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Defect modes in coaxial photonic crystals
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One-dimensional1D) photonic crystals have been constructed by connecting segments of coaxial
cable of differing characteristic impedance. Impurities have been introduced into these crystals by
inserting cable segments to break the crystal symmetry. This system provides a simple way to study
1D photonic band structure effects with complete control over impurities in the lattice. We have
studied the effects of the size, number, and location of defects in the lattice. We have also measured
directly the concentration of energy in the steady-state electromagnetic fields within doped crystals,
and observed the influence of the defects on the pkaispersion. A modified dielectric stack

model was developed to describe this system, with the results in excellent agreement with our
measurements. Our findings compare favorably to previously published measurements of
transmission and phase change in three-dimensional photonic crystaBO0®American Institute

of Physics. [DOI: 10.1063/1.1391220

I. INTRODUCTION arrangement of the defect sites relative to each other. Thus it
was not possible to isolate a particular configuration with a
A periodic dielectric medium can have a profound effectyell defined defect position within the face centered-cubic
on electromagnetic waves that propagate through it. If thgfcc) unit cell, nor to arrange the defects in any particular
crystal structure and dielectric contrast are sufficient, such #ay throughout the crystal.
medium, called a photonic crystal, forbids photon propaga- e have also recently reported the results of a study
tion for certain bands of frequencies irrespective of the POusing a “quasi one-dimension&lD)” system which over-
larization or propagation direction, leading to a completecomes the limitations of the colloidal crystals when studying
photonic band gap? Such a structure is projected to have adefects: the coaxial connector photonic crystal, assembled
significant impact on a wide range of photonic from a periodically arranged series of “tee” and “barrel”
applications’* Applications of photonic crystals will be en- microwave coaxial connectotsThat system exhibited pho-
hanced by “doping” them with defects/impurities to generateonic band structure arising from the “Bragg-like” reflec-
defect/impurity states within the band gap.Impurity ef-  tions from the open ends of the tee connecfsetisfying a
fects have been observed to be extremely sensitive to thgp Bragg condition: Z=m\, where3 is a characteristic
configuration of the impurities in their respective unit Ce”S'Iength,ll A=c(\er) ! the wavelength, anch an integet.
as seen in previous studies in which the donor impurity 1evyy 5 rities were introduced by altering the length, spacing,
els split into two upon displacement of the donor impurity 5nq4/0r termination of the open ends.

relative to its lattice sité.As the impurities begin to ap- The microwave connector system suffered from numer-
proach a characteristic length of each other, these effects s shortcomings which limited our ability to thoroughly
also determined by the relative positions of neighboring im-g, pore the effects of defects. First, the quasi-1D nature pre-
purity sites; impurity modes were found to be dependent 0yeis any true 1D model from accurately describing this sys-
whether the defects appeared on neighboring lattice sites g, Second, due to the size of the connectera@ cm), the
were separ_ated by a lattice sfte. ) , . band structure effects appeared in the GHz range, which re-
In previous yvork we re_ported ono Impurity effect_s N quired measurement techniques based on the power dissi-
polystyrene colloidal photonic crystalis” Dopants of a dif- pated in a resistive load placed at the crystal’s far end with a

ferent particle size or material were substitutionally intro'continuous input signal. This technique precluded any phase
duced into a host matrix of polystyrene microspheres, rESUItr'neasurements or measurements of the field distribution
ing in the appearance of prgad impurity s_tates within the Sto&vithin the crystal because of loading effects. Third, only a

band. Due to small dgwaﬂons in the size of .the host aN%mall number of discrete types of defects were introduced,
dopant polystyrene microspheres, the impurity effects '™nd these defects were not well characterized in terms of
doped colloidal crystals represent an average over vario

defect configurations that are slightly displaced from theil;l[%elr effect on the amplitude and phase of the reflections they

Lo . . enerated.
mean position in the unit cell. Moreover, as colloidal crystalsg

. A different photonic system was constructed for this
are self-assembling systems, there was no control over thq . . .
study from standard coaxial cables, which alleviates the

shortcomings of the microwave connector system. These
dpresent address: Physikalisches Institut, Univéarsit8ayreuth, Bayreuth, crystals were constructed from alternating segments of RG-

