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Abstract The properties and applications of omnidirec-
tional and independently tunable defect modes in fractal
photonic crystals containing single-negative materials are
demonstrated. The proposed fractal structures can produce
as many defect modes as desired by adjusting its struc-
tural parameters. The interaction effect between the defect
states of such fractal structures is avoided, so the frequency
of each defect mode can be tuned independently. Further-
more, these defect modes inside the zero effective-phase gap
are insensitive to the incident angle. With perfect transmis-
sion, mode controllability and omnidirectional compatibil-
ity, these structures open a promising way for designing om-
nidirectional multichannel filters with specific channels.

PACS 42.70.Qs · 41.20.Jb · 78.20.Ci

1 Introduction

Experimental and theoretical studies of artificially manu-
factured periodic dielectric media called photonic band gap
(PBG) materials or photonic crystals (PCs) have attracted
considerable attention in recent years [1, 2]. The PC struc-
tures inhibit the propagation of electromagnetic waves in
a certain range of frequencies, in analogy with electronic
band gaps in semiconductors. By breaking the periodicity
of the PC, it is possible to create highly localized defect
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modes within the PBG, leading to the phenomenon of mul-
tiple channeled filtering [3, 4]. A multichannel filter based
on one-dimensional (1D) PC is one of the important com-
ponents widely used in communication and electro-optical
systems [5–7]. However, in conventional PC structures con-
sisting of positive-index materials (PIMs), the defect modes
of the PC are interactional and thus cannot be tuned in-
dependently. This will increase the difficulty for the de-
sign of multichannel filter with specific channels. More-
over, the resonant frequencies of the defect modes will shift
to higher frequencies as the incident angle increases. This
makes the filters inefficient in situations of multidirectional
incidence. So the applications of the multichannel filters are
restricted.

Recently, metamaterials, in which only one of the ma-
terial parameters has a negative value, have been realized
[8, 9]. These single-negative (SNG) materials include the
mu-negative (MNG) media with negative permeability μ

but positive permittivity ε and epsilon-negative (ENG) me-
dia with negative ε but positive μ. It is found that stack-
ing alternating layers of MNG and ENG media leads to a
type of PBG corresponding to a zero effective phase (ϕeff)

[10]. When SNG defect layers are introduced, a pair of de-
fect modes is found in this gap [11, 12]. Moreover, multi-
ple omnidirectional resonance modes can also be generated
in photonic heterostructures containing SNG materials [13–
15]. These defect modes or resonance modes in the zero-ϕeff

gap show weak dependence on the incident angle. In this pa-
per, fractal 1D PCs containing single-negative materials are
proposed. We demonstrate that the frequency of each defect
mode of such PC structures can be tuned separately and is
insensitive to the incident angle. Such properties will lead to
potential applications.
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2 Computational model and numerical method

There are two main approaches to realize single-negative
(SNG) materials that have been reported: resonant structures
made of a periodic array of metallic wires [8] or split-ring
resonators [9] and nonresonant transmission line structures
made of inductors and capacitors [16–18]. The former can
be utilized in three-dimensional space and high frequencies,
but they have relatively high losses and a narrow bandwidth.
The latter shows advantages of lower loss and wider band-
width and has already been implemented in various compo-
nent and microwave applications. According to the equiv-
alent transmission lines models [16], MNG material can
be viewed as distributed series and shunt capacitors, while
ENG material can be viewed as distributed series and shunt
inductors. The SNG materials have Drude dispersion when
they are realized by the distributed L–C transmission lines
[19, 20]. In the following calculation, we use Drude models
to describe the single-negative materials, that is,

