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Dimerlike positional correlation and resonant transmission of electromagnetic waves
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In this paper, we investigate transmission of electromagnetic wave through aperiodic dielectric multilayers.
A generic feature shown is that the mirror symmetry in the system can induce the resonant transmission, which
originates from the positional correlatioff®r example, presence of dimeris the system. Furthermore, the
resonant transmission can be manipulated at a specific wavelength by tuning aperiodic structures with internal
symmetry. The theoretical results are experimentally proved in the optical observation of aperiodi€iSO
multilayers with internal symmetry. We expect that this feature may have potential applications in optoelectric
devices such as the wavelength division multiplexing system.
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[. INTRODUCTION 1D random-dimer model in 1990,and has recently been
found in random-dimer GaAs-AlGaAs superlattices in
Since the pioneer work of Yablonovittland Johrf, con- ex.perimentsl.8 Physically, the extended electronic st_ates in
siderable attention has been paid to dielectric microstructure®is system are due to the symmetry of its internal
with photonic band gap&BG), i.e., photonic crystals. The structure!® Inspired by the localization-delocalization transi-
propagation of photons is forbidden in a PBG. Similar totion of electrons, we are interested to know whether an ana-
manipulating electrons in solid states, it is also possible td09 €xists in the case of photons in dielectric microstructures.
manipulate photons in microstructurébHence many poten- !N this paper, by introducing an internal mirror symmetry
tial applications have been suggested in optoelectrics anfjtentionally to an aperiodic dlelectr‘llc.mult'llgyer, we show
optical communications. Moreover, the concept of PBG ha§hf"lt the internal symmetry_prodyces d'.mer in the d'e.IECtr.'C
been extended to quasiperiodic structiresmong many microstructure, and the dimerlike positional correlation in-
studies, the photonic localization in quasiperiodic micro'(rjgscoensar?t ?gfssm?sfsirgﬁoc?::tbtéaﬁﬂ:;?&lesa I;l:r;h?::ar:]tgirr?' f:{f
structures is particularly attractive. The photonic localization . S .
in a dielectri(? microstrﬁcture bears an F;malogy to the eIecguenCY by tuning the aperiodic structures. 'The theoretl_cal
tronic localization in crystaf.In 1958, Anderson studied the analysis is experimentally tested by the optical observation
' ' of aperiodic SiQ/TiO, multilayers with mirror symmetry.
localization of electrons in one-dimensior{daD) disordered P Q 2 4 y 4

system$ Later on the concept of localization was recog-

nized as applicable to any waves, such as acoustical Waves II. THEORETICAL ANALYSIS OF OPTICAL

and optical wave$? It has been pointed out that the local- PROPAGATION IN NONPERIODIC DIELECTRIC

ization of waves appears not only in disordered system, but MULTILAYERS WITH INTERNAL SYMMETRY

in deterministic aperiodic system as weélh 1987, Kohmoto

et al. suggested that classical electromagnetic waves in a .

quasiperiodic layered medium is a suitable system to Studgpultllayer

the photonic localization. They proposed that Fibonacci di-

electric multilayet® should be a good candidate in which So={A1A; ... A ... Ay},

photonic localization can be observed. This was indeed ex-

perimentally realized in 199%. The interest has also been ) )

extended to Thue-Morse system, an intermediate betweefinere ~ there  are m  dielectric  layers A,

periodic and quasiperiodic systems. The propagation of lighf'2: - - -+ Ais - - - Am, With their refractive indicegn;} and

in Thue-Morse dielectric multilayers has been comparedhicknesses(d;}, respectively. We use the transfer-matrix

with the Fibonacci scenarid. In particular, it has been method, and follow the gescrlptlon of the electrlc'ﬁel.d in the

pointed out that the unattenuated transmission roots from thgPOrt of Kohmotoet al:™ In the case of normal incidence

positional correlation in Thue-Morse systéﬁnand the fre- aqd polanzatlon pargllel to the mulplayer surfaces, the trans-

quency trifurcation of optical resonant transmission indeednission through the interfao;—A, is given by the transfer

exists in this structuré’ In addition to the Fibonacci and Matrix

Thue-Morse structures, the photonic behavior in several

other nonperiodic structures have also been investigatéd. 1 0
=

Consider the optical propagation through a dielectric

It is noteworthy that a localization-delocalization transi-
tion of electron was predicted by Dunlap al. initially in a