Germany. _

Ypresent address: Department of Physics, University of Michigan, Ann58/U (52 ) and RG-59/U(75 Q) type cable. The sggments
Arbor, M1 48109. used were 10-30 m long, yleIQ|ng stop bands in the .fre-
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more thorough characterization and a larger variety of meafrequency bandwidth of 15 MHEfull width at half maxi-
surements because the time-varying field can be observedum (FWHM)]. Pulses were sent through the crystal, and
directly. Also, the cable system is truly one dimensional,the TDS 520 was used to acquire the output wave forms, to
since it lacks the tee structures that split electromagnetiazvhich a complex fast Fourier transfor(RFT) was applied.
waves along multiple paths. Because it is truly 1D, quantitaTransmission and phase information was then obtained from,
tive analytical modeling of the cable system is much easierespectively, the magnitude and argument of the complex
than for the quasi-1D connector systefWe note that Vas- FFT data normalized by the FFT of the input pulse. Because
seur, et al. have published a method based on interface rethe pulse propagation time through the crystal was much
sponse theory for modeling structures similar to the coaxialonger than the pulse width, the pulsed method was immune
connector system with defects, along with experimental reto the effects of changing the effective load. In both tech-
sults obtained using coaxial cabfésBecause their model niques, the collection of data was controlled by a computer
requires the relevant lengths of the waveguide to be muchsing software written in LabVie&?

larger than the waveguide diameter, it is not clear whether it ~ An analytical model was developed to describe the co-
could be applied to the microwave coaxial connector sysaxial cable system. It is based upon a dielectric stack, modi-
tem, Finally, because coaxial cables can be cut to an arbified to account for two important differences in the cable
trary length, we were able to vary continuously the relativesystem:(1) at the frequencies used in the study, the cables

“strength” of impurities. are lossy(and consequently dispersjyand(2) the reflection
and transmission coefficients at the cable interfaces are de-
II. EXPERIMENTAL DETAILS termined by the mismatch in characteristic impedance, while

The coaxial cable crystals that served as a basis for thif!® Propagation speed is determined by the dielectric prop-
study consisted of 10 unit cells. Each unit cell was comprise@i€S ©of the filler material. The model allows the physical
of a segment of RG-58/U coaxial cableharacteristic im- Parameterslength, impedance, permittivity, attenuatjoof
pedanceZ,=52() followed by a segment of RG-59/U eaqh layer to be specified |_nd|V|duaIIy, permitting us to ex-
(Zo=750Q) cable; both types of cable were filled with poly- &Mine the effects of an arbitrary nu'mber and type of impu-
ethylene €~2.3¢,), corresponding to a nominal propaga- rities. These farameters were provided by thg manufacturer
tion speed of 0.66 Segments of coaxial cable were con- of the cableé, with the exception of Iength, which we mea- _
nected by standard BNC connectors. Impurities of variousured directly. Hence, there are no adjustable para_meters in
strengths were incorporated by substituting segments of dith® model that affect the photonic structure propertees.,
ferent lengths at selected positions in the lattice. the frequencies of stop bands and impurity mod&se only

Initial measurements were obtained with a continuouditS Pérformed in the modeling process were one-time least-
(cw) technique, in which sinusoidal signals were generatefauares fits to the manufgcturer—providgd attenuation data to
by a Stanford Research Systems DS340 synthesized functid}fSt €stimate the absorption as a function of frequency; after
generator over the frequency range of 1—15 MHz. The signdf!iS initial step no fitting of any kind was done when gener-
amplitudes were measured at the output of the crystal and &¢n9 results from the model. A detailed description of the
interfaces between cables using a Tektronix TDS 520 twoModel may be found in the Appendix. In addition, 1D finite-
channel digitizing oscilloscope. The oscilloscope was alsdlifference time-domain(FDTD) computations were per-
used to measure the relative phase between the signals at #9&med to model the field amplitudes at points within the
two channels. The output impedance of the function genere£'YStal, rather than merely at the output efithis informa-
tor was 50Q, while the input impedance of the oscilloscope ti0N ¢an also be obtained analytically using the method of
channels was set at either 10Mor 5002, based on whether Characteristic matrices)

