -y i ea) i.e., the interface supports at most one localized mode of
2= ;( e’ +Be )€ ; either TE or TM polarization.
Now, we are interested by the confined modes of a LHM
wherea=\kZ-su(w?/c?), cis the speed of light in vacuum, layer of medium 2, extending in the regior<@< d, embed-
e and u are the relative dielectric permittivity and magnetic ded between two semi-infinite RHM made of materigbée
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(a) {d) P all the dispersion curves lie below the light line of the exter-
nal medium, i.e., vacuum in our case. The paig@is(b), (c)
s in the left column[(d), (e), (f) in the right column refer to a
Y LHM material with an index of refractionn,| greater
5 ] /7 (smallep thann;=1. The panels in the upper, middle, and
7 / lower rows, respectively, correspond to a LHM material with
~ . |uo| greater than, equal to, or smaller thap=1.
2 In the example of pandla) where |u,| > 1, most of the
0 0 ’ 4 0 o > . confined modes resemble those of the usual RHM. In par-
kydPn ticular, for increasing wave vectds, the slopes of the dis-
persion curves go to the velocity of light in medium 2. Still,
(b) ) / one can observe a nonmonotonic behavior of the dispersion
4 4 4 J/ curves around their crossing points with vacuum light line.
/ However, the main novelty in this figure is the existence of
& B / the lower branch that starts ai=0 for a wave vectok,
£y ~ 2, / different from zero. In the limit ofv=0, the solution for the
- 7 electromagnetic field reduces to a static magnetic field while
the electric field should be equal to zero to prevent the di-
vergence of the magnetic fie[dee Eq(1)]. In panel(c), the
parameters are chosen in such a way that the RHM-LHM
kyd/2n kjd/2n interface can support a localized mofg,|<1). Thus, in
addition to the confined modes of the layer, one can observe

wd/2rc
\
od/2rc

) () two degenerate interface modes in the limit of lakgk(see
44 41 / the two lowest dispersion curveshis degeneracy is lifted at
o S o / lower values ofk,d where the corresponding modes can in-
S // IS // teract together due to the proximity of the interfaces. Thus,
¥ gt EFE Vs for small values ofkd, these modes become more spread
- / over the entire layer and less localized around the interfaces
/ / z=0 andz=d. Panel(b) corresponds to an intermediate case
0 : : 0 . : between the examples of pan€l and (c), namely, u,=
0 2 4 0 2 4 —1. In this case, the interface mode ceases to exist, but there
kjid/2n kyd/2m is a dispersion curve which goes asymptoticallywte0.

) , i . _ The examples sketched in panéth, (e), and (f) (right
FIG. 1. Dispersion curves of confined TE optical modes in LHM ./ mn of Fig. 3 correspond to an index of refractigm| in
layer of thicknessl sandwiched between vacuum. The parametersya | HM lower than 1. so the light line of medium 2 is above
[_‘92; fL_]O(;f :H“foaé?_tla;er; t‘iobg(_"i) 1[_alr':c11;f_2]—’ 0(2). 529; _'Il']r;e(?e- the vacuum light line. Consequently, the dispersion curves of
=0.9,(d) 0. T (©) ~0.6,-1, () ~0.6,-0.9. the confined modes can be searched for only below the latter
duced frequency)=wd/27cC is presente_d as a function of tht_e e line. In case(d) wherel,| > 1, the dispersion curves display
duced wave vectok,=kd/2m. The straight lines show the fight "\ ohas that becéme the localized interface modes at
lines of vacuum(full line) and of the LHM layerdashed lin S o
m ) yer( 4 the LHM-RHM boundaries in the limit of largkyd; for de-
, . creasingk,d, the two interface modes interact more strongly
also Rgf.[Zﬂ). The (_:onfmed modes of the _Iayer are obtained, 4 their degeneracy is lifted. In cae where|u, <1, the
by writing the solution of Maxwell's equations as propagat- g\-LHM interface does not support any localized mode,
ing waves inside the layer and decaying waves outside thg, 5 gispersion curve appears only in a limited range of the
layer and using the usual boundary conditions at both inter;, e vectork,. Finally, case(e) whereu,=-1 is intermedi-
facesz=0 andz=d. The dispersion relations derive straight- 51 petween lcase(sl) 'and (f), i.e., there is one dispersion

forwardly as curve going asymptotically t@=0.
) In the next section, we shall study the photonic band
2 2 — !
(F1+F2)sinf(ayd) + 2F;Facostayd) = 0. (3 structure of a periodic stack of LHM-RHM layers. The bands