ε1 = εa, μ1 = μa − ω2
mp

ω2
(1)

in MNG materials and

ε2 = εb − ω2
ep

ω2
, μ2 = μb (2)

in ENG materials. In (1) and (2), ωmp and ωep are the
magnetic plasma frequency and the electronic plasma fre-
quency, respectively. The frequency ν (= ω/2π) is in units
of gigahertz. In our calculation, the material parameters are
selected as μa = εb = 1, εa = μb = 3 and ωmp = ωep =
10 GHz. The construction procedure of 1D fractal pho-
tonic structure is based on the method of coupling de-
fect layers. Begin with a periodic multilayer initiator S0

of (NμNε)
m or (NεNμ)m. Nμ and Nε represent the layers

of MNG and ENG materials, respectively, with the thick-
ness of dNμ and dNε . m is the number of periods. Then,
by coupling a defect layer between the initiators (NμNε)

m

and (NεNμ)m one forms the first stage of the fractal S1 =
(NμNε)

mD1(NεNμ)m. Next, when another defect layer is
inserted between two structures of S1, the second stage of
fractal S2 is formed. It is possible to obtain a self-similar
fractal structure by repeating the given operation. The lower-
order fractal sequences are given by

S0 (NμNε)
m

S1 (NμNε)
mD1(NεNμ)m

S2 (NμNε)
mD1(NεNμ)mD2(NμNε)

mD1(NεNμ)m

S3 (NμNε)
mD1(NεNμ)mD2(NμNε)

mD1(NεNμ)m

×D3(NμNε)
mD1(NεNμ)mD2(NμNε)

mD1(NεNμ)m

...

Fig. 1 Transmission spectra of the fractal structure S1 = (NμNε)
8 ×

D1(NεNμ)8 with (a) d1 = 40 mm, (b) d1 = 50 mm, and
(c) d1 = 60 mm

D1,D2 and D3 are PIM defect layers with the thicknesses
of d1, d2 and d3, respectively. Here we choose dNμ = 6 mm,
dNε = 10 mm, and εDi = μDi = 2.0, (i = 1,2,3).

Let a wave be incident at an angle θ from vacuum onto
the considered fractal structure. Suppose that the wave in the
lth layer has a wave vector kl = klx �x + klz�z, whose mag-
nitude is ωnl/c (where c is the speed of light in vacuum).
The amplitudes of the forward and the backward wave of
the electric component can be related via a transfer matrix

Ml =
(

cosklzd1 i sinklzdl/ηl

iηl sin klzd1 cosklzd1

)
, (3)

where ηl = ηs
l = cklz/ωμl for TE wave, and ηl = η

p
l =

ωεl/cklz for TM wave. The transmittance and field distri-
butions of the structure can be obtained by means of the
transfer-matrix method.

3 Omnidirectional and independently tunable defect
modes

The initiator S0 is a periodic structure, where a zero-ϕeff

gap originating from a tunneling mechanism exists [10].
The first stage of fractal S1 is a 1D PC with a defect
layer, where a defect mode will appear in the zero-ϕeff gap.
Figure 1 shows the transmittance of the fractal structure
S1 = (NμNε)

8D1(NεNμ)8 at normal incidence. As shown
in Fig. 1, the zero-ϕeff gap exists in the frequency range from
about 0.5 to 1.1 GHz, and the frequency of defect mode α

can be tuned by changing the thickness d1.
Next, we consider the second stage of fractal S2. Fig-

ure 2 gives the transmission spectra of S2 = (NμNε)
8D1 ×

(NεNμ)8D2(NμNε)
8D1(NεNμ)8 at normal incidence.

As shown in Fig. 2, another defect mode β appears. In
Fig. 2(a), we fix d1 = 60 mm and increase d2 from 20 to 25
to 30 mm. It can be seen that defect mode α remains nearly
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Fig. 2 Transmission spectra of the fractal structure S2 = (NμNε)
8 ×