. (1)

0 ni/nj
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The light propagation within the layed; is described by Using the unitary condition dg¥l|=1 , the transmission co-

matrix T;, efficient of the multilayer film can be written as
Cc0sd, —sins; . . 4
'""|sins, coss |’ @ T=—— (4
. . > m2+2
where the phase shit =kn;d;, k is the vacuum wave vec- if=1

tor, andd; is the thickness of the layek;. Therefore, the

whole multilayer is represented by a product malixelat- Now we introduce a mirror symmetry into the dielectric
ing the incident and reflection waves to the transmissiormultilayer. By defining

wave. The total transmission mati has the form

St ={ArAn 1A AL,
M= ( i le) . (3)  thedielectric multilayer with internal mirror symmet§can
Ma1 M2z be expressed as

|

S=S,'USe={A,A, ... A;...AA|AJA, .. A; .. A, A} -
— 5

The total transmission matrix through the multilay®hence can be represented by

M:{TmTrnfl,mTrn7l s Ti,i+1TiTifl,i s TZle}{TlhTZ s Ti,i*lTiTi+l,i s Trnfle,rnfle}'

(6)
|
In order to show that the mirror symmetry makes a “dimer” According to Eq.(4), the transmission coefficient is
in the structure which finally induces the resonant transmis-
sion, we consider the simplest setting, i.e., the phase shift of v
wave through each layer is identicd#;= 6(i=1,2, ... m). T(5=1 ©

This condition can be easily satisfied in experiments by tun-
ing the thickness of each dielectric layer. Now looking at thein the case o= (n+1/2)w. It can be clearly seen that the
center ofM [shown in Eq(6)], the pair of matrices related to mirror symmetry in the multilaye§ can indeed generate a

the dimer “A;A,” [shown in Eq.(5)] is series of dimers AjA;” (j=1,2,...m), and this kind of
positional correlation eventually leads to the perfect trans-
cog29) —sin(29) mission at the photonic frequencies corresponding+dn
MimTaili™ sin2s)  cog2e) |- @ +12)m. o ,
] ) In general, considering the symmetry in the structure
Obviously in the case of=(n+ 1/2)w, we have [shown in Eq.(5)] and using the unitary condition diit]

=1, we can rewrite the transmission coefficient of the light
wave through the multilayers with internal mirror symmetry
wherel is a unit matrix anch is an integer. Meanwhile, the as
most central part oM is simplified as the product of matri-
cesTy» Toq, Which is again an unit matrix, i.eTy, To

Ml:_l,

4

=1]. On this basis, the second pair of matrided, [which T(S)=——. (10)
corresponds to A,A," in Eqg. (5)] comes to the center &, (Mpp+my)%+4
as shown in Eq(6). Again, if §=(n+1/2)7 is satisfied,
M,=T,T,=—1I holds. Repeating the same pairing proce-Obviously, under the condition
dure, and following the rules of; ;- T; ;=1 and M;=T,;T;
| (which corresponds to thgth pair of dimer "AjA;”), — (11)

the total transfer matrix through the symmetric multilagger
is
resonant transmissions are expected in the dielectric
M=(=1)". (8)  multilayer with mirror symmetry.
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FIG. 2. The measured and calculated transmission coeffigient
vs the wave numbex ~* for the symmetrical Fibonacci TigSiO,
multilayers(SFM) with the fifth generatiorlds. The SFMUg with
16 layers(a) measured ancb) calculated, respectively.