a channel was probing within the crystal or at the output end,

respectively. lll. DISCUSSION OF THE RESULTS

Several problems arose with the cw technique. First, th%\ P d doped al
measurements, although automated by computer, were very ure and doped crystais
slow. Second, the phase measurements reported by the TDS Figure 1 depicts two transmission scans from undoped
520 were noisy and inconsistent, particularly within stopcrystals. Figure (g shows the spectrum of a crystal consist-
bands in which the amplitude was small. Third, we founding of 10 unit cells, each cell comprised of a 20 m segment
that the function generator suffered from loading effects thabf 52 () cable and a 15 m segment of ¥bcable. Multiple
caused its output amplitude to change slightly as the frestop bands of varying depth can be seen over this frequency
guency was tuned, in a way that was not exactly reproducibleange at frequencies satisfying the 1D Bragg condition. Fig-
between scans, possibly because of the fact that the effectivee 1(b) is the spectrum of a slightly different, more symmet-
load changed whenever the crystal configuration was modiFic crystal in which all cable segments were 15 m long. The
fied. This made normalizing to the input inconsistent andgreater symmetry in the crystal structure results in a simpler,
introduced errors into the data. Later we switched to a pulsechore symmetric transmission spectrum. It is also apparent in
technique, which yielded the same results much faster withFig. 1 that the cables are lossy in this frequency range, and
out the aforementioned errors. In the pulsed technique, ththat the attenuation increases with increasing frequency. We
signal source was a Hewlett-Packard 8003A pulse generatonere able to account for this in our model by choosing a
which was used to produce 40 ns rectangular pulses at suitable frequency-dependent absorptigfw) based on the
repetition rate of-10 kHz. The pulse width corresponds to a manufacturer’s attenuation specifications.
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. . . . . . qualitatively replicate those obtained using the microwave
1 3 5 7 9 11 13 15 coaxial connector system and discussed in detail in a previ-
Frequency (MHz) ous papet! We have included them here to demonstrate the

behavioral similarity between the cable and connector sys-

FIG. 1. Transmission spectra for coaxial photonic crystals consisting of lq dt hasi that hile th bl t h
unit cells of alternating 52 and 78 coaxial cable segments. (@), the 52 ems, and to emphasize that, while the cable sys ?m as
Q segments were 20 m long and the@%ables were 15 m long. Ifp), all ~ Many advantages over the connector system, as discussed

segments were 15 m long. The open circles are measured data; the so@hrlier, it does not sacrifice any key photonic properties.
curves are the results from the analytical model described in the Appendix. Figure 3a) illustrates the effect of moving a single de-
fect within a crystal. The crystal used in FigaBhad 10 unit
Also shown in Fig. 1 are the results from the modelcells, each unit cell a 20 m/52 segment and a 15 m/78
described in the Appendix. The model is seen to be in goodegment. A single defect was introduced into various unit
agreement with our measurements, for both the position angells by replacing the 20 m/5@ segment wit a 3 mseg-
depth of stop bands, as well as for the attenuation. The smaphent as indicated in the legend of FigaB The plots illus-
discrepancies between the model and the data are consistgfte how the impurity mode is “absorbed” by the crystal
with minor variations ¢-1%) in the lengths of the cable syrface, gradually weakening and ultimately disappearing as
segments and the cable impedances. the defect location moves toward the end of the crystal.
Figure 2 shows the spectrum obtained from a doped co-  Figure 3b) shows how the impurity mode grows stron-
axial Crystal. The Crystal was identical to that used to Obtairger with increasing number of defects. The data shown in
Fig. 1(b), except that in 2 of the 10 unit cellsells 4 and 7,  Fig. 3(b) came from a 20 cell, 20 m/52—15 m/75Q crystal
from the source endthe length of the 52) segments was with the number of defects indicated in the legend. All the
increased from 15 to 20 m. The undoped spectrum from Figgefects were identical, 2 m/52 segments replacing the 20
1(b) is also included to highlight the changes caused by then segments. In introducing the defects, care was taken to
presence of the defect cells. Note the strong impurity modeyoid the surface effects discussed above as well as the in-
in the center of the stop band at 9.8 MHz and the mode at thgsraction effects illustrated in Fig(® and discussed below.
edge of the first stop band at 3.8 MHz. Figure 3c) shows how multiple, identical defects inter-
Also apparent in Fig. 2 is widening of the stop bandsact when the separation between them decreases. This crystal
compared to those in the undoped crystal spectrum. Not@as again a 10 cell, 20 m/52—15 m/75Q based system,
that, while the first band at 3 MHz may at first appear nar-ith two identical 30 m/52) defects introduced in positions
rowed, this is an illusion caused by the proximity of the separated by a varying number of unit cells as indicated in
impurity mode to the band edge; the band is seen to be widghe legend. When the defects are well separated, a strong,
near the top. Further examples and discussion of band widsingle peak results. However, when the separation is fewer

ening may be found in Sec. Il B. than four unit cells, the impurity mode is observed to split
. ) into multiple distinct peaks.
B. Varying the number and location of defects It should be noted that all the results depicted in Fig. 3