D1(NεNμ)8D2(NμNε)
8D1(NεNμ)8 with (a) d1 = 60 mm and

d2 = 20,25,30 mm, (b) d2 = 20 mm and d1 = 60,55,50 mm

Fig. 3 Electric field distributions corresponding to the two defect
modes (a) α and (b) β of S2 in Fig. 2 with d1 = 60 mm and
d2 = 20 mm. The light gray areas correspond to the PIM defect layers

invariant, while defect mode β shifts from 0.949 to 0.917 to
0.886 GHz. Similarly, defect mode β is stable, while defect
mode α shifts from 0.718 to 0.775 GHz when keeping d2

unvaried and changing d1 from 60 to 50 mm, as shown in
Fig. 2(b). Thus, the frequency of defect mode α or β can
be tuned independently in a large range without affecting
the other defect mode. It means that the interaction effect
between the two defect modes of the proposed structure is
avoided. To show how the defect modes are generated in
the zero-ϕeff gap case, the electric field distributions inside
the fractal structures are investigated at frequencies of defect
modes α and β , as shown in Fig. 3. It is seen in Fig. 3(a) that
the electric field corresponding to defect mode α is strongly
localized in both defect layers D1 but not in defect layer D2.
On the other hand, the electric field corresponding to defect
mode β is mainly localized in D2 but not in D1, as shown
in Fig. 3(b). Therefore, the coupling layers of D1 and D2

are two different kinds of defects and respectively relate
to corresponding defect states. The wave functions of the
two kinds of defect states do not overlap and their bases are
orthogonal, leading to the independency among the defect
modes.

Then we investigate the third stage, of fractal S3. Fig-
ure 4 gives the transmission spectra of S3 with m = 8 for
different d1, d2 and d3, respectively. A new defect mode γ

Fig. 4 Transmission spectra of the fractal structure S3 =
(NμNε)

8D1(NεNμ)8D2(NμNε)
8D1(NεNμ)8D3(NμNε)

8D1(NεNμ)8

× D2(NμNε)
8D1(NεNμ)8 with (a) d2 = 30 mm, d3 = 10 mm

and d1 = 60,65,70 mm, (b) d1 = 60 mm, d3 = 10 mm
and d2 = 30,35,40 mm, (c) d1 = 60 mm, d2 = 30 mm and
d3 = 5,10,15 mm

Fig. 5 Electric field distributions corresponding to the three defect
modes of S3 in Fig. 2 with d1 = 60 mm, d2 = 30 mm, and d3 = 10 mm.
The light gray areas correspond to the PIM defect layers

has been produced. It can be seen that all of the three de-
fect modes can be tuned independently. If defect mode α

needs to be moved to a definite frequency while keeping β

and γ fixed, one only needs to adjust d1 to match the de-
mand, and the same to the defect mode β or γ . In Fig. 5
we calculate the electric field distributions corresponding to
the three defect modes of the structure S3. It is seen that
the electric field of the defect mode α,β , and γ are strongly
localized in D1,D2, and D3, respectively. The three defect
modes relate to three different kinds of defect states respec-
tively; therefore, their frequencies can be independently ad-
justed. According to the fractal rule, PCs with more than
three independently tunable defect modes can also be de-
signed.

In the above discussion, the incident wave is assumed to
be normal. It is known that conventional multichannel fil-
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Fig. 6 Transmittance vs.
incident angles and frequencies
of the structure S1 = (NμNε)

8 ×
D1(NεNμ)8 with d1 = 40 mm

Fig. 7 Transmittance vs.
incident angles and frequencies
of the structure S2 = (NμNε)

8 ×
D1(NεNμ)8D2(NμNε)

8D1(NεNμ)8

with d1 = 50 mm and d1 = 10
mm

ters are sensitive to the incident angle, making them inef-
ficient for applications in the case of multidirectional inci-
dence. Next, we turn to investigation of the dependence of
the defect modes on the incident angle in our fractal struc-
tures containing SNG materials. Figure 6 gives the transmit-
tance of S1 for different incident angles and polarizations
with d1 = 40 mm. As shown in Fig. 6, as the incident angle
changes, defect mode α shifts very slowly. Similarly, it can
be seen from Fig. 7 that both defect modes α and β of struc-
ture S2 are insensitive to the incident angle. Particularly, the
frequency of β is almost unchanged as the incident angle
varies. Therefore, our fractal PC structures are very useful
for the design of multichannel filters with specific channels
and a large incident angle.