FIG. 1. Cross-sectional bright-field image of the symmetrical
Fibonacci(SP TiO,/SiO, multilayer film with the fifth generation
Us. The SF sequence is marked to show the mirror symmetry.

IIl. OPTICAL OBSERVATION OF SYMMETRIC Us={ABABAABAABAABABA, (14

FIBONACCI DIELECTRIC MULTILAYERS o )
which indeed possesses a mirror symmetry.

The above theoretical analysis can be tested by optical |n experiments, titanium dioxide (Tig and silicon diox-
transmission measurements on the symmetric Fibonacgje (Si0,) were chosen as dielectric materiéisind B. The
SiO, /TiO, multilayer films. It is well known that the Fi- |efractive indices ar@a=nro,=2.30 andng=ngjo, = 1.46

b ondaCC| jebquence, tWS'Ch cl_ont?ms t}Ntc;] umt?)ncti_?,t_can gle around the wavelength of 700 nm. By electron-gun evapora-
proguced by repeated application of the SUDSUILLON IeS v, method, the symmetric Fibonacci SidiO, multilayer

—AB andB—A. Since Merlinet al. first reported the real- (SFM) films were fabricated on the substrate K9 glass.
ization of Fibonacci superlattices in 1985much attention Before the evaporation, the pressure of the chamber was
has been paid to the exotic wave phenomena of Fibonac%Wer than 2<10°° Torr’ and the films were formed in an
systemgwithout the mirror symmetry®* It opens a way for oxygen atmosphere: th;e pressure s 04 Torr for TiO
technological applications in several fiefdsThe symmetric deposition and 810.*5 Torr for Si0,. For simplicity thze

Flboznsacm sSequence can be constructed in the fOIIOW'thickness of these two materials were chosen to satisfy the
way:~° Thej-th generation of the sequence can be expressed

asU,={G;,H;} , whereG; andH; are Fibonacci sequences, condition n.AdA:.anB_’ Wh_'Ch gives the same phase shift in
and Jobe Jthejrecursion rjelationjs two materials, i.e.fp= dg= 6. The central wavelength was
y set around 700 nm. Therefored,s= (700 nm)/(%,)

=76.1 nm, and dg=(700 nm)/(4g)=120.0 nm. The

Gj=Gj-2Gj-1. (12 structure of the SFM film was characterized by transmission
electron microscop€TEM). Cross-sectional TEM specimens
Hi=H;_1H; > were prepared by ion beam thinning and investigated by
Philips CM12 TEM operating at 120 KeV. Figure 1 shows a
with Go=H,={B} andG,=H,={A}. Therefore, bright-field image of the SFM SigTiO, film with the 5th
sequencéJs. TiO, and SiQ appear as bright and dark lay-
Uj=G;_,Gj_1H;_1H;_>. (13 ers, respectively. The layered structure is perfectly flat and
the symmetric Fibonacci sequendg is clearly revealed as
For example, the fifth sequence is marked in Fig. 1.
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Optical transmission spectra were measured by Perki- ) ) . . .
nElmer Lambda 900 spectrophotometer in the range 0»_fvhereN |saun|modular*matr|x and' its trace is Y. Lo_ok—
wavelength from 175 nm to 3000 nm. During the measureind at the center oM(Ug) [shown in Eq.(16)], the pair of

ment, the SFM film is sandwiched between k8 glass.

matrices which corresponds to the dimeZC” [C=ABA]

Figure Za) shows the experimentally measured transmissior¢an be expressed as
coefficients as a function of wave number for the symmetric

Fibonacci SiQ/TiO, multilayer (SFM) films with genera-
tion Us. Obviously some perfedfor almost perfegttrans-