Figure 3 summarizes the effects of changing the numbewere obtained from the analytical model. Corresponding
and position of impurities. The results depicted here allmeasurements were made, with agreement between the
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Frequency (MHz) frequency. It is apparent from Fig. 3 that, for these coaxial
FIG. 3. (a) “Absorption” of the impurity mode by the crystal surface. These C_able phOt(?I?]IC CrYSta|S' the band W'demng IS more symmet-
transmission spectra were obtained by modeling a 10 cell crystal with &ic. The critical difference between this system and those

defect in the cell shown in the legend. As the defect cell approaches the enstydied previously regarding the different band-widening be-
of the crystal, the impurity peak weakens and eventually disappéars. P

Increasing impurity peak height with the number of defects. Spectra WerehavIor Is not yet understood.
obtained by modeling a 20 cell crystal with the number of defects indicated.

(c) Interaction of multiple defects. As two identical defects are broughtC. Continuous variation of impurity strength
closer together, the impurity mode widens and splits into two distinct peaks.

The spectra were obtained by modeling a 10 cell crystal with two defects ~ One of the opportunities afforded by the coaxial cable

separated by the number of unit cells indicated. system is the ability to study the effect of continuously vary-

ing the “strength” of a defect. Studies of photonic systems

have shown that changing the optical volume of a defect

model and the data comparable to that seen in Figs. 1 and 2auses a shift in the position of the defect mode within the
but are not shown to avoid cluttering the figures. stop band:® The exact dependence of the defect mode fre-
Significant band widening can be seen in all the plots ofguency on defect volume varies based on the dimensions of

Fig. 3. In previous studies of a variety of photonic crystalthe system, and whether the defect is a “donor” or “accep-
systems, both experimental and theoretical, we have olter” type. Hence, we expected to see gradual movement of
served band widening in the presence of impurities in outhe peak as we varied the defect length, and indeed this is
systems:!! In these past studies, we observed asymmetrisvhat we found from both our measurements and the model;
band widening, where the high-frequency band edge remairtbe results are shown in Fig. 4. Repeated scans of a crystal

fixed while the low-frequency edge shifts toward a lowerwith a single defect were collected, with the length of the
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defect segment cut bed m after each scan. An incremental
shift in the position of the impurity mode was observed with
each cut-back step. Figurda} shows several transmission
scans across a stop band with an impurity peak. The move
ment of the impurity mode from the middle of the stop band

toward lower frequencies as the defect length increases it§

striking. The data in Fig. @ were obtained from a crystal §
consisting of 10 unit cells, each unit cell comprised of a 20
m/52 Q) segment and a 15 m/73 segment. The defect was
in the 75Q) segment in unit cell 5. Note that when the “de-
fect length” is 15 m, this is in fact no defect at all and, as
expected, there is no mode within the stop band.

Figure 4b) shows the results of using the model to simu-
late cutting back the defect segment length from 70 m down
to 0. In this contour map, horizontal slices correspond to
transmission scans like those in Figay Several features in
Fig. 4(b) are noteworthy. First, the frequency of the impurity
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mode changes continuously and approximately linearly with 1/\
the defect length, as indicated in Figb#by the dashed line ) \ 4
that traces the peak across the stop band. Second, the moti@ ]
is periodic in the defect length. The impurity mode starts
near the middle of the bandrf@ 0 mdefect, moves to the
left until it vanishes at 15 m, then reappears at the right sides:
of the band edge. The period of the movement is simply th
unit cell length. This is most clearly seen by examining the
two lengths where there is no impurity mode at all, 15 and 50
m. The difference is the unit cell length, 35 m. The minimum o L

at 50 m is deeper than at 15 m because of the additiona 0 30 60
absorption in the longer defect segment. This periodicity is

clearly unique to 1D systems, and the period of the move- S _ _
ment is simply the unit cell length because the propagatioﬁ:'G' 5. Spatial distribution of energy in the steady-state figla@sContour

plot of the amplitude vs frequency and position. The crystal was a 10 cell,
speeds are the same for both cable types used. 15 m/52Q-15 m/75() lattice with a defect introduced cell 5 by removing

the 52() segment. There is enhancementq dB) of the amplitude at the
impurity mode frequency3.23 MH2 around the defect locatiof120 m).