4 Conclusion

In conclusion, fractal PCs containing SNG materials are pro-
posed and investigated. The fractal structure can generate
multiple defect modes, their number can be controlled by
adjusting the structural parameters. The frequencies of these
defect modes inside the zero-ϕeff gap can be independently
tuned and are insensitive to the incident angle. Hence, such
fractal structures provide an easy way to select useful mul-
tichannel optical signals from a stop gap, and it is useful in
optical device applications.

Acknowledgements This work is supported by the National Nat-
ural Science Foundation of China (Grant No. 10704027), and the
Natural Science Foundation of Guangdong Province of China (Grant
No. 07300205).



Omnidirectional and independently tunable defect modes in fractal photonic crystals 761

References

1. E. Yablonovitch, Phys. Rev. Lett. 58, 2059 (1987)
2. S. John, Phys. Rev. Lett. 58, 2486 (1987)
3. E. Yablonovitch, T.J. Gmitter, R.D. Meade, A.M. Rappe, K.D.

Brommer, J.D. Joannopoulos, Phys. Rev. Lett. 67, 3380 (1991)
4. S. Noda, A. Chutinan, M. Imada, Nature 407, 608 (2000)
5. Q. Qin, H. Lu, S.N. Zhu, C.S. Yuan, Y.Y. Zhu, N.B. Ming, Appl.

Phys. Lett. 82, 4654 (2003)
6. Z.S. Wang, L. Wang, Y.G. Wu, L.Y. Chen, X.S. Chen, W. Lu,

Appl. Phys. Lett. 84, 1629–1631 (2004)
7. S.W. Wang, C. Xia, X. Chen, W. Lu, M. Li, H. Wang, W. Zheng,

T. Zhang, Opt. Lett. 32, 632 (2007)
8. J.B. Pendry, A.J. Holden, W.J. Stewart, I. Youngs, Phys. Rev. Lett.

76, 4773 (1996)
9. J.B. Pendry, A.J. Holden, D.J. Robbins, W.J. Stewart, IEEE Trans.

Microw. Theory Tech. 47, 2075 (1999)
10. H.T. Jiang, H. Chen, H.Q. Li, Y.W. Zhang, J. Zi, S.Y. Zhu, Phys.

Rev. E 69, 066607 (2004)

11. Y.H. Chen, J.W. Dong, H.Z. Wang, Appl. Phys. Lett. 89, 141101
(2006)

12. Y.H. Chen, Appl. Phys. Lett. 92, 011925 (2008)
13. Y.H. Chen, J.W. Dong, H.Z. Wang, J. Opt. Soc. Am. B 23, 2237

(2006)
14. Y.J. Xiang, X.Y. Dai, S.C. Wen, D.Y. Fan, J. Opt. Soc. Am. A 24,

A28 (2006)
15. Y.H. Chen, J. Opt. Soc. Am. B 25, 1794 (2008)
16. A. Alù, N. Engheta, IEEE Trans. Antennas Propag. 51, 2558

(2003)
17. T. Fujishige, C. Caloz, T. Itoh, Microw. Opt. Technol. Lett. 46, 476

(2005)
18. H.Y. Li, Y.W. Zhang, L.W. Zhang, L. He, H.Q. Li, H. Chen,

J. Appl. Phys. 102, 033711 (2007)
19. G.V. Eleftheriades, A.K. Iyer, P.C. Kremer, IEEE Trans. Microw.

Theory Tech. 50, 2702 (2002)
20. L.W. Zhang, Y.W. Zhang, L. He, H.Q. Li, H. Chen, Phys. Rev. E

74, 056615 (2006)


	Omnidirectional and independently tunable defect modes in fractal photonic crystals containing single-negative materials
	Abstract
	Introduction
	Computational model and numerical method
	Omnidirectional and independently tunable defect modes
	Conclusion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


