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 ABSTRACT

With an aim of understanding of light propagation and dispersion in
two-dimensional (2D) optical superlattice (OSL), a fou:f—wa.ve dynamical theory
has been developed in which possible phase mismatch between the incident wave
‘vector and the reciprocal lattice vectoré of a 2D OSL is taken. into account.
Baéed on the theory, light dispersion effect in 2D OSLs were studied in detail
in the form of directional dispersion surface. Conditions of diffraction geometry
for the occurrence of photonic stop gap in 2D OSLs were given, and analytical
expression for the width of the gap obtained. Also as an important application of
the theory, frequency specira of 2D OSLs were investigated. It has been shown
that the spectrum structures of 2D OSLs exhibit peak-like resonance at certain
ffequencies. The resonance will play a key role in the establishment of sufficient
feedback for optical bistability.

In addition, a generai form of nonlinear four-wave dynamical theory has
been proposed in the dissertation. Influence of modification of s‘tructure}pa,-
rameters and non-Bragg angle incidence on index-modulation optical bistability
(IMOB) in 2D nonlinear OSLs were studied as a first implementation of the
nonlinear théory. Two important physical quantities, i.e., critical index modu-
lation ratio m, and threshold angular devia,tion.nc were introduced to describe
the IMOB: IMOB exits only in a small angular interval near Bragg angle and
disappears when index modulation ratio is lower than m.. In particular, it has
been shown that IMOB is in effect mediated by the simultaneous excitation of
traveling Bloch waves in_ 2D nonlinear OSL, and thus is a bistable switching be-
tween different transmiﬁting states. Optiéal instabilities such as period-doubling
bifurcation, reversal and chaos were also predicted in such 2D nonlinear OSLs.

With the investigation of light propagation in 2D nonlinear OSLs with
photonic stop gap, quantitative changes in the stop gz;p due to nonlinearity has
been found. The position of the stop gap shifts to the low-frequency side and its
width expands as the incident power is increased. For a light beam operating in

the pass band below the gap, an appropriate change of the input power can switch
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" the exiting beams from tralis.miti.:'i‘né Vt'o:n.on~trans'1:n'itting state. This new type of
optical bistability in 2D nonlinear OSLs was suggested for potential application
in transmission of binary information. ' |

A set of four coupled-wave nonlinear equations has also been derived to

- study stop-gap wave propagatioh in a 2D nonlinear OSL. The prbp-oséd nonlinear

four-wave coupled mode theory was justified in that it reproduces the solutions

‘in one-dimensional nonlinear case. For 2D OSLs with stop gap, it has been

- found that transmission resonance can occur for gap radiation at a modest level
:.:: of irradiaﬁ‘;;e. Numerical_ calculation of the intensity profile in the 2D nonlinear
- OSL showed that the nonlineaf transmission resonénce is due to the excitation
of a soliton-like spatial resonance in the structure. This is the first numerical
demonstration of gap solitons in 2D nonlinear photonic band gap structures.
Experimental investigation of light propagation in 2D nonlinear OSL in Fe
doped LiNbOj; crystal has been carried out. The 2D OSLs were fabricated using
phétorefractive effect in conjunction with hologram recording technique. In or-
der to solve the problem of optical erasure effect of the produced microstructure
in the photorefractive material thermal fixing was performed at various temper-
atures. It was demonstrated experimentally that 2D OSLs in LiNbOj:Fe can be
rendered permanent by leating the sample at or above ~ 100°C after t‘he expo-
sure process. Optical bistability and hysteresis has been observed in the fixed 2D
OSLs. No external feedback was provided and the nonlinear phenomena was ex-
plained in the frame of an intensity-dependent photovoltaic effect in LINbOj:Fe.
Two types of optical instabilities were also observed in such 2D OSLs: type‘I has
a period on the order of 107! s and is intrinsic to the 2D nonlinear OSL s_tructure;
type II has a period of several minutes and may be related to the recombination

of light-induced space charge carriers in the air near the crystal surface.
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Figure 1.1: Characteristic output/input curve for an optical bistable system.
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n(z,y) = no + n, cos(Gz) + ny cos(Gyy), | (2.1)
ANFn ARZHEBAGNRK WA E, n, Ao n, za-‘ffrv‘?a‘—zrﬁ%* w3 AE,
FiIAAEMABE A, B

ne < ng, ﬁy<<ng, . (2.2)
G. #=Q, HBBI#L, ML ERAHNEBL ?’FﬂA éﬁ:‘é%z&
G, = 27m/A,,
Gy = 2wfA,. " (2.3)
y