MM, =Tr(M (M, —1). (18

missions have been observed. The measurement transmissidis found that if

spectrumshown in Fig. 2a)] is in good agreement with the
numerical calculatiofishown in Fig. 2b)]. It is quite inter-

o=(n+1/2)m,

esting to compare the optical transmission of the SFM withor

that of the Fibonacci SiQTiO, multilayers (FM) without

symmetry. Figure @) gives the calculated transmission co-

efficients of SiQ/TiO, Fibonacci multilayer film(without

mirror symmetry. Obviously, the poor transmission of the
optical wave usually occurs in ordinary Fibonacci dielectric
multilayers; while some resonant modes with perfect trans
mission indeed exist in symmetric Fibonacci multilayers.M&

More experimental evidences can be found in Ref. 24.

=A% g ) 19

1 r—1
d=nm=xzarcco

wherer=n,/ng+ng/nay+1 andn is an integer, we have
Tr(M,)=0. Therefore, the product of matrices is minus unit
trix, i.e., M )?=—1. On this basis, the second dimer
“CC” [C=ABA, shown in Eq(16)] comes to the center of

Here we focus on the perfect transmission peaks, i.eM(U3). Obviously, M,)*=1 in the case of Eq(19). Now

completely transparent states. Taking the SBMas an ex-

due toTg sTa g=1, the third pair of matrice ,M, is at the

ample, we will show that some completely transparent stategenter ofM(Uz) [to see Eq(16)]. The pair ofM,M, cor-

are related to the “dimer” in the structurds. There are
several kinds of dimers itJ5 contributing to resonant trans-
missions.

(i) According to Egs(5)—(9), the dimer “AA” or “ BB”
induces the resonant transmissiondat (n+1/2), i.e., at
the central wavelength =700 nm.

(i) There also are the dimers CC’(C=ABA) and
“DD”(D=BAB) in the multilayer Us sandwiched be-
tween theK9 glass (the refractive index &9 glass isnk9

responds to the dimerDD” ( D=BAB) in Eq. (15). Again,
using the Cayley-Hamilton theorem, we havd M,
=Tr(M,)(M,—1). Interestingly, TrM,) =0 under the con-
dition of Eq. (19). Therefore, the total transfer matrix
through the symmetric multilayetJ? satisfies M (U%)

= —1, and the transmission coeﬁicient’TT:éU’g) =1. Thatis

to say, the dimers of bothCC” and “DD” in the sand-
wichedU? film additionally induce the two perfect transmis-
sion peaks at the photonic frequencies corresponding to Eq.

=1.5). The sandwichet g can be approximately expressed (19).

as

U¥={BAB ABA ABA|ABA ABA BAB}.

(19

The total transmission matrix through the multilaye¥ is

M(U?):{MUTA,B Mu Mu}{Mu Mu TB,AMZ)}’

(16)

where

My =TaTg aTeTagTA,

M,= TBTA,BTATB,ATB.

Now we apply the Cayley-Hamilton theorem foix2 uni-
modular matrices &3

NN=Tr(N)(N—1), (17)

It is shown that the mirror symmetry has made several
kinds of dimers in SFMUZ , and the dimerlike positional
correlation has induced the resonant transmission. However,
not all perfect transmission peaks come from the dimerlike
correlation. In fact, the electronic delocalization has been
found in both symmetric and nonsymmetric dimer, trimer,
andn-mer model€® Therefore, the internal mirror symmetry
is not a necessary condition for the presence of the electronic
delocalization. Instead, it is the short-range spatial correla-
tion that inhibits localization of electronic states in these cor-
related disorder systems. Similar to the case of electron,
some perfect transmission of electromagnetic wave may
originate from other positional correlations besides the dimer
in the internal structure.

IV. MANIPULATION OF RESONANT TRANSMISSION
OF ELECTROMAGNETIC WAVE BY TUNING
NONPERIODIC STRUCTURE

According to above analysis, the perfect transmission
definitely occurs if the mirror symmetry is introduced into
the structure. Actually, the perfect transmission can be con-
trolled at a specific wavelength if the special structure with
an internal symmetry is achieved. Here we present a way to
obtain the resonant mode at the specified wavelength in so-
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FIG. 4. The relation between the optical phageof the nearest
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ber of V,, i.e.,k in the SMD described in the text.