(b) Plot of amplitude vs position at the defect frequehajong the dotted

line in (a)]. Open circles are crystal measurements, and the solid curve is the

The combination of macroscopic feature sizes and oneesult of a FDTD calculation.
dimensionality of the coaxial cable system makes it possible
to probe the field amplitude at positions within the crystal
without perturbing the system significantly, and thereby toin Fig. 5. Figure %a) contains a contour map in which the
map out the distribution of energy in the steady-state electroamplitude is plotted versus position and frequency. The de-
magnetic fields. Of particular interest was the effect of defectect mode is located at 3.23 MHandicated by the dashed
sites and the local concentration of energy within a defect. Itine), and the defect itself is at a position of 120 m. The
is expected that localized modes are created by defects intaight spot atv=3.23 MHz, x=120 m indicates that the am-
photonic crystal, with the amplitude of such modes enhanceglitude is enhanced at this point by 6 dB. Figufg)3s a plot
in the region of the defedf. We have used the coaxial cable of the amplitude versus position at the defect mode fre-
system to measure directly the amplitudes as a function aofjuency, i.e., the data points along the dashed line in Fay, 5
position and frequency in a doped photonic crystal. The crysalong with the results of a FDTD calculation. The agreement
tal used was a 10 cell, 15 m/%2-15 m/75Q lattice with a  between the measurements and the calculation is excellent.
single defect introduced in unit cell 5 by removing the®@2 Additional calculations for the same structure indicate that,
segment. The amplitudes were measured along the entiia the absence of losses, enhancement of over 16 dB is ex-
length of the crystal at 3.75 m intervals. This was accomyected. The enhancement of the field amplitude in and
plished with minimal perturbation of the system by cuttingaround defects in photonic crystals is an important effect
one 15 m segment of each cable type into four pieces ofvhich can be taken advantage of in photonic applications.
equal length, creating points where the measurements wefer example, Nakatsuka and co-workers have observed en-
taken by inserting a BNC tee connector and connecting ihancement of nonlinear optical effects and two-photon fluo-
directly to a high-impedance oscilloscope input. By substi-rescence in thin film samples that are sandwiched between
tuting these “broken” segments for uncut segments of thelD photonic crystal stack$. This arrangement effectively
same type one at a time, we were able to take measuremertieates a single photonic crystal in which the sample is a
along the entire length of the crystal. The results are showdefect layer.

ituds
o
f
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164

T T T T T T T
90 120 150 180 210 240 270
Position (m)

D. Steady-state energy distribution within a doped
crystal
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%D -g when applied to a stack of 85 unit cells, each cell comprised of a 173 nm
= A polystyrene layer and a 127 nm water layer. Seven percent of the polysty-
o é rene layers were dopant layers 290 nm thick. The inset shows similar results
2 g obtained from optical measurements on a doped fcc polystyrene colloidal
_S:" i ; crystal(see Ref. 1
Ay
1(®)
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1 " > " 3 i 3 5 crystal are overlaid with the phase data to indicate the posi-
Frequency (MHz) t|on_s of the stop band and impurity mod_e. The influence of
the impurity mode on the phase change is clearly apparent in

FIG. 6. Phase change across stop bands arising from the photonic crystiig. 6(b) as an inversion of the slope within the impurity
structure. In(a) the phase change is shown across a stop band with Npeak.

impurity mode. In(b), an impurity mode is present, centered at 3.23 MHz.

The linear phase change and dispersion arising from attenuation in the

cables were subtracted from the raw phase data before plotting. Open circlés Comparison with colloidal photonic crystals
are measured data and solid curves are from the model. Transmission spec-

tra are indicated by dotted curves in both plots. Our primary motivation for the work presented here was
to find a simple photonic system that can be easily assembled
and modeled, while retaining the essential characteristics

E. Phase measurements: Photonic dispersion in which have been found in our earlier studies of three-

doped crystals dimensional3D) colloidal photonic crystals. The success of

_ L the analytical model in predicting results from the coaxial
Measurements of the phase shift on transmission througp.

