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Properties of one-dimensional photonic crystals containing single-negative materials
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The transmission properties of a one-dimensional photonic crystal containing two kinds of single-negative
(permittivity- or permeability-negativemedia are studied theoretically. We show that this structure can possess
a type of photonic gap with zero effective phdgg). The zeroées gap distinguishes itself from a Bragg gap
in that it is invariant with a change of scale length and is insensitive to thickness fluctuation. In contrast to a
photonic gap corresponding to zero averaged refractive index, thedgggrgap can be made very wide by
varying the ratio of the thicknesses of two media. An equivalent transmission-line model is utilized to explain
the properties. A photonic quantum-well structure based on agf@aps is proposed as a multiple channeled
filter that is compact and robust against disorder.
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I. INTRODUCTION ments[16]. Metamaterials with effective negative permeabil-

ity in a particular frequency range have also been obtained

by utilizing split ring resonator§l7]. However, people have

to combine both the methods of fabricating ENG media and

MNG media to form metamaterials with simultaneously
egative permittivity and permeabil[},6]. Therefore, in

Photonic crystal$PCs have found many applications due
to their unique electromagnetic properiigs Conventional
photonic band gapPBG) originates from the interference of
Bragg scattering in a periodical dielectric structure. Since th

tm'?r?lel ftr?quencytof :hthra}gg gfaé) IS mvberseldy prciﬁorgcérgl oint view of techniques, fabrication of SNG materials may
0 the fatlice constant, the siz€ of device based on he be less intricate than that of DNG materials. Moreover, ef-

dependent on the working wavelength. For example, a Mifactive LH media can be formed by having layers of SNG

crowave device based on the PBG is usually large. On th o : : :
. . ) edia since the effective group velocity and phase velocit
other hand, the properties of photonic materials are affecte group Y b y

compact and robust against disorder, some type of PBG CoMy e [15]
ing from mechanisms beyond the Bragg scattering needs to In this paper, we find that MNG-ENG multilayer structure

be found. can possess a type of photonic gap that is distinct from a

One such attempt is to realize PBG in metamaterials. Th%ragg gap. When the wave impedance afbctivephase
metamaterials that exhibit simultaneously negative permittiv-Shift in MNG layer are equal to those in ENG layer at some

ity (e) and pe_rmeability(,u) ir) a frequency band are called frequency(zero effective phase delay pointhe wave can
double-negativgDNG) materials or left-handedLH) mate-  y,nnel through the structure without any phase delay. Once

rials [2-13. It is demonstrated that stacking alternating lay- o affective phase shifat wave impedance matching fre-

ers of double-po_sitive and DNG media leads to a type o uency in the MNG layer mismatches that in ENG layer,
PBG corresponding to zel@olume averaged refractive in- however, a gap will open at the zero effective phasero-

dex9]. Such zera gap differs fundamentally from a Bragg ber) delay point, and we call this gap the zefg: gap. In

gap in that it is invariant with scaling and insensitive to comparison with a Bragg gap, the zefg: gap has unique
disorder. Ar?umbt()er of umgg%transmlssmn properties of the, ,herties. Conventional Bragg gap varies with respect to a
zeron gap have been stu 1¢d0, 11]. o , scale-length change and would be deteriorated by random-
Besides [?NG materials, the mater.|als in which only one, ss. However, the zewds; gap is invariant with a change
of thEI’ r’na_lterlal paramete;}s has_nelgatlve vglue have attracteff g.a1e length and insensitive to disorder as long as the ratio
people’s interestl4,19. These single-negatidéNG) mate- ot \he ayerage thicknesses of two media maintains, as we
rials include the epsilon-negativBNG) media with negative iy show in Sec. II. An equivalent transmission-li@L)
permittivity but positive permeability and the mu-negative model is used to explain the properties of the zég-gap

(MNG) media with negative permeability but positive per- 5, the connection and correspondence between thefzgro-
mittivity. Metamaterials with effective negative permittivity gap and the zera-gap are analyzed in Sec. IIl. In Sec. IV, a

in a frequency band have been fabricated by using wire e"ef)hotonic quantum-wellQW) sfructure based on zeks

gaps is proposed, and its properties and application as a mul-
tiple channeled filter are discussed. Finally, we conclude in
*Corresponding author: Email: honchenk@online.sh.cn Sec. V.
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II. INFINITE- AND FINITE-PERIODIC STRUCTURE
WITH SNG MATERIALS

We suppose that

o L
€1=8a M1=HMa~™ "3 (1)

w L
in MNG materials and = [
I -

B S
E2=8p~ "5 M2 Mp, 2 R 1

© ?

in ENG materials. It is noted these kinds of dispersionder
and e, may be realized in special microstrip$8]. In Eqs.
(1) and (2), o is the frequency measured in GHz. We con-
sider the situation that, ande, are negative. In the follow-
ing calculation, we chooseu,=¢g,=1, g,=up=3, a=p8
=100. The thicknesses of MNG and ENG slabs are assumed
to bed, andd,, respectively.