In Fig. 1, we show all possible behaviors of the TE modegthat will appear below the light lines of either media 1 or 2
dispersion curves by choosing different parameters for th@re those resulting from the interaction of the confined
LHM layer, the RHM medium being vacuum. Let us empha_modes discussed above. Therefore, some new behaviors are
size that we obtain similar results for TM modes since theeXpected with respect to usual RHM-RHM superlattices in
results for one polarization can be transposed to the other biglation with the dispersion curves sketched in Fig. 1.
interchanging the parametess and ;. Also, exactly the |, - ol hroNic BAND STRUCTURE OF A LHM-RHM
same behaviors are observed if a finite RHM layer is embed- SUPERLATTICE
ded between two semi-infinite LHM’s, so for the sake of
briefness we escape these results. In Fig. 1, we have pre- We shall calld; andd, the thicknesses of layers 1 and 2,
sented the confined modes of the embedded LHM layer, smespectively, withD =d; +d, being the period of the superlat-
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tice. In the examples presented in this section, medium 1 ibeen discussed in Refsll6-18, mainly at«;=0.

vacuum whereas medium 2 is a LHM with different dielec- In panel(a) of Fig. 2, the dispersion curves behave simi-
tric permittivity and magnetic permeability. The derivation of larly to the usual case of superlattices made only of RHM.
the dispersion relation of the superlattice is quite simple andy changing slightlyx, a new dispersion curve starts to
well known. First, one can write the solutions of the Max- emerge around2=0 and «,=0 [see the lowest branch in
well equations in each medium under the form of Er.  Panel(b)], that extends only over a limited range of the re-
Then, we use the periodicity of the system to introduce gluced Brillouin zone. Increasing furthey, the latter branch
Bloch wave vectok, along the axis of the superlattice that COVers the whole range of the Brillouin zone and evsee
relates the field in two consecutive unit cells by the factorP@n€l(©)] a cutoff frequency appears. Let us notice that this
&P (remember thak, is limited to the first Brillouin zone Pranch is situated below the light lines of the media consti-
—1/D <k,< /D). In this way, there are four unknown co- It_utlng_ the superlittlclzebw; panebg ?]Ut movesl abovebthese
efficients A, B, and A,, B, (two in each type of layer  Nes in panelc). A global view of these results can be seen

. . o in the projected band structure displayed in Figa)3left
Finally, one has to write the four _boundary conditions at.twoside where the shaded area correspond to the pass bands and
consecutive interfaces that give rise to a system of four line

; - 3he white area to the gaps. The novel behavior resulting from
homogeneous equations for the unknown coefficients. By,e presence of the LHM is the existence of a pass band that
setting the determinant of this system equal to zero, one olyy||s pelow the light lines of both media in the superlattice
tains the following dispersion relation: and reaches the frequena=0 for nonvanishing values of

cosk,D) = cosh(a;d;)cosh(ad,) the wave vectolk,. This band results from the interaction

z e 2w between the confined modgsee the lowest branch in Fig.

1(e)] in different layers of the superlattice. This behavior is
without analog in the case of usual superlattices made of
RHM.