5l—v£ E\/ A,
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Figure 2.1: Schematic drawing of a 2D OSL. E; is the incident light field, E,, Ey, -
E_,, and E. are the four exiting light fields, 6 is the angle of incidence, I is the
thickness of the structure, and A, and A, are the spatial modulation periods.
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3¢ % Bloch ﬁ)%}ff'l BB AR S B KA X (natural mode),

Bt F@EE AT HE G KRN, 45K F LK% T Bloch
B ERMBR T X AR

ke =ks+ Gy, o (2.4)
Kb Gy = pG. + 4Gy pArg AR, R (24) B 2 Bloch £ 2 4 H ¥
AR, RRA RFEEN—LARKK, RA-ELIAXHYE
W, SR TR B R ZATE, EAFANRE, —HAFEE
H# ¥ #Bloch KB W AKAN LA BLHWE KL Ak 0§-F G EE
‘ﬁﬁ(c
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WBLE W B ] F 4}1’%1‘
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I BEAR R LGy, = G, F0G,y = G, F B2 RE X (25) &4
FX, ARRCHEGAHNEEH., LEE
2kpsinls = G, |
| 2kpcoslp = G, - (2.6)
i%%ﬁﬁﬂ%kﬁ%,@ﬁﬁﬁ-&& ﬁf%ﬁﬁ%%%é
wp A o
wp = ckB/no, (2.7)
'VPﬁﬁ&?%&ﬁ AL EXAFEGEESHBZ LS
HREGEESRE, FRTELIE AKX

6= (w—wp)/ws, n="0-0p (2.8)
#3437 % & 9 (frequency detuning) 536 & f 4% & n % 2
| §<1, n<bp, - (2.9)
AFwANSTEGATE, 0 AASA, |
AFRNEEFRE-LEFRESBFHBoch KB HEL A
K, K, K, &K, 9wk kah, %l 4a288%G #G,
TWMERA, K, =K.+ G, K_O:Kh;kGy%ﬂK_h=K0+Gy, Fo B
22 B . REB SRS EE AREIT KD BT L%,

-_O o—

. TFigure 2.2: Four-wave dynamical diffraction geomeiry in reciprocal space.. G, and
Gy are the translation reciprocal lattice vectors, Ko, K, K_, and X_; are the
wave vectors of the excited fields within the 2D OSL.
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|V’ +8(r)| Bx) =0, (2.10)
YT EY FE LB ARHEF, NF I BT A

B*(r) = (Ez—w)z [1+ M, cos(G,z) 4 M, cos(G,y)] , - (2.11)

ATF M, = 2n,/n, F2 M, —Zny/ngﬁﬂﬁﬁ%ﬁ%ﬁ%jﬁ'%fﬁﬁ%‘]ﬁ
B, A HEMT = éﬁﬁ?%aa#&ﬂﬂﬁ‘]%%'}‘é}ﬁfb@ﬁﬁ B,
s

ZE exp (1K, - r) - (2.12)
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TERTHTE, Fod LMK Ro, b, —oFo—h,
¥ X (211 ﬁv(z.lz) BN R, (2.10) ?;rﬁé*] T & 85 4E R o7 A2,

_ Koz/'kz M,/2 0 M, /2 E,
_ 2.2 '
M. /2  1-Kp/k* My/fi L N I Y (2.13)
0 M,/2  1-K_*/k M. /2 E-,
M, /2 0 Mej2 1=K K| B

RBETOIEBTE TR ROFELER, HFELAEREL
HEEFEGREAANRAE, AR TEH BRELZRBAEEGE
ﬁ%%oTﬁ%mmﬁ%%i@@ﬁ@ﬁ#EX%%w%ﬁﬁ%?
F AR T X [18] R R IE 24 5 %2 B4 % Bloch % 69 &3,
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) 55 42 (2.17) By 5 460 S0 K [19] P 80 8 — 2 S oy 5 . M FE 408
BT, SHEERBRAETHBEANERE SN LR EK
HAE, AREMNHS=ZFHEFELm > 1, mo=1Fam < 19 F#IFH#
201, .