First we consider an infinite-periodic structure. The dis-

persion relation can be obtained by using the Bloch-Floquet 00 05 10 15 20 25 30
theorem[14]: P
cos B(d; +dp) = coshk,d; coshkyd; FIG. 1. The variance of band gap with different ratio of two

l( m 7]2) _ _ media.(a) Solid line:d;=d,=12 mm); this corresponds to the phase
- —| — +—=sinhk,d; sinhkyd,, (3) match(at wave impedance matching frequencgse. Dashed line:
2\ m d;=12 mm,d,=6 mm; a gap opens at the zero effective phase de-
lay point. Dotted lined; andd, are scaled by 1/2 respectively; the
gap remains invariantb) The gap enlarges when the ratio of the
thicknesses of two media increases=12 mm. Solid line:d;/d,

=2. Dashed lined;/d,=3. Dotted line:d;/d,=4.

where B(d;+d,) is the Bloch phaséBloch wave vectorg
times the lattice constantthe wave impedances and effec-
tive phase shifts in MNG and ENG layers ang=|u;/ &,

ki di=kv|ejmi|d; (i=1,2), respectivelyk is the wave number
in vacuum. Although in each layer fields are evanesceninaterial parameters, the middle of a Bragg gap will shift
waves since the wave vectors are complex, propagationoticeably while the width of the gap will change a little
modes in the periodic structure still exist. The appearance oivhen the ratio of the thicknesses of the two types of layers
propagation modes can be explained with the aid of a tightvaries. These unusual features of the zégp-gap can be
binding model in solid-state physics. When SNG layers conwell understood by using an equivalent transmission-line
struct a periodic structure, the localized interface mades  model, as demonstrated in Sec. Ill.

will explain this unusual field behavior in detail latén each For a finite-periodic structure, the fields within each layer
period will interact and thus split. That is to say, the interfaceare a superposition of forward-decaying and backward-
modes will couple each other and form propagation modesdecaying evanescent waves. Suppose a transverse electric
Here in order to discuss the problem conveniently, we introwave is normally(along thez direction) incident on the

duce the phase-match condition that is written as structure. The transmission properties and field distributions
B of the structure can be obtained by means of a transfer matrix
kydy = kod. (4) method. Figure 2 shows another unique feature of the zero-

The variance of band gap with different ratio of two kinds Pert 9aP- The zerahe gap is even robust against disorder.
of single-negative media is shown in Fig. 1. The solid line in The solid line in Fig. 2 is the transmittance through 16 peri-
Fig. 1(a) corresponds to the phase-matehwave impedance ©ds, the ratio ofl; andd, is 2. The dotted line corresponds to
matching frequengycase and no gap exists around the zerdhe transmittance through the same media but the lattice con-
effective phase delay point. When the phase-match conditioff@nt is scaled by 2/3. The dashed line is the transmittance
is not satisfied, a gap opens at the zero effective phase deldyrough a structure with thickness fluctuation of £4 mm over
point, as shown by the dashed line in Figa)l The zerog,; ~ 32_layers on the condition that the ratio of averageand
gap has a unique property that distinguishes itself from al,(d;/d,) remains 2. The independence of the zekg-gap
Bragg gap in that it is invariant with scaling, as shown by theon scaling means that photonic devices based on such PBG
dotted line in Fig. 1a). Figure 1b) shows the other unique can be made very compact. It may be surprising that the
feature of the zer@b; gap. The width of the zerg.s gap  zero-pes gap is robust against disorder as long as the ratio of
enlarges when the ratio of the thicknesses of two media inaverage ¢ andd, maintains. These properties are connected
creases from 2solid line), to 3 (dashed lingand 4(dotted  with the unusual field behavior inside MNG-ENG multilayer
line), respectively. But the middle of each gap hardly structure. At each interface between MNG material and ENG
changes. This is also quite different from a Bragg gap. Givemmaterial, boundary condition requires that the tangential
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1.0 at each interface of two media. It is the difference of field
behavior that may lead to the distinct properties of the Bragg

08 gap and the zerg. gap.