The expressions df; for both TE and TM polarizations  Another type of behavior for the dispersion curves is pre-
were given in Sec. Il. The dispersion relatiof) can be sented in the second row of Fig.[8e also Fig. ®)], cor-
solved in the following way. The right-hand side of E4)is  responding to a filling fractiom;/D=0.43649 such that the
evaluated for any values @ andk;. If the result is smaller average index of refraction in the superlattice vanishes,
than 1 in absolute value, one can obtain a real solutiokfor d;n;+d,n,=0. It has been argugd 7] that for this choice of
i.e., the corresponding wave propagates along the axis of th@e filling fraction, the propagation along the axis of the su-
superlattice and» belongs to a pass band for the chosenperiattice, i.e., for,=0, becomes prohibited except at some
value ofk;. Otherwise ,k, becomes a complex number, the discrete values of the frequen¢see also Ref§16,18). This
wave cannot propagate aagdbelongs to a gap of the super- can be clearly seen in the projected band structure of Fig.
lattice. The dispersion curves can be sketched in two differa(c), where the consecutive gaps join together to constitute a
ent ways. One way is to fix the wave vector comporient very large gap. Now, whem, departs from zero, the gaps
and give the frequency as a function of the Bloch wave become separated by very narrow bands, i.e., the discrete
vector kz. In the other way, the so-called projected bandmodes transform into narrow banpgee pane|gj) and(e) in
structure is presented in which all the pass bands and mingijg. 2] in which the wave vectok, describes a small region
gaps are displayed as a functionlef In Figs. 2 and 3, we  around x,=0, whereas the lowest dispersion curve extends
give these two types of illustrations in a few cases that covepver a more or less spread domain of the Brillouin zone. For
most of the possible behaviors for the RHM-LHM superlat- higher values ok, [see paneff) of Fig. 2 and also Fig.®)],
tice phOtOﬂiC band structure. In these figures, the parametefﬁe pass bands widen and some of them join together to
of material 2 are taken to bg=-0.6 andu,=-1, whereas a constitute a continuous band. Therefore the occurrence of
few values are given to the volume fractioh/D of this  narrow bands and discrete modes is related to the fact that
medium. The results are presented as a function of dimensome of the band gaps join together and the pass bands that
sionless frequency)l=wD/27c and dimensionless wave separate them close.
vectors ky=kD/2m and «,=k,D/2m. The results presented A third example of the dispersion curves is presented for
in Figs. 2 and 3 are complementary; nevertheless, we hauge filling fractiond;/D=0.5[third row of Figs. 2 and @)].
given the band structures of Fig. 3 for both Tiight side of At « =0, these curves are again similar to those of usual
Fig. 3) and TM(left side of Fig. 3 polarizations whereas, for superlattices. However, by increasirg[see panelgg) and
the sake of briefness, the dispersion curves of Flg 2 ar@h) of F|g 2, the lowest curve covers 0n|y a limited part of
presented only for TM modes. the Brillouin zone; more especially, for increasifiy this

Figure 2 shows the dispersion curvés versus, for  curve starts fromc,=0.5 and returns back to the same wave
three different values of; [namely, x,=0.5 (left column,  vector, displaying a zigzag behavior. The width of the corre-
x;=0.7 (middle column, and x;=2.5(right column] and for  sponding pass band, that extends over the frequency range
three values of the filling fractiod,;/D [namely,d;/D=0.3 0.4<(0<4.2 at k,=0.7 [panel (h)], can be reduced very
(upper row, 0.43649(middle row, and 0.5(lower row)].  much wher, increases up to 1.8 where the band approaches
The value 0.43649 of the fl"lng fraction is the one for which the limit of a discrete mode. Panéby Corresponding tog
the average index of refraction in the superlatti®® =25 also shows a zigzag type of behavior, but now for a
=(d;n; +d,n,)/D becomes equal to zero; it leads to peculiardispersion curve starting from, and endingsgt: 0. A global
behaviors of the dispersion curvesee belowthat have also view of these results are presented in the projected band

1/ F Fs\ . .
+ 5(F_; + F—i)smh(aldl)smh(azdz). (4)
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K//=05 K//=0.7
as \/ 5 + 5- ‘ 15
\/ \/ .
o (a) . o (b) — 0 (© . o
.05 0.0 0.5 05 0.0 05 05 0.0 0.5 FIG. 2. Dispersion curves of a
vacuum-LHM superlattice for dif-
10 10 ferent values of the wave vector
* * component;, parallel to the lay-
. . ers, and different volume fraction
. ° of vacuumd;/D. The parameters
of LHM are e=-0.6, u,=-1.
5 . ¢ | 5 ° | The reduced frequency
G 205 ] =07 =wd/2mc is presented as function
1= o of the reduced wave vectok,
=k,D/27. The panels in the up-
° per, middle and lower rows, re-
(d) /\ © f) spectively, correspond tad;/D
0 . 0 . 0 0 =0.3, 0.43649 and 0.5. The panels