241m> 145

BT E 2 AT E, BAELRANS AT, LA
m> 1t kR B A AR B G RE, 40H230d

T, O ) ~h

h ARG T o -h

 Figure 2.3: Dispersion surface in rei:iprocal space in four-wave interaction formalism
for 2D OSLs with m > 1, and |6] < (m — 1}My /4 in (a), |§| = (m — 1) M, /4 in (b),
(m—~1)M, /4 < |§| < {1+ m)}M,/4in (c), and |§] > (1 + m)M, /4 in {(d).

B, BEXBEPNE_LAEBEXANTGG £, FELHE
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18



ﬂQ%&%*&é@%%oﬁfﬁﬂﬂfﬁﬁ% ﬁﬁ%E?TT
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B P a7, T RAK, Mk ANAT Lo ENBRR TS 3
NS ABEN ], AN B ERE LA A E (excitation
point), WMAREH EE LT, #T, (Fﬂﬁﬁ%é@kd 'TA. 4}@11 TR H A
B ¥ 49 AB A PR (18],

B 2.3a ¥ 8§ K5 HF B T6] < (m-1)M, /4. EEXFFHTEHR
& 2 o % 3 ol & A B %%kNﬁﬁ@Ai.ooﬁ%&%ﬁﬁ
R % 2 16| = (m—1)M, /4, W} E P o) —5 ol B AR 22 iE Elarge LP, %o
E23b 7, H23c B FREBLAH: (m—1)M,/4 < || < (1+m)M, /4,
T RAEB R EEE G E A B R, (AR A Wk
N5 EREREFERASRLE, B23d ZEP] > (1+mM,/4 6 &4
T%ﬂ% EXPHEHBIEAT — R H% %, AR THMImE
fo, B%(6]=(1+m)M,/4 B KEFELP, AXEBPTAEE, —
Am>1 g X ERBARE LA L TNF O ERBRER S

26/M,

Figure 2.4: Dispersion relation between £, and § for a 2D OSL with m = 1.4 under
Bragg angle incidence. {, and § are measured in units of M, /2.
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P #9Bloch ¥ 4T 3 ¥ (traveling wave)[18], A 2.4 £k 69 7 b A S
(6= &) B89 ~ 6 R A LA — &, LB b FE—s 5
EEREmmGL, ﬁ%&ﬁ%ﬁf_*ﬁ%ﬁﬁ*%ﬁﬁ*ﬁéﬁﬁﬁ B
MNTE2LE TSRS, i o 2&7’&—3—ﬁaa#§éﬁm7fﬁié§
REREKX Tz A A L RHRE NWEAHBRARIEH L%
B8 458 3T i A8 LA,

242m=11H

5T AR Feo g fﬁﬁ%‘]%{ﬁﬁﬂ oA ER G, X (217
18 4 3 STk [14] %7:‘%.(2-16)( B¢, Fo g, B M2 EHAAENRFZI 74
MRGHX), H2oafbbH THHFEALTHEEN WG ERD, &

Figure 2.5: Dispersion surface in reciprocal space in four-wave interaction formalism
for 2D OSLs with m =1, and |§[ < M, /2 in (a) and |6} > M, /2 in (b).