M W Lo 3 A 3 0 4 8 12 16
T T 3 s N
k
0.5 \f[ L \\/ 0.5

sessek—1 units of V,, and there will be R—3 perfect
peaks around,= /2 in the corresponding optical transmis-
. sion spectrum, i.e.,R— 3 resonant modes can be achieved at
00 02 04 06 08 10 T 046 045 050 052 054 the specified phases. And if the two nearest peaks of perfect
S/m &m transmissions away from the central peakdgt= /2 are
FIG. 3. The calculated transmission coeffici@nas a function ~marked by “~1"and “+1,” respectively, the correspond-
of the optical phases for the symmetric multilayer with defects ing phasess_; or §; approximately satisfy the relatioh &
(SMD): (a) the periodic multilayer;b) the SMD asV,; (c) the =31~ dp=6y— 6_1=0.015+0.057 exp(—k/2.66) as shown
enlargement ofb) around §,=0.5; (d) the SMD asVj; (e) the in Fig. 4, wherek—1 is the number ofV, in the SMD
enlargement ofd) around §,=0.57, (f) the SMD asV,; (g) the  constructed by the above operation. Once the dielectric ma-
enlargement off) aroundé,= 0.5, respectivelyV,, V3, andV, terials and their thicknesses in the multilayers are chosen, the
are described in the text. phase in the optical transmission spectrum is directly related
to the wavelength of the light. Therefore, it seems that the
called symmetric multilayers with defectSMD). For the perfect transmissions can be controlled at certain wave-
simplification, we still choose two kinds of dielectric mate- lengths following this way.
rials A and B with the thicknesses of two different layers  The experiments of the SMD Sj@TiO, films have dem-
satisfying nndy=ngdg, therefore the phase shift corre- onstrated the above calculation. The fabrication parameters
sponding to the two different layers is the samedas dg and the optical observations are the same as those for the
= 0. Now we present the construction of the SMD and theirsymmetric Fibonacci SiQTiO, multilayer films given in
optical transmission based on E(LO). First, it is well  Sec. Ill. Figure 5 shows the measured and the calculated
known'? that there is a wide gap aroudi§= 7/2 [as shown transmission coefficients within the central gap as a function
in Fig. 3(@] in the optical transmission spectrum of the pe-of wave number for SMD films with the symmetric sequence
riodic multilayer “ABABAB. .. .” Here, we define a peri- V,,V3,V,, respectively. It is shown that aftéroperations,
odic structure as the base of the SMD, ieV; the SMD multilayers indeed givek2- 3 resonant transmis-
={ABABARB. In the second, if the multilayer film is con- sions in the central gap of optical transmission spectra. Fur-
structed asV,=V,UV; Y(where V]! is defined asV;* thermore, it is found that the width among resonant modes
={BABABA), there will be one perfect transmission peakcan be tuned if we adjust the position of defect in the SMD.
at the optical phase af,= 7/2 within the central gafshown In the SMD V3 with k=3, three resonant peaks within the
in Figs. 3b) and 3c)]. Obviously, this perfect transmission central gap appear at=740 nm, 702 nm, and 658 nm, re-
comes from the prediction shown in EqS)—(9). Thirdly, if spectively[shown in Figs. &) and Gb)]. The width among
we construct the symmetric multilayer with defe¢&MD) resonant peaks i&A\=40 nm. While adjusting the position
as V3;=V,UV,, three perfect transmission peaks occur inof the defect BB” in the same SMD structurek(=3), three
the central gap as shown in FiggdBand 3e). The optical resonant peaks within the central gap can appean at
phases of these three resonant modes are distribu®d;at =769 nm, 700 nm, and 632 nm, respectivéghown in
8o, and 8;, whereA 5= 8,— 8y= 89— 6_,. Furthermore, if Figs. 6c) and &d)]. Obviously, the width among resonant
the fourth SMD is formed a¥,=V3;UV,=V,UV,UV,, as peaks is enlarged tAA=68 nm. The similar situation can
can be seen in Fig.(B and 3g), five perfect transmission happen in the SMD wittk=4. Figure 7 presents the trans-
peaks occur at the central gap of the transmission spectrumission spectra of the four different SMD films wikis4 in
They locate at the optical phasés,, §_1, 8y, 61, andd,, the central gap, the widths among five resonant peaks can
respectively. Therefore, aftde operations, the SMD pos- be adjusted by changing the positions of defedsA" and
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as a function of the wave numbker ! for the symmetric TiQ/SiO,
mutilayers with defects in the central gap. The SN with 12