05 0.0 05 05 0.0 0.5 05 0.0 05 in the left, middle, and right col-
umns refer, respectively, to the di-
10 10 10 mensionless wave vector parallel
\/ \/ to the layersq =k,d/27=0.5, 0.7,
and 2.5.
K;=0.5
5 - 5 - 5
G
(b .
(8 @
0 T Q T 0 T 0
-0.5 0.0 0.5 -0.5 0.0 0.5 05 0.0 05
zZ Kz K'z

structure of Fig. &) (left side. Here again, one can recog- Now, let us make a few complementary comments about
nize a pass-band situated below the light lines of the constithe projected photonic band structures which is displayed in
tuting materials in the superlattice. The occurrence of veryFig. 3 for several values of the filling fraction, namely,
narrow bands and discrete modes mentioned above can ldg/D=0.3(a), 0.4 (b), 0.43649(c), 0.5(d), 0.65(e), and 0.8
more clearly seen in the TE band structure of Figl) 3right  (f). First, one can notice a number of narrow bands situated
side). For instance, one can notice thatkat=1.84 two band between the light lines of vacuum and the LHM. These
gaps, delimited by loop shaped curves, join together arountdands result from the interaction of confined modes of
the frequency() = 3.52. Therefore around these values«pf vacuum layer embedded between two LHM/ge remember
and ), there is a very narrow band that separates the twdhat in our example the vacuum light line is below the LHM
gaps; this pass band goes to the limit of a discrete mode dight line). Thus, the number of these bands increases with
the particular value ok, where the gaps join together and the filling fractiond;/D of vacuum layergfrom panel(a) to

the width of the pass band vanishes. However, looking to the@anel (f)]. The other point to notice is about the different
dispersion curves$) versusk,, the narrow band extends only trends that can be observed around the frequency zero. Re-
over a very limited range of the Brillouin zone, nameky, ferring to TM polarization(left side of the figurg in panel
starts and ends at,=0.5 while remaining always in the near (a) there is a band reachind=0 over a range of the wave
vicinity of the Brillouin zone edge. vector k; outside zero. A triangular gap separates this band
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<> - — S 5 5
4 A s 4
A 7 4
\\ //
=03D
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0 —— ————————0 21
. o
4 A N , 4 1
=% P
N >
2 N v d=04D | 2 0+ ; : . ’ |
NN S & ~ 0.0 0.2 0.4 0.6 0.8 1.0
0 (b) ' . 0 d,/D
_l_\ i R E— — /.I_ 20
a 4 \\ // 4
> N - 1.5 1
% 2 N A d=0436D T 2
= © | A = ®)
g 0 . . . - 1o M 1.0
= AN =
o 4 N 7 4 0.5
Q N o
g = s’
5] 2 N e d1= 05D+ 2 00 4+—F—-—", t—
- (d) N S\ y Z 0.0 0.2 0.4 0.6 0.8 1.0
0 T C e 0 d,/D
~ L L ) . i
4 \\ // T4 FIG. 4. (a) Frequencies of photonic bandsmgt= 0 as a function
\\ // of the filling fraction d;/D in a vacuum-LHM superlattice. The
2 ~ » d;=065Dy 2 parameters of LHM are,=-0.6, u,=—1. The shaded and white
(e) N % areas, respectively, correspond to the pass bands and to the gaps of
0 " " T T " 0 the superlattice(b) Values ofk; for which a photonic band exists at
N - =
ol N / 1 Q=0 versusd,/D.
N e
~ ~~" 4-08D i i i -
2 ~. > =900, relation (4) either along the axi$) or along the axis¢,. To
® \\ // have an analytical insight about these behaviors, let us first
0 — — 50 assume that botk, and() are much smaller than 1. Then, we
5 4 3 2 1 0 1 2 3 4 5 can make a Taylor expansion of Ed) that yields