_ e X able crystal measurements is convincing evidence that this
a photonic crystal reveal how the photonic dispersion rela system satisfies the first criterion. To demonstrate that the

tion is modified by the periodicity of the medium. Since we second is also satisfied, we have used the coaxial cable
are only interested in the phase shift arising from the periodmodel with parameters similar to those of polystyrene colloi-
icity in the structure, we have removed the linear phasalal crystals to compare with measurements made on actual
change with frequency ¢ arising from the effective over- impurity-doped colloidal crystals. Figure 7 shows the trans-
all permittivity of the medium éeﬁzczxiﬁ/wz, where A ¢, mission spectrum and phase change obtained by modeling a
=ke4d and d is the total crystal lengdh by subtracting a dielectric stack consisting of 85 unit cells, where each unit
straight line fit from the phase data. In addition, there is alsaell is comprised of a 173 nm layer of polystyrena (
dispersion arising from the frequency-dependent attenuatios 1.59) and a 127 nm layer of waten<1.33). Impurity

in the cables as predicted by the Kramers—Kronig dispersiotayers, 290 nm thick, replaced the polystyrene layers in 7%
relations(see the Appendjx this contribution to the phase of the unit cells, chosen at random. The inset in Fig. 7 shows
change was also removed from the data. The remainingreviously published results obtained from a polystyrene col-
phase shifts, along with results from the model, are shown itoidal crystal*® The crystal used for the inset was a fcc lat-
Fig. 6. Both Figs. 6a) and Gb) were obtained from a 10 cell tice of 173 nm polystyrene spheres in water, with 7% of the
crystal with unit cells consisting of a 15 m/%2segment and spheres replaced by 203 nm dopant spheres. Data were taken
a 15 m/75Q) segment. There were no defects in the crystal inalong the fcd 111] direction.

Fig. 6(a), while in Fig. 6b) the crystal contained one defect: The correspondence between the location of features in
in cell 5, the 52() segment was removed. In both plots, thethe wavelength spectrum can be understood by considering
phase change grows in opposite directions as a stop band tise (first orde) Bragg wavelength, given by.=2nd, where
approached from either side. Transmission spectra for eadhis the average refractive index of the medium, drid the
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period, i.e., the unit cell thickness in 1D or the spacing be-demonstrate the generality of the observed behaviors with

tween adjacentl1l) planes in 3D. For the colloidal crystal respect to dimensionality, we have used our model to quali-

used (neglecting the presence of the dopant sphemg,  tatively reproduce both the transmission spectrum and phase

=330nm, n=1.35, and\.=890nm. Therefore the 1D shift obtained from a doped polystyrene colloidal crystal.

model parameters were chosen such that300 nm andn

f1.42_3, yielding thg sgmec. (The actual_ stop pand posi- ACKNOWLEDGMENTS
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cate the effect of the-3% coefficient of variation in the size

pf the colloidal ponsFyrene particles. The qualitative Sim”ar'APPENDlx: MODEL CALCULATION METHOD

ity between the optical-scale model results and the actual

colloidal crystal measurements is striking, indicating that ~Maxwell's equations for linear, charge-free media im-

much of the behavior observed in 1D coaxial cable photonigose boundary conditions on the components of the electric

crystals is general to photonic systems of higher dimensioand magnetic fields normal and tangential to an interface.

as well. For an interface between mediu) characterized by a per-
mittivity of e, and permeabilityx,, and mediunB charac-
terized byeg and ug, the conditions are

IV. SUMMARY
eaEa =e€gEp (Ala)
. . L L

Coaxial cable crystals have been shown to provide an
easily realizable 1D photonic band gap system. They have Ea =Eg, (Alb)

significant advantages over the microwave coaxial connector
crystals studied previously, including greater flexibility in maHa = ueHs, (Alc)

terms of the types of measurements possible, easier incorpo-
b b PO Ha=Hs, (Ald)

ration of continuously variable defects, and the ability to be

accurately described by a 1D analytical model. Upon theyhere L (|l) indicates the component norm@ngential to

introduction of impurities, they exhibit behaviors similar to the interface.