layers:(a) measured an¢b) calculated; The SMD/; with 24 lay-
ers{c) measured andd) calculated; The SMD/, with 36 layers:
(e) measured an€f) calculated, respectively.

“BB” in the SMD with k=4. That is to say, the width
among these five peaks can be tuned almost to be idéasty
shown in Figs. 7@—7(d)]; The widths can also be quite dis-
tinguished(as shown in Figs. (B)-7(h)]. Generally speak-
ing, the resonant modes, which are required in the Optoeleﬁétion induces the resonan
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It is obvious that in the SMD, the defects lead to the
photonic localized states. As a result, the transmission peaks
appear in the PBG. The number of transmission peaks de-
pends on the number of defects. Further, the location and the
width of these peaks are determined by the position of the
defects in the structure. Similar phenomena can be found in
other structures. For example, ten coupled microcavities of
porous silicon in the Bragg mirror can produce ten propaga-
tion modes in the PBG’ Besides, in planar multiple-
microcavity structures, the scattering states can form a series
of discrete levels, the photonic Bloch oscillation and photo-
nic Wannier-Stark ladder have been theoretically
demonstrated It is an analog to electronic Bloch oscilla-
tions in crystal subjected to an electric field. For photons,
however, the role of the electric field is played by a gradual
variation of the crystal cell. In a SMD, there exists a gradient
of the size of the elementary cell of the optical crystal. From
this point of view, it is very interesting to know whether the
photonic Bloch oscillation occur in a SMD or not. Certainly,
the detection of the photonic Bloch oscillation requires time-
resolved optical experiments.

V. SUMMARY

To summarize, we have investigated the propagation
of electromagnetic wave in aperiodic dielectric multilayers
with internal symmetry. It is shown that the mirror symmetry
imposes positional correlation to the structure, for example,
creates a series of “dimers.” The dimerlike positional corre-
t effect of electromagnetic wave,

tronic devices, can be achieved by designing the dielectrig ic, is characterized by perfect transmissions. We demon-

multilayers with a specific symmetric structure. The SMD

film is just one of examples.
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FIG. 6. The measured and calculated transmission coefficlents
as a function of the wave number~! for the third symmetric
TiO, /SiO, multilayers with defect§SMD) with 24 dielectric lay-
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(@ measured and (b)
={ABABABABBABAABABBABABABA() measured anct)

calculated, respectively.

calculated;

The

SMD Vj

strate that this property is generic for the multilayer films
with an internal symmetry. We have also presented a way to
manipulate the resonant transmission at a specific wave-

e
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FIG. 7. The measured and calculated transmission coef-
ficients T as a function of the wave numbar ! for the fourth
symmetric TiQ/SiO, multilayers with defect§SMD) with 36 di-
electric layers. The SMIV,: (a) measured an¢b) calculated; the
SMD V,: (c) measured anéd) calculated. The SMD/}: (e) mea-
sured andf) calculated; the SMD/}: (g) measured an¢h) calcu-
lated, respectively.
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