Reduced wave vector x;
cogk,D) = 1 - 47 u)e)?
FIG. 3. Projected photonic band structure of a vacuum-LHM
) ; ) 1

superlattice for different values of the volume fraction of vacuum + 4772<_><8>K|2 for TM modes (53
d;/D. The reduced frequendy=wd/27c is presented as a function €
of the reduced wave vectaf=k;d/27. The shaded and white areas
respectively correspond to the pass bands and to the gaps of tié!
superlattice. The left and right sides of the figures, respectively, give

the band structures of the TM and TE modes. The parameters of cogkD) =1~ 4772<'“><8>QZ

LHM are e,=-0.6, up=-1. The filling fractiond,/D takes the fol- 1

lowing values in the different panelga) 0.3, (b) 0.4, (c) 0.43649 + 4772<_><M>K2 for TE modes. (5b)
(corresponding tgn)=0), (d) 0.5, (e) 0.65, andf) 0.8. The straight M

lines show the light lines of vacuurfull line) and of LHM (dashed In these equations the symb@) means the average of
line). the quantityA, i.e. (A)=(d;A;+d,A,)/D. From the above

from the next band that starts at=0. Increasing the filling T2ylor expansions, it is easy to analyze the existence of gaps

fraction [panel(b)], the former band reaches=0 while the ~ O Pass bands arourd and «;~0. Referring to TM polar-

latter have moved to a nonvanishing value of the frequency?ation, for instance, and choosirig=0, one can see from

Q. Increasing further the filling fraction, both bands mergeth€ right-hand side of Eq5a) that a pass ban@ gap exists

togethef{panels(d) and(e)]. For even higher filling fraction, along thex; axis if (&) (2) is negative(positive). Similarly,

we find the situation of panelf) where the lowest band by choosingx=0, one finds that a pass batgap occurs

bends downwards to readh=0 over a range of the wave along the(Q axis if (e)(u) is positive (negativg. We also

vector «; outside zero. illustrate these behaviors numerically in Fig. 4 by choosing
The above discussion can be illustrated both analyticallyeither x,=0 or Q=0. In Fig. 4a), we present the photonic

or numerically by looking to the trends of the dispersionbands of the superlattice &i=0 as a function of the filling
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S - FIG. 6. (a) Magnification of the projected band structure of Fig.
©) QP Zd 5(b) at the frequency of the TM absolute band g&b~0.55). (b)
B g '4 3 2 1 o 1 2 3 "t s 9 Magnification of the projected band structure of Fige)3in the
vicinity of the TE absolute band gap. All the thicknesses are scaled
Reduced wave vector ¥y

by a factor of 2.3 with respect to those of FigeBin order to bring
the TE and TM absolute gaps in coinciden¢e. Overlap of the

FIG. 5. Same as in Fig. 3 for the following parameters of LHM: . .
e=-1.4, u,=-2. In the different panels, the layer thicknesses areband gaps displayed in pandis) and (b) to show the frequency

defined asd;=0.3D(a), d;=0.5D(b), and d;=0.6259% (corre- range in WhICh the propaggtlo_n W|_II be prohibited through a struc-
. ture resulting from a combination in tandem of two multilayers.
sponding to{n)=0).

usual RHM superlattices where the photonic band structure

fraction d,/D. Notice that atx;=0 there is no distinction never contains an absolute band gap and the property of om-
between TE and TM modes. In this figure, one can see that gidirectional reflection requires that the incident light is
frequency cutoff exists for a range of the filling fraction ex- Jaunched from a substrate in which the index of refraction is
tending from 0.37%where (¢)=0) to 0.5 (where(u)=0).  relatively lower than those of the materials composing the
More particularly, at the filling fraction 0.43649, whe{®  superlatticg22].
vanishes, the propagation becomes prohibited except at some Let us mention that the authors of R¢f.6] have also
discrete frequencies. In Fig(l®), we choose&)=0 and rep- reported the possibility of an omnidirectional reflection gap
resent the TM photonic bands as a functionkpf One can  in a lamellar structure containing left handed media. The
see that the pass band which reackles0 extends over a case studied in this paper should be similar to the one re-
limited range of x; that either includes«,=0 (for ported in our Fig. &): in this figure, a given frequency
0.375<d;/D<0.625 or excludes it. situated in the lowest gap is omnidirectional reflective for TE