A BT 16] < M,/2 Fel6] > Myj2, B FHEEBTE ~ 6 £ &
HH26, BRI WELEMELM, Fo=0 HNEHNwALHEH
B, AHBEIBANEAREMERES, BEnLeBABALE, L
Bm> 1 HL—H, A THE—ERGEEAMBELETHK
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26/My

Figure 2.6: Dispersion relation between ¢, and & for 213 OSLs with equal modulation
amplitudes under Bragg angle incidence. &, and § are measured in units of M,/2.
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sEF R < 182 %ﬁ%ﬁm%,&ﬁﬁwﬂﬁﬁ%
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8= (1-m)M, /4, (—m)M, /4 < |6] < (1+m)M, /4, Fa|6]> (1-m)M, /4.,
REREGUHREm > 1B+ 5488, {25REEsB2rpT
6] < (1—m)M,/4 B 89 & BB IERAUA F T H23, ® LA HFE27
PREMAA CEIE, E—FZEANRRAEB LY, RANE
THREECKBOME, LTAABZMEL, TRETFAHGE S,
EZBTHRYRAANSERBRME, BRBENRAY LM
#. —*ﬁ%&ﬁ%ﬁﬁﬁﬁ%ﬂﬁ&ﬁ%ﬁﬁﬁ%&%ﬁﬂ%%'

CAEBRRELEHTB R A,
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Figure 2.7: Dispersion surface in reciprocal space in four-wave interaction formalism
for 2D OSLs with m < 1, and [6] < (1 ~m}My /4 in (a), 16] = (1~ m)M, /4 in (b},
(1 —m)My/4 < |6] < (1+ m)M,/4 in (c), and 6] > (1+m)My/4 in (d). In the -
hatched regmn of {a}, the normal N has no intersections with the dispersion surface
indicating evanescent Bloch waves in the 2D OSL.

m<1af7‘qu‘vﬁ¢&ﬁﬁ)\%?ééso~5aé$ B EE28 ., AEEP
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AHBEEEL QR REMAN RO FALREEAN BRI TR, B
TEB2LL TR ITRE FTA A m< I L2 B ARAA
HRAMEWELSHIF R, ﬁﬁ*ﬁ'%ﬁé)\%ﬁf:&/\%%éﬁﬁ'ﬁ
%usﬁ |
Aw = (1 -m)Mwp/2 - (2.18)
BEM, ~ oymﬁ,og,@m&? FE—AREGFR, Avps = Mywp/2,
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Figure 2.8: Dispersion relation between £ and § for a 2D OSL with m = 0.2 under

' Bragg angle incidence. ¢, and 6 are measured in units of M, /2. Incldent waves
with frequency in the range wg — 0. 2Mywp <w <wg + 0. 2M wp are not allowed
in the structure.
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0 : ZE{J) exp( K(J‘} f) :

—oy
7

0 = > EYexp(iKY,1), O (2.20)
J‘ N

AFE AN LR, (BP) AFF2(215) 655 57 (G KL 2, 3
D AFAEE D ST B AAE L, KY) RAEE LKD) Wy 2 &,
K Rt X (2.14) Ao (2.19) H ¢ Aam . X (220) P50 A4 Bk
BB AT ERFRBHT 0K KA AR S AT
Fedctt, FAURD T @6 % R XK T b v R A8 W6 B, & 338
EIL, . |
E,exp(iIKEl) = Y E{ exp(iK{),
Ehexp(lK( )l) = ZE,(j)exp(iK,(L?l),
B, = Y EY,
E, = ZES,{. . o (221)
BB I 60 3 A KA o e S VLR A AT o A A R
SHRAFRBERORAEBRE SR BAK AR, RS
AE. BT T @ HRTERL AN R TFHIALERT,

"L = kgl/costp, (2.22)
A = 28/M, (2.23)
© = 2psin ZGB/My, : ' (2 24)

ﬁ%$%iﬁ%ﬁ%% ﬁ%%ﬁﬁaﬁiﬁﬁ%%,&mﬁﬂ
L=35x10% & Tk 4488 nm, ATk M H 4 LleOs B H(ng =
23), MEREAHMENTBLGHREE=Tnm,
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B2.0 85 T AR A AW T4 Mo > 1 69 = 50 48
SRR, BRI T AAR R R T8 B
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Figure 2.9: Frequency spectra of two 2D OSLs with different modulation ratios
in the vicinity of Bragg frequency under Bragg angle incidence. The structure
parameters are m = 1.5 and M, = 4.5 X 107# for the solid curves and m = 2 and
M, = 4.5 x 107* for the dotted curves.
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Figure 2.10: Frequency spectra of the 2D OSL with parameters m = 1.5 and
M, = 4.5x 107* in the vicinity of Bragg frequency for different angular deviations.