8

S 06

= I1l. EQUIVALENT TRANSMISSION-LINE MODEL

E o4l & FOR THE MNG-ENG MULTILAYER

[ =4

,? 02 f Sinceu; ande, are dispersive, the mathematical expres-
’ H sions of the band edge frequencies deriving from Egjsare
0.0 i . . cumbersome. In order to capture the essential characteristic
00 02 04 06 08 10 12 14 16 of the zeroe; gap, we use a method based on equivalent

Frequency(GHz) transmi;_sion—line(TL) models. Equi\_/alent TL models have
been utilized to analyze the properties of MNG-ENG bilayer
FIG. 2. Solid line: Transmittance through 16 periods,  Structure[15]. In TL models, MNG material can be viewed
=12 mm,d,=6 mm. Dotted line: the lattice constant is scaled by as distributed seriefleft-handeg and shunt(right-handed
2/3. Dashed line: thickness fluctuaticandom uniform deviajeof ~ capacitance while ENG material can be viewed as distributed
+4 mm averaged over 32 layefs and — are equally probabje series(right-handegl and shunfleft-handed inductance.
_ o ~ We suppose tha€ 3,Co(L3,LY) are the per-unit-length
component of electric and magnetic fields must be continuright-handed and left-handed capacitatioeluctancg For a
ous. Magnetic field is proportional to the permeability mul- NG layer with d, length, the equivalent lumped right-
ity of MNG and ENG materials has opposite signs, thex m=ng1,CT=CE/d1; for a ENG layer withd, length, the

derivative of electric field must change sign when the elecmceqlfjivalent lumped right-handedeft-handeg inductance
field runs across the interface. As a result, the field is Iocang(Lf) can be written asL&=1%d,,Le=L°%/d,. For MNG-

ized at each interface. The field distributions correspondngNG periodic structure, the equivalent transmission lines can

to the low (high) band edge frequenay (wy) of the zero- o \ievved as composite right/left-handed transmission lines.
¢err gap(the solid line in Fig. 2are shown in Figs.@) and £ 4 ynit cell of such transmission lines, one can obtain the
3(b) respectively. The field behavior is quite different from dispersion relation by using the transmission matrix and

that of a Bragg gap. For the Bragg gap, the standing-wavgk)ch_ka‘uet theoreni19):
fields corresponding to the loghigh) band edge frequency

are localized inside the higliow) refractive index media. So 1 se~m [Lr. CR
the Bragg gap depends greatly on scaling. For the #ggo- cogpd) =1 "ol peem @ LRC R~ Lefeml |
gap, the fields corresponding to the band edges are localized Lot LTt

©)

where B is Bloch wave vectord=d;+d,. From Egs.(5),
supposing thatC §>LiC ", we obtain band edge frequen-
cies of a gap as

1 f[a, 1
W = —— = i ———
: VLICR diJL2c g

Electric field (arbitrary unit)

1 f[d, 1 ©
o= TTY—=\ .
H VLRC " d, VL%CE

The gap marked bw, and wy is equivalent to the zero-
derr gap. Sincel?, CB, L3, CD are only connected with
material parameters, from Eg®) we can see that the band
edges depend on the ratio df and d,. The band edges
therefore remain invariant wha andd, are multiplied by
a scaling factor, respectively. Moreover, with the increase of
the ratio ofd; andd,, wy increases whilev, decreases. So
the gap enlarges and its middle hardly shifts.