Although the above discussions of Figs. 2—4 were mainlypolarization, provided the incident light is launched from a
concentrated on modes of TM polarization, it should be emsubstrate in which the index of refraction does not exceed a
phasized that the TE photonic band structure display qualieertain limit. However, in contrast to the case of Fige)3
tatively similar results to those of TM modes. The fact that in[see also Fig. ®)], Fig. 3¢) does not display any absolute
Fig. 3 the lowest TE band asymptotically goes to zero, in-gap, this means that the band structure does not contain any
stead of cutting the; axis, is due to the choice @i,=—1in  frequency range which remains free of a mode for any value
our example. This is related to the behavior of the confinedf the wave vectok;.
modes of a layefsee Fig. 1e)] when u,=—pu;. Another illustration of the projected photonic band struc-

An interesting and unexpected result which is due to theures is given in Fig. 5 for a superlattice in which the param-
presence of LHM layers is the existence in Fige)3of an  eters of LHM ares,=-1.4 andu,=-2 and the RHM is still
absolute(or omnidirectional band gap of TE polarization in vacuum. Although the velocity of light in the LHM is here
the frequency range 1.220)<1.4. Indeed, this frequency lower thanc, the results are overall qualitatively similar to
interval is free of TE modes for any value of the wave vectorthose of Fig. 3. The narrow bands between the light lines of
k. Consequently, a wave launched from any substrate witthe constituting materials are now originating from the con-
an arbitrary angle of incidence is prohibited from propagafined modes of the LHM layers embedded between vacuum.
tion and will be reflected back. The superlattice becomes ®ne can also notice the existence of a band that rea@hes
perfect mirror for the TE modes, or a filter for TM modes, in =0 for «; different from zero, as well as the peculiar behavior
this frequency range. This situation is without analogue inof the band structure at a filling fraction such tRap=0
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FIG. 7. Same as in Fig. 3, for the following parameters of LHM: 501 \ 50
(@ [e,=—-1.2:4,=-0.6] and (b) [s,=-2:u,=-0.9] (b). In both \ ’
cases, the thicknesh of the LHM layers is equal to 0. a5 \\ II | as
[panel(c)]. An interesting result of Fig.(®) is the existence \ ’
of an absolute band gap of TM polarization that extends in et
the frequency interval 0.54 2 <0.61 while such an omni- % % & & 4 b 8 2 B G A0
directional gap cannot exist in usual RHM superlattices. kD

In the previous examples of Figs. 3 and 5, we have shown
that for an appropriate choice of the material parameters and F|G. 8. (a) Same as in Fig. 2 whes, and u, are defined by Eq.
their volume fraction, the LHM-RHM can display an omni- (6). (b) Magnification of Fig. 8a) in the frequency rangeD/c
directional gap for either TE or TM polarization. Now, by ~4 to 6 where bote, and u, are negative. The straight dashed
making a combination in tandem of two such multilayer line is the vacuum light line. The heavy solid lines, defined by the
structureg22,23, it should be possible to realize in a certain equationa,=0, separate the regions of propagative and evanescent
frequency range an omnidirectional reflector of light for bothwaves in LHM.
polarizations. This operation is sketched in Fig. 6. The upper

panel is just a magnification of the TM absolute gap of Fig.[panel(a)] or TE [panel(b)] polarization, is situated below
5(@). The middle panel is a magnification of the TE absolutethe Jight lines of both materials and becomes similar to a
gap of Fig. 3e); however, the layer thicknessésandd; and  strajght line in the limit of highx,. For smallx;, it widens
the periodD of the superlattice are multiplied here by a and can divide into two different bands. From the discussion
factor of 2.3 in order to obtain the coincidence of the TE andpf Sec. I, let us remember that it is not possible to obtain the
TM gaps. The lower panel in Fig. 6 shows the frequencyinterface band simultaneously for TE and TM polarizations.
domain in which the propagation is prohibited for both po-  Finally, in Fig. 8 we illustrate the photonic band structure
larizations when the band gaps of panedg and (b) are  for a superlattice in which the parametersand u, of the

superimposed. Of course, in a real structure the number qfv are frequency dependent and take the following forms
periods in each superlattice is finite and a small part of an17 24 25;

incident signal will be transmitted. It would be necessary to
investigate the decaying of the transmitted wave as a func-

N

Fw?