The angular deviations are © = 0.5 for the dotted curves and © = 1.5 for the solid
curves.
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Figure 2.11: Frequency spectra the 2D OSLs with m < Iof in the vicinity of Bragg. -
frequency under Bragg angle incidence. The structure paramet.ers are m = 0.2 and
M, = 4.5 x 107* for the solid curves and m = 0.5 and M, = 4.5 x 10™* for the
dotted curves. :
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Figure 2.12: Frequency spectra of the 2D OSL with parameters m = 0.2 and M, =
4.5 x 107* in the vicinity of Bragg frequency for two different angular deviations.
© = 0.2 for the dot-dashed curves and © = 0.4 for the solid curves.
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the dotted curves and m = 1.7 for the solid curves, and .
= 107%, L = 3.5 x 10* for both systems. Dotted curves
iltustrate simple optical switching, whereas solid curves illustrate bistable switching.

input intensity
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104, M, = 1074, and L = 3.5 x 10%.
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Figure 3.5: Same as in Fig. 3.1 but for a 2D nonlinear OSL with m = 3. Other
structure parameters are the same as in Fig. 3.1, The optical response displays a
multiple-switching behavior in the high power region.
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Figure 4.3 (a}: Experimental arrangement for the recording and thermal fixing of
a 2D OSL in LiNbO3: Fe crystal: BS, BS;, and BS,, beam splitters; VA, variable
attenuator; M’s, mirrors; S;, S, beam shutters; HP,, HP5, half prisms. The
sample had a dimension of 4 x 4 x Tmm?®. The ¢ axis is parallel to the 4 mm surface.
Output beam intensities are detected by detectors Dy, D3, and Dj; (b} schematic '
representation of a 2D OSL formed within the crystal after light exposure.
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Figure 4.7: Time dependence of the output light intensities at room temperature

~ after the fixing process for a 2D OSL with the same exposure procedure and fixing
conditions as that in Fig. 4.6 except that the three writing beams had power of 120
mW in A1, 130 mW in Ay, and 115 mW in As.-As a probe beam, beam A, of 20
mW incident on the. crystal at the Bragg angle was used.
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Figure 4.9: oscillating output intensities for the 2D OSL of Fig. 4.7 dt an input
I; = 115 mW in (a) and 125 mW in (b). The inset in (a) shows an enlargement of
the details of type II optical instability.
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three writing beams was set equal to 100 mW. The results were measured at an
input I; = 135 mW in (a) 15 mW in (b), and 55 mW in (c).
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Figure 4.11: Optical response characteristics of the 2D OSL in Fig. 4.10. The
results show nonlinear response instead of bistability.
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Figure 5.1: Linecar output coeficients of four exiting waves of a 2D nonlinear OSL

as a function of the frequency detuning parameter . The structure parameters are
m=01 M, =45x10"% M, = 1074, and L = 3.5 % 10%.
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Flgure 5.2: Nonlinear output coefficients of four exiting waves of a 2D nonlinear OSI
as a function of the frequency detuning parameter 1 with various input intensities

f; = 0 (dotted), I; = 0.49 (dasked), and I; = 0.8 (solid). The structure parameters
are as in Fig. 5.1,
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Figure 5.4: Outputs as a fanction of input (normalized) of a 2D nonlinear OSL for
two different frequency detunings: 1 = —1.65 {dotted) and € = —1.8 (solid). The
structure parameters are as in Fig. 5.1.
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Figure 6.5: Spatial intensity distribution inside the 2D nonlinear OSL {a) before
switching and (b) after switching. The square module of the four excited wave
_ amplitudes are also shown. The distance is normalized in units of I, the thickness

of the structure.
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