those seen in the microwave connector system and/or in 3D  For a plane electromagnetic wave normally incident

colloidal crystals. These behaviors include the appearance @fpon such an interface, traveling from medininto me-

impurity modes within stop bands and band widening, mul-dium B, application of Eqs(A1l) yields solutions for the

tiple defect interactions leading to splitting of impurity amplitude reflection and transmission coefficientg and

modes, and modification of the photon dispersion relation ,, respectively,

manifested by a phase change within stop bands. One char-

acteristic which had not been observed in previously studied | __ B 77A, (A2a)

systems was the symmetric nature of the band widening, gt 1A

possibly attributable to the truly one-dimensional nature of 278

the coaxial cable system. thag=———, (A2b)
Several measurements were made that were not possible 78t A

in our previously studied systems. We examined the effect ofvhere = \/u/¢ is called the wave impedance of a medium.

continuously varying the size and hence the “strength” ofr andt are defined in the usual way in terms of the electric

impurities. As expected, the impurity mode frequency wasfield amplitudes,r=|E,/E;|, t=| E,/E;|, whereE,, E;,

seen to vary continuously with the length of the impurity in andE; are the reflected, transmitted, and incident amplitudes,

crystals with a single defect. We were able to probe the fieldespectively. Note that=1+r. Equations(A2) apply to

at points throughout the crystal without perturbing the propabulk media, but can be generalized to coaxial cables by sub-

gating states, which enabled the direct measurement of thstitution of the cables’ characteristic impedances in place of

field amplitudes as a function of frequency and positiony, and 7g.

within the lattice. We observed the expected enhancement of We assume a basic structure consisting of alternating

the steady-state field amplitude within the defect at the im{ayers/segments of two types of media/cable, designated as

purity mode frequency. We also measured the phase shifype A and typeB. The thicknesses/lengths of these layers/

arising from the photonic structure, and observed how theegments ara™ andb(™, respectively, where indicates

phase change is altered by the presence of a defect modethe unit cell number. We further assume an input wave de-
A model based on a lossy dielectric stack was developedcribed by

to describe the coaxial cable system. This model accurately E(x) = Egel (¥ ) (A3)

predicts the results of our measurements without any fitting -0 '

to the experimental data, thereby providing a simple yewhereE, is the amplitude and) the phase. We are free to

highly accurate physical explanation of our observations. Talisregard the time-dependent partBf ~e'“!) because we
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seek only steady-state solutiorsis the complex wave num- N o
ber, given by EN= ,Hl MM g,;1>) EQ), (A6)

K=\ ppew+i(al2). (A4)

) S ) _ ) where
The absorption coefficient is twice the imaginary part of o o
since intensity is proportional to the square of the amplitude. tgle il p 4o leinlla®)
Note that wheno=0, « reduces to the familiak=2zwn/\, () — i i
. . . . MBA 1 —ix{ald — 1kl ) (A7)

wheren is the refractive index andl is the vacuum wave- rgalga® A tga€ A
length. If the absorption coefficient has some frequency de-
pendence, i.eq=a(w), it implies that the(rea) permittiv-  and
ity is also frequency dependefdispersive. This is a result i p) i @p)
of the Kramers—Kronig dispersion relations, which show that thge <8 b? ragtag€' 8 b?
the real and imaginary parts ¢fe(w)]/e, —1} are Hilbert ML= ~la-in@o® 1o (A8)
transforms of each othét, Faslag® AB€

R e (wg)—1]= EPwadw, (A5g)  Successive factors in the matrix product in E46) operate

™ Jo W™~ o on the left side. Using EqLA6) with the initial conditions
(0)= (1 (0)— .
> = oA €, (w)— 1] Ea (9) gnda _03 we can compute the overall amplitude
e (wg)—1]=——P| ————%——dw, (A5Db) transmission coefficient for an N-cell crystal by
a 0 w — a)o
_(e(N)y-1

wheree, = e(w)/ €y, R and¥ denote the real and imaginary T |(EAR) E (A9)

parts, respectively, and indicates the Cauchy principal and the phasé of the output relative to the input by
value. For the coaxial cables used in this study, we deter-

mined a(w) by fitting a simple function to attenuation data ¢ = —arg[(Eg'i))‘l]. (A10)
provided by the cable manufacturer. From that we approxi-

mated the imaginary part of e as %[e(w)] )
~ — ; ey See, for example, special review issues, C. M. Bowden, J. P. Dowling, and
€l o a(w)/ weo, Wheree=2.3c, is the average permit- 1" e i3 00t Soc, Am. 80, 1 (1963 G. Kurizki and J. W, Haus,
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