) —1-—2
tion of the total thicknesses of the multilayer structures, as exw) =1 02 palw) =1 P (6)
we did in our previous works dealing with RHM materials
[22] or with acoustic wave§23]. In this figure, we have chosewa,D/c=10, wyD/c=4, F

A third example of the projected photonic band structure=0.56, andd;=d,=D/2. The heavy solid lines are obtained
is given in Fig. 7 with the following parameters of the RHM: by putting «,=0 in LHM, i.e., these curves separate the re-
(@) e,=-1.2, u,=—0.6 and(b) e,=-2, u,=-0.9. The filling  gions of propagating and evanescent waves in LHM. The
fraction is taken to be 0.5. The novelty in this case withevanescent waves appear in the region between the two
respect to the previous illustrations is the existence of a nasurves. The dashed straight line is the vacuum light line. The
row band that originates from the interface mode at théand structure is magnified in the frequency range 4
RHM-LHM boundary. This band, which is either of TM =<wD/c=<6 [Fig. 8b)] where bothe, and u, are negative.
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The following points should be emphasized. kgD going tice band structure, there can be at most one band originating
to infinity, there are two bands of TE polarization aroundfrom the localized interface mode. Between the light lines of
wD/c=4.75[see Fig. 8)] which are separated from each the constituting materials, there are also narrow bands origi-
other by a very small gagnot visible at the scale of the nating from the confined modes of a layer, their number in-
figure). These bands originate from the interface mode at thereasing with the volume fraction of the corresponding ma-
LHM-vacuum boundary; they broaden wh&D decreases terial in the superlattice. Among other peculiar behaviors
due to the interaction between the different interface modesssociated with the presence of the LHM with fixed param-
before penetrating in the regions where the waves becometerse, and u,, one can notice the behavior of the band
propagative in vacuum and/or in LHM. One can also noticestructure in the vicinity ofw=0 and, in particular, the exis-
the existence of several branches of both TE and TM polartence of a band that lies below the light lines of the consti-
izations in the frequency rangeD/c~4 to 4.2 which are tuting materials and can reach a vanishing frequency at non-
essentially slab modes of the LHM layers, because they falanishing values of the wave vectky Also, the dispersion
in the regions where the modes are propagating in LHM buturvesw versusk,, calculated for a given value &f, do not
evanescent in vacuum. Similarly, the narrow bands that besehave always monotonically as in usual superlattices, but
come asymptotic to the light line of vacuum whigi® in-  may describe only a limited range of the Brillouin zone and
creases are essentially slab modes of the vacuum layers. Flisplay a zigzag behavior. For specific values of the param-
nally, one can recognize aroureD/c=4.5 [see Fig. &)] eters, such bands may become even very narrow and appear
the existence of an omnidirectional band gap for TE polaras a discrete mode at k,=0 or «/D. This happens, in par-
ization of the electromagnetic field. These general trends paticular, atk;=0 when the average index of refraction in the
allel those mentioned in the previous discussions. It is alssuperlattice is equal to zero, but such a behavior is not lim-
interesting to mention that an omnidirectional band gap ocited only to the casén)=0.
curs in the TM band structure arounsD/c=7 [see Fig. Finally, a new phenomenon associated with the presence
8(a)]; however, in this frequency range only the dielectricof the LHM is the possibility of an absolute band gap, of
permittivity &, is negative while the magnetic permittivit,  either TE or TM polarization, when the material parameters
is positive. are chosen appropriately. This enables us to propose an ap-
plication of our structure for realizing an omnidirectional
IV. SUMMARY AND CONCLUSIONS optical mirror that prevents propagation of optical waves of

TE or TM polarization for a given frequency range. Combi-

In this paper we have presented a detailed study of th@asion in tandem of two such multilayers can yield an omni-
photonic band structure of one-dimensional superlatticeg; e ctional reflector of light for both polarizations.
composed of alternate layers of right-handed and left-handed

materials. The different possible behaviors have been illus-
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