From Egs.(5), we can also obtain the group velocity

(a) @, =0.58 GHz

(b) @, =1.05GHz Z (mm) o= do _ d sin(8d) )
9 dB8 wLiCP-1/(e’LiC)’
FIG. 3. The electric field distributions corresponding to the low
band edge frequenay, (a) and high band edge frequenay, (b) of ~ FOr @< wi, wLgC §-1/(«’L{C[") <0, thenvy<0, this cor-
the solid line in Fig. 2. responds to the left-handed modes; for> wy, wLgCR
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-1/(«3L{C ") >0, thenvy>0, this corresponds to the right- 10°
handed modes. Besides, we can derive the Ejgphase-
match conditionthrough the equivalent TL model. When the 102
gap closes, we obtain 3
1 1 é “ !
LICR=LRCT » SoCrdi= olac: ® g0 }
L L 2]
. [
In equivalent TL models = 10°
CO=A181 i:(,l)2|Le |=A2w2|Ml -8 \ 1 " "
R oy K 954 0.6 0.8 1.0 1.2
Frequency(GHz)
1
L%: AzMz:F = w2|Ceq| = A1o?ey), 9) FIG. 4. Solid line: Transmittance througiB),¢(CD)g(BA)16
L

photonic quantum-well structured;=12 mm, d,=6 mm, d3;=d,

where A; and A, are two positive constant coefficients de- =14 mm. Dotted line: the lattice constant AB is scaled by 2/3.
pending on the geometry of the equivalent transmission linePashed line: thickness fluctuation of +2 mm averaged ¢#@);¢
Substituting Eqs(9) into Eqgs.(8), we can obtain the Eqgs. and(BA)g.
(4). This confirms that the phase mismatch leads to the for-
mation of the zerap.; gap. will be insensitive to scaling and disorder, as shown in Fig.

Here we discuss the connection between the ziggogap 4. Suppose that a structure is madeA®& and CD photonic
and the zerax gap. The zerar gap and the zerg; gap are  crystals. The thicknesses Af B, C andD are assumed to be
obtained from DPS-DNG and MNG-ENG multilayer struc- d,, d,, d; and d, respectively.CD photonic crystal can be
ture, respectively. They have similarities in some ways andaken as a photonic well if the ratio df andd, is chosen to
differences in other ways. They both lie between left-handedatisfy the phase-matcfat wave impedance matching fre-
modes and right-handed modes, and are invariant with scaguency condition. AndAB photonic crystal can be taken as
ing and insensitive to disorder. However, the zéxg-gap  a photonic barrier for another arbitrary ratiodyfandd, that
originates from the interaction of evanescent waves, whileloes not meet the phase-match condition. The solid line in
the zeron gap comes from the interaction of propagatingFig. 4 is the transmittance throughAB),5 (CD)g (BA),5 pho-
waves. Moreover, the zergs; gap has one unique property tonic QW structure. The dotted line corresponds to the trans-
that the zeraa gap does not possess. The width of the zeromittance through the same media but the unit cell size is
derr gap with almost fixed middle can be enlarged by varyingscaled by 2/3. The dashed line is the transmittance through a
the ratio of the thicknesses of two media when material pastructure with thickness fluctuation of +2 mm averaged over
rameters are given. However, the zergap opens at a fre- (AB),5 and (BA);5 The very weak dependence of the con-
quency satisfying zero averaged refractive index conditionfined states on scaling and disorder will make multiple chan-

Given material parameters, the middle of the zergap will  neled filtering more practical.

shift noticeably to meet the zerocondition when the ratio

of the thicknesses of two media varies. At the same time, the V. CONCLUSION

width of the zeron gap changes a little. This is similar to that

of a Bragg gap. Therefore, the zemaap is usually not wide In conclusion, we showed that one-dimensional PCs con-

while the zeroé.s gap can be made very wide by varying taining single-negative materials can possess a type of PBG

the ratio of the thicknesses of two media. with zero effective phase. The zety gap is distinct from a

Bragg gap in that it is invariant with scaling and survives
IV. PHOTONIC QUANTUM-WELL STRUCTURE BASED under randomness. An equivalent transmission-line model is
ON ZERO- ¢bot GAPS used to explain the properties. Finally, the properties of the

zeroger gap can be utilized to construct a photonic
Conventional photonic quantum-we{DW) structures are  quantum-well structure that is compact and robust against

based on Bragg gafd&0]. Since photonic barriers based on disorder.
Bragg gaps depend on scaling and disorder, the quantized
confined photonic states in the well are strongly dependent ACKNOWLEDGMENTS
on scaling and randomness. Even small thickness fluctuation
in photonic barrier region will destroy the confined states, This research was partly supported by CNKBR&fant
which limits applications of photonic QW structures such asNo. 2001CB61040% CNSF, Shanghai Science and Technol-
multiple channeled filtering. However, if photonic barriers ogy Committee, FRG from HKBU, and by RGC from HK
are based on zerég; gaps, the confined states in the well Government.
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